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Lee region of Gran Canaria

Eric D. Barto~" G~tzon ,Baste~etxea,2 P.ierre Flament,),4 E. Gay Mitchelson-Jacob;~
Bethan Jones; Javier Anstegul,2 and Fehx Herrera6

2. Methods

stratocumulus the leeward coasts often remain clear because
of subsidence down the lee slopes.

Wann oceanie "wakes" have been identified in saleltile
images as anomalously high surface temperature regions in the
island lees [Henuíndez-Guura. 1990; Van Campetal.. 1991 J.
The exten( of the wakes. which varied from island (O island.
was attributed (o me differing heights of lhe islands. Wake
orientation followed the prevailing winds. Wakes formed
during the day by solar heating and weakened or disappeared
in night time images. They wcre bounded by temperature
fronts, presumably coincident with me boundary belween the
trade winds and the calm.

In this paper we repon in situ observations of hydrographie
structure and surface winds downsueam of Gran Canaria and
remote sensing advanced very high resolution radiometer
(AVHRR) and synthctie aperture radar (SAR) imqery during
2 weeks of the strongat ~ummer trade winds. Repeated
sampling revealed the strong wind shear \ines. the u)ociated
thermoha\ine stnlCture. and the subsurface pycnocline distor·
tion caused by Ekman pumping. The variability of the wakt:
in relation to the larger-scale context and lO features in the
AVHRR and SAR images is discussed. 80th atmOSpherie and
oceanic phenomena have signatures in the radar images. The
wind field inferred from the SAR backscatter intensity shows
strong structure related lO me extent of the wann lee.

Between July 24 and August 8 1995. conductivity
lemperature-depth (CTD) seetions spanning me lee region of
Gran Canaria were made on eight occuions (Figure 1). Each
consisted uf 5 - 9 profiles to 200 m depth spaced at 4 km
intervals from the lee into me apeo ocean trade winds. Six
seelions were made on lhe westem (cyclonic) halL and two
wcre made on (he eastem <anticyclonic) half. The recently
calibraled Seablrd SBE 19 CTD and Sea Tech fluorometer
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Abstract. The mountainous Canary Islands present obstacles to the trade winds and to the
Canary.Current flowing ~uatorward past them. In situ observations of hydrographic
prope~les an~ surface wmds south of Gran Canaria, together with advanced very high
resolutlon radlOmeter ~nd synthetic apenure radar images during 2 weeks in summer 1995
are analyzed. A cyclomc eddy shed from the west of the island drifted southwestward at 5
cm S·I, ":hile the .southeast coast was approached by an upwelling filament originating off
~ Afnca. ~ wl~d lee region bounded by intense horizontal shear lines had a weak retum
Island~ard wmd m its center. The lee forrned a triangular, diumally varying. wann water
pool Wlt~ two sea surface temperature maxima separated by lower temperatures below the
returo wmd. Shallow temperature stratification occurred behind the island in contrast to the
u~iforrn ~u~ace mixed layer in exposed regions. Upwelling and downwelling of 10 - 20 m
~ were I~dlcated on the cyclonic and anticyclonic sides of the lee region. In the SAR
Images, lInes o~ strong current shear along a temperature front between the cyclonic eddy
and the upwe~lmg filament were identifiable. However. the radar images were dominated
by atm~sphenc phe~omena, including mountain lee wave packets. windrows. and wind
shear lInes. Estlmatlon of the wind field from the SAR backscatter intensity revealed
complex structure and intensification on the edges of the wann lee.

1. Introduction

The Canary Island archipelago. which rises steeply from
ocean depths of over 3000 m. fonns an obstaele to the south
westward flows of both the Canary Current and the trade
winds (Figure 1). The summil ofTenerife is al 3717 m. while
thal of Gran Canaria reaches 1949 m. The presence of lee
regions behind the islands has long becn recognizcd; becalm
ing downwind of Gomera. Tenerife and Gran Canaria in
August-September 1492 delayed Columbus' depanure on the
Santa María to discover the New World [Columbus, 1987].

The meteorology of the Canary Islands hu becn summa
rized by Na.va [1984J. From March to September the trlde
winds are capped by an almospheric temperature invenion
between 400 and 1000 m. As lhe approaching air stream is
forced up the slopes of the islands. a layer of stratoeumulus is
often fonned at me bue of the inversion. The srable invenion
layer prevents the air from rising farther and divens the flow
around the island flanks. Sorne of the divened flow is chan
neled ~k to th~ eoasts.down, deep eanyons lo converge with
lhe mam flow. IOcreuJng wmd speed and causing venical
mOlion and eloud production. Even at times of extensive
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(1982] to remove spurious values. reduce the noise level, and
provide smoothed estimates every minute. The ship's velocity
obtained by differencing subsequent positions yielded absolute
wmd veloclly

Wind velocities reported four times per day at 10 siles
around the Island were obtained for July and August The
Aeropuerto de Gran Canaria site at Gando on the low-Iying
east coast (Figure 1) is well exposed to the summer trade
winds (Figure 2a). so is representative of the surrounding open
ocean region. The airport wind record (Figure 2b) also
indicates the timing of me CTD observalions and the satellite
images. The record from Puerto Rico (Figure 2c) represents
conditions in the center of the lee coast. completely sheltered
from the strong trades.

AVHRR images were captured foW" times daily at the
Universidad de La Laguna high resolution picture transmisslon
receiving stalion in Tenerife. The raw data were subsequently
geolocated using me satellite orbit elements and adjusted using
the island coastlines to reach a final ground locallon accuracy
of - 2 km. Sea surface temperatures were then estimated from
the five-channel records using me algorithm of McCla¡n el al.
(1985] to correet for atmosphenc water vapor to an absolute
precision beuer than I"C. Clouds were detected and naUed
usmg a combination of tests, including a textura! test on the
vIsible and infrared channels to detect small cumulus c10uds
and a differential test on the infrared channels to detect fog
and low stratusclouds (SalUlthnand Kriebel, 1988]. The final
c1oud-masked SST images were remapped to a common
Mereator grid. to eliminate geometric distortions due to earth
rotation and curvature. The perfonnance of the SST algorithm
was checked over an arel - 100 km x 200 km southwest of
Tenerife. which remained cloud-free during \he entire periodo
presumably as a result o(air lubsidence in \he lee o( the taUest
Island. The median temperatures computed for each image
over this arel indicated a bias of -o.3S"C for NOAA 12 and 
3"C (or NOAA 9. using NOAA 14 as referencc. The NOAA 12
and NOAA 9 imaaes used here were cometed for these biucl.
The standard deviation of the cometed series o( medians was
O.S"C.

SAR scenes were available for July 29 and 30 from ERS-l
and ERS·2. respectively. SAR intenlities were converted to
normalized radar backJcaUer croa. section (NRSC) following
procedures limilar 10 LlIuw, " al. '. (1998]. The procedures
differ slighdy for the two IltelUteI but involve correc:tion for
salUration in the anaJOI 10 diJital convenor of the satellite
receiver in areu of relatively hi¡h bacae.tter (M.adows and
Wrilltt, 1994]. Comction js ncceuary because the prevalent
wind specds (>10 m 5,1) are hiJh enough here to provoke
saturation. Befare application of the recalibration, intenlitiel
were.moothed 10 reduce "Ipeckle" with an 8 x 8 convolution
filter and then subnmpled al every eiJhth pixel, increuin.
ima¡e pixelsize to - (100 m)2. The lmoothed intenlities were
calibrated usin. the method of Laur ~I al. (1997) 10 produce
images of calibrated b1ckscatter (indB). From~, ftelds of
estimated wind speed were determlned by apphcauon of me
empirical C band CM004 model developed originally tor the
ERS scatterOmeter by Stoffelen and Andenon (1997]. As
discussed later. an wumed wind direction js a necessary input
to the modcl as the SAR iIIuminates the WJets in only one
narrow range of directlons as opposed to three widely sepa·
raled ones for the ERS scalteromeler.

3. Results
The synophc slluatlon on July 30 <FI,ure 2a) illustrates lhe

Azores HI~h and Saharan Lo"" lYPlCal 01 boreal summer Thc

northeasl-southwesttrendin, isobars of the trade wind reglme
domlOated the observation period. Winds at the Aeropuerto de
Gran Canaria (FIgure 2bl had a vector mean speed of 10.1 m
Si dunng the months of July and Augusl. The vector mean
direction was 203". coincldent with the principal a"is of
variance of the wind nuctuations. A weak sea breez.e reglme
had zonal and meridIonal amplitudes 2.1 and 1.6 m Si.

respectively. The standard devlalion of speed was - 3 m s'.
Speed increased slightly to a maximum of 16.9 m s" on July
30. then decreased similarly through August.

Near Puerto Rico. on \he southem lee CO&St. \he July-August
wlOds were weak ando on average. onshore (figure 2c). The
sea breez.e regime there had zonal and meridional components
of 0.5 and 17 m S·I. respectively. The mean vector wlOd was
07 m S·I toward 28". with standard deviations in both eastward
and northward components exceeding 2 m 5,1. The onentation
of the pnnclpal Il\IS was 315". No trend in wlOd speed was
evident.

3.1 RqionaI Conlext

The relative uniformity and strength of winds over the open
ocean during the observallon period are shown in Plate 1a.
where ERS scatterometer wlftds are plotted for July 31. The
overall direction was southwest, and wind spceds were
stronger than 10 m S·I in much ofthe are&. exceeding 15 m 51

southeast of Gran Canaria. The low spatial resolutlon and
crude land maskml does nol pennitexammation of near-island
effects. The overall CUrTerll in the reJion is \he slo"" south
westward drift of \he eanary Current. but energellc mesoscale
structure is mdleated by the SST palteros and sea level
anomalíes (Plates Ib and 1c)

The sea level anomaly (SLA) field. from \he combined
TOPEX-Poseidon/ERS·I observatians (u Traon el al.• 1995].
was derived for \he penod July 25 10 August 10 1995. Only
the data from the ERS-l half cycle corresponding mosl c10sely
in time to the TOPEX·Poseidon data were used. This was lO
reduce me smeann. of featura owinl 10 temporal ehan¡es
over the 35 day cycle periodo albeit at me cast of higher spatial
resolution. Ground trIICb, shown in Pille Ie as do«ed Iines.
are irregularly disaibuted and dala Mar Iand ~ rejected
because of me pollibiliay of lianal saauraUon. The data were
smoothed and interpolated 10 a regular grid USln, the Barnes
alJOrithm (Koclt " al., 1983] befare contouring ud calculat·
ina the postropbic velocity WICtoI'S. The original data are
nOllY, but the major fCIl1nI of the enomaly fteId correspond
well 10 thoIe of the SST ifMIC·

The SST imqe ofearly aftemooa Aupll S (PIate 1b) show
a complex upwellin, tilament extendin, out from the African
cout, levera! eddy-Iike IUUCtures. and warmer re,ions
extendin••outhweltward from most of the illands. The
filament, arisin. from the coutal upwelling between Cape
Bojador and Cape Juby. has been observed in djfferent years
(BanOll .,al.• 1998]. 1be cyclonic circulation auociated with
me filament and itl extension southward and shoreward is
evident in the SLA map (PIlle le). A second filament appar.
ent near latitude 26"N allO coincides with offshore motion.
Such filaments frequently carry cooler upwelled walers far
offlhore. In this case thc Juby filament has two cool cores that
almost reach Gran Canaria. T'here they tum lOuthward and
mer,e to approach the African coasl a,am. Such double
structure ha~ been observed lO Coastal Zone Color Scanner
IIna,es hy Hemoindez-GuerTill'I al. 119931 The now assoCI
alcd with a slImlar filamenl In Au~ust 199~ wa~ >50 cm s I III

lhe near-surfacc culd core INavaml PérCl. 1W6]. somev.-hal
fa~ler than IS 1Il(.h~ated In lhe SLA mar
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The eddy and warm lee feMUrel represenl flow disturbance
caused by the isJands. The 100km díamelcl utiqc:Jone JOUlh
ofTenerife (Place lb) has entnlinc:d stn:amers of warmer water
from the lec of Gomera lIId c:ooIer wacer from the chlnnel
soulh ofTenerife around ias nonhem periphery. Cooler water
IS entrained pncraJly around ¡as lOUthcm edle. In the SLA
map (Place lel. wmurha1 posuophic vdocíúes up 10o.• m s I

occur around me uticydone. The centripe«aJ acceIcrallon was
nol taken inlO account and could result in a IUperposlroptuc

incrcase of - 2()t1, 'Iven the r8dlUS of the fealure. The ,000
definluon o. this featurc is partly caused by ns penlslence and
fixed Iocalion. SImilar antíc:ydones were obsefved In 1993
when a drifter tneed ilS periphery wilh velocities c10sc lO I m
5.

1 (&a,.,on el aJ.• 1998) ud In 1996 by Mol;,uul al (1998)
Southcasl of the uucyclone are traces of a cold-c:ore

cycloníc edd)' sheet from Gran Canana. Youneer. smallcr
cydones are located wesl ofTenerifc and La Palma. Similar
st.ruetureI. ud &helr cffect on pnmary producuon. are de·

file:///Banon
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scribed by ArísreBui tI al. [1997]. These cyclones and olher
details of lhe flow palteros suggesled by lhe SST field. Iike lhe
small inslabililies on lhe soulhern boundary of lhe filament.
are generally nol apparenl in lhe SLA field because lhey are
small relative lO lhe gap belwecn ground tracks. Though lhe
ahimeuy map is of anomalies with respecl lO a 3 year mean
lopography. lhe weak mean flow [Navarro-Pirtzand Banon.
1998) allows deteelion of larger mesoscale SlrUclures secn in
the SST map.

Wesl coasl walers off each island are cooler than casi coasl
walers because of upwelling and downwelling caused by lhe
lrade wind-driven westward Ekman transporto Upwelling off
western Fuerteventura was observed in situ by MoJina and
Laa,ztn (1989). Behind Gran Canaria and olher islands an
almost triangular region of warmer surt~e water eXlends up

lO 100 km in lhe direclion of the winds. The wann (eatures
resuh from lhe absence of wind mixing and the consequenl
produclion 01 a diurna1 near-surface thennocline and asSOCI'
ated elevalcd surface temperatures [Flament tI al .. 1994)
Lale nighl and early morning images do nol show lhe feature
as slrongly. allhough il does not disappear complelely.

3.2 Wind Structure in the Lee

The in situ winds across the lec of Gran Canaria (Figure 3)
have been rolaled inlo the principie axes of varianee of the
ship wind dala :;el. A vector drawn vertically down lhe page
is therefore directed toward 225". The 20" difference betwecn
principal axes 01 the airport and ship winds rcflccls spatiaJ
variabililY of wlOd in the Ice. An ill-defined reverse flow in
the center of lhe Ice on July 31 and Augusl 7 suggesls
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counterrotating eddies behind the island. In the strong shear
rones on the lee boundaries. speed increases from Oto 15 m S·I

in distances o( -2 km.
In most transects the cross-stream component of surface

wind was convergent toward the shear boundary on both sides
of the lee. The conscquent upward motion of humíd surface
air characleristicaJly fonns narrow bands of cJoud at the base
of the ínversíon layer along the edges of the lee. Gíven the
measured 10 m heíght values of relative humídity - 60%.
almOspheric pressure around 1016 mbar. and air temperature
of - 23"C. saturation would be reached al - 900 m. typical of
the low leve1 cJoud strip. Midday radíosonde reports from
Tenerife indicated inversion layer base heights between 850
and 1000 m. Such low-lying cloud features are seen in severa)
salellíte ímages. bul they are often undetected because theír
width is less than the AVHRR resolution. In mosl transects
the surface pressure dropped by I 10 2 mbar on crossing the
shear zone into the exposed regíon. consisten. with conver
gence al the boundary.

3.3 Near·Surface T~tur'eProma

Sea surface ero temperatures (Figure 4a) reveal the warm
surface lee region and its strong boundaries. Contrast between
the sheltered and exposed surface waters is slightJy less than
1.5"C. aJthough surface temperature in the lee is underesti
mated because the first ero record was usually at several
meten depth. Scattcr in the distribution reflects dífferences in
time of sampJing and shifts ín boundary position. A few
stalions were sampled in the early moming before insolation
had tíme to warm the surface alter night time heat IOS5 and
convective ovenuming. 1be position of the wind 5hear Iines
coincides wíth the strongest horizontal temperature gradienu.

TemperaNre profiles (Figure 4b) from August 2 show
subsurface differences between the tnde wind and lee regions.
In the exposed region. al the westernmost position. station
401. a welJ-mixed surface layer was bounded at 25 m depth by
a strong thennoclíne. Just inside the wind boundary. swion
403, a warmer. weakly stratified near-surface zone had
developed above the mixed laya- in response to diumaJ heat.íng
and weaker wind. At 20-30 m depth. temperatures were
similar 10 the prevíous station but the thermocline wu twice
as deep. at 65 m. In the center of the lee. station 405. the
surface layer was considenbly Ihicker wilh temperawres al aJl
depths higher Iban dsewbae u a result of accumulal.ed
warming. 1be main thermocline was depressed 10 - 125 m.
and there was evidence o( lIOCbU1Ial shaJlow overtuming down
10 20 mmoderated by subseqacatdaytime surface WII'IIIiD', A
similar propession was evident OD che eucem anticyclonic
boundary.

The pycnocline. alimaled from &be fil'lC maximum in
Brunt-Vaísala frequency beIow Ihe diumal pycnoc:line (Fipre
4c), showed a strona depressiOll in Ihe center of Ihe islaad loe
and sho&Jing to its sides. particu1arly to the waL lu depdI
ranged between 25 md 135 m OYer a distance of 15 bn. Mean
pycnocline depth in Che undisturbed far field a...ay from Ihe
islands is around 70 m in surnmer (Arlstt'K"¡ el al.. 1997]. so
anomaJies associated wilh Ihe lee were SO - 60 m. ~IJne
deplh wu consistent throuJbout me samplin, penod except
for an eutward shift of che llrUCturc in the lut composite
section Aupst 7-8. Lntn (1992) obIerved that the surface
mixed layer depth h in Ihe NW African and other cautal
upwellinl relions was predíc:ted remarbbly well by the one·
dimensional parameterizatioll of Poluml el al (1973)'

h = A u./IN¡)"'.

where the shear velocily u. = (ript' . T is the wind slrcss. p is
water densily. N is the Bront Vaisala frequency al the base of
the mixed layer,f is (he Coriolis parameter and A is a constant.

Taking observed values. in our case this fonnulation
indicates a deeper mixed layer around 20 m in the exposed
zones and a shallower layer about 5 m thick in the lee (Figure
4c). The predicted mixed layer depth was roughly as observed
on the western end of the section. i.e.. - 5 m less than the
pycnocJine depth. but was much shallower than pycnocline
depth in the lee and al the eastern end. This is lo be expected
since the pycnocline is being upwelled in the west, where
conditions similar 10 those of Lentz apply. and depressed in
the cut, where the surface mixed laya- is independent of the
main pycnocline.

3.4 Water ColUlllll ae.-e
Sections for August 34 and August 7-8 (Figures 5 and 6,

respectively) show the strong deepening of the thermocline
and pycnocline behind the island in the center of the warm
region. The earlier sections (not shown) across the western
haJf of the lee regíon presented similar characteristics. Figure
5 shows the pycnocline 10 deepen from 40 m at the ends of the
line to 95 m in the cerner. In the section of August 7-8 (Figure
6) the pycnocline shows a similar deepening in the western
haJf of the section but remains near 80 m in the eastern half
The warm (>22.S"C). Jess dense (<25.3 kg m") surface waters
of the lee were clearly seen in all the secuons.

In the earlier section (Figure 5) higher saJinity was found to
the east in the layen aboye 120 m but 3 days later was found
lO lbe wesl (Figure 6); lbis is especially cJear in the saJiníty
versus density plou. Over all lbe sections. saJinuy in the upper
pycnocline near the 25.5 !tg m'} isopycnaJ ranged by 0.3
practicaJ salinity units. indicating a variety of sources for water
in the lee. Geostrophic velocities relalive to the deepest
available data al 200 dbar indicated a northward flow compo·
nent in the westan half o( both sections and a southward one
in the eutern hall. 1be laaer inuoduces low-sa/rnity water
from the upwelling filamenl while the nonhward Oow could
brinl in saline oceanic water.

A weak dcep chlorophyll m&xlmum (OCM) showed
maximum vaJues over 0.6 me m') at the westemmost stations
in the eIrlier sections. ChlorophyU al the sea surface was
aeneraIly < 0.1 mi mO

' in the lee of the ,sland and only
nw¡inaJly higher io the well-mixed elposed statlons. The
depIha of the [)CM Md the pycnocIinew~ not slgnificantly
correIated. The DCM in the lee of the island occurred aboye
the pycnoclíne (dc:ftlity anomaJy - 25.7 ·26.0 ka m'\ whereas
in the elpOlCld rqions it occumd beJO\\'. Thls is possibly a
phytoplankton response 10 the lower hght levels usoclated
wilb depression of die interface but more Iikely .eOecu
different phytoplankton communittes wlth different Iight and
nutrian histories Tbe eulward shift of the deeper wake
strueture between AUJUSt 3-4 and 7-8 IS .,am evulent.

3.5 Sea Surfaa TaapenlUn 1-eerY SequeDCt

Cometed SSTs from earty aftemoon puses of the NOAA
14 Ulelhte show die \Wiauon ofcycloníc eddy. warm lee. and
rool mament belween July 24 and AUIUSI 7 (Plale 2)
Because (he NOAA 14 pus of AuJUS' 7 wu c:loud-contami·
nMed. the evenlnl pus of NOAA 9 15 Included Midday
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Fipn 4. (a) Variation ofero suñac:e lemperalure ac:roll the lee region. The IppI'Oximate position ofdie wind shear
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winds at island sites and subsampled ship winds <taken
between 0800 and 1300 UT) are shown when available.

Winds at two sites in the northeast and northwest fluctuated
wldely in direction because of upwind topography, bUI most
sltes showed consistenl spee<! and direction paltems. The
slrongesl winds occurred around the end of July. when SSTs
decreased noticeably Temperalures were warmer on Augusl
3 and 5 when winds weakened sllghtly. Cloud cover often
obscured the northem coasls 01' Ihe isl:md. hut the soulh cuasI
rem:uned c1oud·frec The gcnerally well deflOed warm lee was

closcly aligned widl the predominanl wind direction. lIS
lenllh and overall shlpe were variable.

Close to the lee coast. an area of higher temperature
occurred southwest oC Arpinquin and a more persistent one
occurred IOUth of Punta Descojonldo. On July 31, the westem
palch coincided with a relion of null or weak shoreward
winds. Slilhlly cooler lemperatures In the cenler 01 lhe lee
wincided Wilh slronlest shoreward Wlnds The eastem
houndary of the lee was generally marlced by a hne uf slrong
lempenlture conIras! "arallchng Ihe ca.t¡t ~oat¡1 wlOds Alllhe
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Throughout the periodo two eores of eooler filament waters
entered from the nonhwest and merged as they tumed south.
The southem eore of cooler water was persistenlly slronger.
BOlh showed variallon in small-scale slruclure.

A sequence of Images tor July 25 and 26 shows the diurnal
development 01 the surface temperature slgnature of the lee
(Plate 3). The coolest lemperatures were observed in Ihe
image JUSI after sunrise (-0808 UT) when vlrtually no wake
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anomaly was Vlsih/c. By car/y aflemoon (-14()(} lJf) a e/carly
defined wakc reglOn was eSlabhshed wilh sharp /aleral
boundaries These had wcakened hy midevening (-2000 UT)
lo a diffuse anomaly lhal weakened gradually through lhe
níghl. perslsling unli/ al/casi -0300 lJT on both days.

3.6 SAR .ud SST Features

The first pair of imases (Figure 7a and 7b) depiclS che SST
on July 29 al 1050 lJT and surface roughness SO min later.
Midday shore winds. superimposed. show the strong trIdes at
case coase sites. weaker winds al inland elevations. and a
reverse or zero now 00 the lee coasL SSTs ranged between
19.5 and just OYer 22"C. The slighdy warmer island wake
extended sorne 60 km southwestward from Arguineguin as a
narrow "tail" (1T in Figure 7a) 10 inlaViCt the tonp of
warmer oceanic water enuained around the cold core eddy
centered near 27.3"N. 16.3'W. Southeast ofGran Canaria, the
offshore limil of the double-core upweJling filamcnl met the
wann lOOgue. fonnin, a sharp tanperaWre fronl and a Jine of
strong shear (SS') between the southeastward f10wing filamenl
and the nonbwestward now in the eddy. The eddy center was
as cold u che filamenl of upwdled water.

In the correspondin, SAR imqe (Fipre 7b) strueture in the
surface roupneas field extended~ istand diameters
south ofGran Canaria. UnfortUDlldy. no simultaneous in situ
observations could be made 10 confinn idenúf~of the
offshore wind shear lina. A 3-4 km wide band of winds
below the 3 m S·I SAR threshold was evídent near the south
wesl coast. where midday coastal winds rqistered 2-3 m s·/
onshore. BackscatteT was suong alone the anticyclonic wind
shear Jine extending southWCSl from near Arguineguin (1T1'").
farlher wese than is normaIly encounteraJ. The westem
cyclonic shear boundary was evident as a weak COOtrasl in the
nnage.

In Figure 7b a series of ahemaling brighl and dark bands.
siluated on che eutem side of 11T'. have diffuse edges.
suUeslingl&mOSpheri<: swccura. Theireuran hmil wu iII
defined. wtúle the westem limil was clcarer in the north. whcre
it coincided with the edae of the wum tail TI"' (FilUre 7a). Jt
conlinued north in a curve aloog the eastcrn bound of che
wannesl wake waten lO ¡ntetseet me shore. The spacin, of the
handlng. 2 - 5 km. was compatible wilh thermally forced
honzontal roll vortices formed prefeRntially OYer me wann
tail and extending al a small anlle downwind (ÚMOM. 1973).
G,ven lhe reponed inversion 1a)'Ct heipl of 800 m al
Tenerife. me horizontal lO vaticaJ upect nIio would be - 3: I
(or such StruelUru. as obIcrved. However. the strue:tureI sean
anaJOJous 10 a shaJlow water ship wake. tri... a Ieria of
transverse waves decayift, away from die disturbucc poínl
apparenlly near polnt T. AhhouJh me supportin¡ information
Is meager. the SllUClures appcar lo Oflli,,* al the hei"ll of the
¡nversion 1.)'Ct.

MoiMr donpIed bripl h. SS' represcnlS a locahzed
curra" stte. aIoal the ICnIpCnlUrC fronl between 1M south·
CUtward t10willJ fi.....t and che northwestward movenlE
wann lonpe allained around the eddy. FM tIItd Ho/l r1983]
reponed similar lUUCtW'C in a Seasat SAR imace en relauon lO
an offshore inuusion of upwdled water off CaJlfomla A
similar. if weUer. briJht lene F could be ídentifled near the
ewem edJe of che lOUIhem coId core .n Ihe filament near
27.3"N. IS-S"W. &pin pRSulNbly usocUllCd w.th locaJlzed
cunan". Thc cyclonac eddy cen&aed al 27.4"N. 16.3"W
produc:cd no "Ipal in the SAR imqc

In lhe norlhWCsl of lhe lmagc (FIgure 7h) a scrcaked
appcaram;c índH;ales wmd row!>. mdlcauvc of lhe predommanl
wmd dlreclinn IJoha"n~.fSt:n ~Ial.. 1995). This parallelled lhe
wind direclion al lhe exposed casl coasl stalions and was
consistenl over a wide arca. in agreemenl wilh surface pressure
(Figure 2a) and scatterometer winds (Plale la). Wind rows
were also seco in the southeasl of the image bUI nol in lhe lee.
where wind direction is variable. Finafly. a group of aUno
spheric gravily waves (GW) was identifiable near 27.7"N.
16.I"W. Aboul eighl waves of wavelength 2.5 km and cresl
lenglh < 15 km were discernible in the group.

An estimate of wind specd is possibJe from the SAR
backscatter intensily ifa wind direcúon is known (or assumed)
al cach point in the iruge. An overall direction of 203" was
taIcen on the huis of c::outal winds. the wind row orienw.ion.
me scauaome&er anaIysis. and daily meteoroJogical charts.
The struc:ture of the wind faeld immedíacely downsuum o( the
island ís unknown. so Ihcse results do nal strictly apply lO the
Ice region. Estimalinl directions in small areas o( the nnage
from Ibe orienWion of wind rows (úJuu, ~ID1.. (998). which
are pnenlly aliped wíth abe wind. was imponible smce in
the lee rqion no defmed wíndrows were visible. The cali
braIed bacbc:atter values wa'C averapd over SO x SO and
Iubs&mpled al 25 pixel intervals. yaeJdin, wind speed eslí·
maleS al 2.S bn resoIution.

Eltimated wind speed on July 29 (FIgure 7c) reachc<:l 20 m
s" on che eutern f1ank of me lee. sugesling sIgnificane
enhancemenl. Thc hi¡her values separwd 10either side of the
wlve-Iike (eatures lTT'. and a secondary maximum of speed
occurred well downwind near 26.7"N Mínimum speeds c10se
lO 4 m S·I occum:d near Ihe lee coast. wlth a lrough oí low
speeds extendmgsoulhwestward. Esumated speeds outslde
the dislurbed region were - 14 m s" VaJues were generally
hiper than expectcd but no in silu data al sea were available
for ccmparison. Small local diffa-enc:cs from the assumed
wind ditection do not affect che specd estlmate gre&ely. and
a1thoup values in abe lee can be affected sígnificanlly by
errooeous usumed direction. they would not be mcreascd lo
values found OUUide.

Fipre 7d shows the near-infrared AVHRR channel 2 (0.9
.,m) from NOM 9.1aLea SO min befCR the ERS SAR nuge
This chInnd is senailiwe 10 lOIar teIIecúon and reveals a
remllbble sun pinl pillan dw .....lels exactly lhe panem
of waves seen in the SAR imaae (Fípre 7b). conflrmlOg lhal
Ihey.e cauJed by wiftd.induced variabons of surlace rough·
nesJ.

The AVHRR lma,e for lhe followlD' day (Figuro: SI) 15
from che pus al 07S9lJT becauK of exlCftlive c10ud cover
later in the day. T'ltO houn atta dawft. the wann lee was
a-dy I"C w........ surroundin, wllCrS The ISland wlOds
were simia. 10 che prcvious dey. bul the extended tail uf
warm WIIer was noc IppII'tIIt. n.e IU'OftI aemperalure contrasl
betw... die c:ooI ..-eJlin, filament and die ",arm water
ton.. enuaiDod .-ound the cyclonac eddy apln formed an
a1mosl rec:tilinclr feMUR (551 oríaued nonhWCSI-southe&s1
As befare. luñacc WIllCn off nonhwesl Oran Canana were
cooter r.hIn off die east coat.

!he SAR Imqe for July 30 (fll"re Sb) shows rartlcularly
clearly. wake-hke faaure thII el'eneh dtJWllWlnd almose 200
km. DIrt.nas dose 10 Ihe IOUth coasl of Gran Canana
indicale reJionl uf wand bcIow &he thmhold value o( 3 m , '
(c:onfirmed by \he adJaceDl COIIW "'1M vtclOtl) The calm
zone w.. l&raer Iban on the prevtoUS day. The boundanes uf
the lee appNf .. linear fe.ttures conllal..... In bn,htness wllh
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surrounding areas. The eastem (antlcyclonic) boundary ITT"
is especlally clear as a bnght streak sorne 2 km wide and 180
km long parallel to the wmd at the southeastern coast. The
boundary had shlfted 15-20 km eastward near the Istand.

The malO bnght boundary corresponds to the edge of the
trade wind zone. About 100 km south of the Island, where Il
intersected the current shear Ime SS', the onenlation of the
boundary changed. possibly as a result of changmg atmo
sphenc stabllllY aboye the warm tongue. A wcaker bright Ime
BB', -80 km long. diverged from the first on lhe southeast
coast of Gran anana. Belween the two. six darker bands
parallel to lhe secondary fronl seem lO be weakened examples
of the wave-Itke struclures of the previous day. BB' is likely
lherefore the (J1fluse castem boundary. The current shear SS'
had hardly moved from the prevlous day. A second bright line
F (shown m zoom m Igure 9a) eomclded Wlth another
lemperature froOl on the westem limll of the southem fila
mento agam mdlcatmg strong honzontal shear.

The we lem (eyelonlc) boundary, as a )ocallon of surface
Ekman dlvergenee. w less well defined but detectable as a
broad, almosl reclllmear feature of weak eontrast. It extended
southward from Punta Descojonado through S to converge
wllh the eastem boundary near the break belween SAR frames.
The westem hall of the Ima e shows many wind r ws at
separatlons of 2 • 4 km altgned long the predominant wind
dlrecllon (c1ose up m FIgure 9b) as In the prevlOus day's
Image.

Southwest 01 Gran anana. atmosphenc mtemal wave
pae ets (1, 2, and 3 emanate fr m near unta Descolonad
loward the southwe l. The ene IS vIsIble several dlffuse
groups of hghter and dar er bands onented northwest- outh
casI wilh a ere t lenglh thal I short ( boUI km) near hore
bUl mere e wllh dlslance from lhe eo 1 The separ tlon
between the - 10 diffu cres in e ch roup IS - 3 km. The
moSl off hor group ¡-O km outhw t f the Island.
Group 2 I de Iled in Figure 9c.

SAR WlOd peed e tlm 1 f r july 30 ( i ure e) were
:ower than the prevlou d ,exeepl m th n rthwe t of the
r~glon. (Th umed dlreetlon w in 203" ) nhaneed
wmd peed eXlended m 15 km uthw l I n the
bound nT', but the of pecó near 2 m 1 w
small We er enhaneemenl oceurred al n the hne B'. The
lee reglon w de med by wmd < 10 m 1, and Immedl 1 Iy
outh west of the I land, peed < 3 m ·1 were ¡ndle ted,

There w m eVldenc of hi her peed m the le enter,

reOecung lhe relum Oow seen 10 the 10 SIlU measuremenlS on
olher days. The lee boundanes formed zone~ of slrong wmó
shear desplle uncertamty 10 wmd olrectlon wlthm the lee.

Although there were no conlemporaneous observatlon~ 01
ocean wmds. a eompo~lIe '.'1100 fleld measureo o er 15 day~ \O

August 1993 on RN Hespendes (Figure d) show the
eXlstence 01 an extended lee '.'11th weak Oow counter 10 the
trade wmds. Maximum speeds measured reached the 20 m s I

indicated on July 29 1995, m SImilar locauons. Wmd speeds
in the norlhwesl were also simIlar lO the present estlmates, 
14 m s". Evidence of sheltenng by the nearby Island of
Tenerife '.'las also indicaled. The 1993 wlOd field is not nearly,
synoplic and lhe sparse observations hmlt mlerprelallon, bUI
the strong slmllarllie '.'11th the SAR wlOd fields are encourag·
mg.

4.
BlOloglcal enhancement around oceaOlc Islands w

establtshed by Dot), and O un' (1956], bUlllS ph Ical causes
are less well known. The role of oceaOl Islands m produclOg
disturbances 10 the downstrearn current h been mves tigated
in a number of cases. Barkley [1972] concluded that dnfler
trac downsLrearn of Johnson's Atoll 10 the Paclflc orth
EqualonaJ Currenl were consistent wlth a von Karman vonex
street. Olher observallons ha e IOdlC31ed disturbance of the
equatonal undercurrent east of the Galapagos (Whlte. 1973]
and producllon of eddJes west of lhe Hawailan Islands
[Parzert, 1969, Lumpkln, 199 ,Flamenr er al., I~ J He\'
wood cr al 11990] founa an eddy lrapped behlOd Aldabra
AtolllO the Indlan Ocean South Equalonal Current. Frequenl
pr ducllon 01, principal! . <:. clomc eddle south of Gran
Canaria has been reported b A rlsregul er al. (1994, 1997)
Theorellcal and laboratory sludle [eg Bo er and DaVl~,

1982; Bearman, 19 4, Sangrá. 199 I Ht\,wood er al., 199 1
how th th' rotallon delay edd heddtng to hlgher
eynold numbe lOd m e the orte treel a ymmetncal

by enhan IOg c clomc eddl 10 lhe orthem Hemlsphere
or I 1 nd hke Aldabra Al 11, Ith lo t pographlc rehef.

down trearn 110w eff c1earl ' result from the dlrecl dI tur-
nee of th curr nt Jeld the I Jand. Thi i I obvlOu

for moun 100U I IlOd, h re n IOd re ime ma be
perturbed 1 pr Vide a nd f dlsturbance to th

ani 11 w [Par, n, 1 91
In lh pre ent e e, lO extended nd an le

helt red from th t d wmd I ent behlOd ran

. nh,IO ti dll Uf'l 111 A 101.1' 111 Julv 1() Il)l)~' (~), h <Ir Irllnl r (n) "'lIld rII'" In \ ti' "1l"~C tlh
In nI d JI 20'1", and (~) ¡!rlIuf'l 2 III lhc I "'a"c~ Thc .If'lpro Im"IC dl~l n l' ~ al' 1 hu n III FI¡lut <J,.
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(and me other Canary lslands) This lee wa\ evidenl 10

A VHRR imagery as a warm surface lemperalure anorr:aly due
10 !he dominance of surface healing over wind mixing. The
exlenl of!he lemperatUre gradients that bound the lee suggesu
that the Iines of intense wind shear persisaed some 100 km or
more downwind. 1ñe direct observations indicaaed thal a
weak relum breeze cools the center of the lee. separating lwo
lemperalure maxima beneath the aras of wealtesl wind. This
is compatible with the praenceofcounten'OWing wind eddies
behind the island.

Chopra [ 1973). from rneIOSQle pauems in Itntoeumulus
c1oud. concluded that aunospheric vortices of 10-20 km radius
were sheet from altemaIe nano of Gran Canaria al roughly S
hour interVa1s. as in a van K.arman YOI1CX StreeL These
struetufes fonned a wake 60 km wide -.el 600 km long as they
drifted downwind al lOme 70'11 oC the ambienl wind lpeed.
Viscous fon:es lUde individual Yorúces expando weaken. and
disappear af1er abouIJO hours. The obsaved shift in position
of the eastem lee boundary betwcen July 29 -.el 30 may rauh
from aunospheric eddy sbedding. allhough the wind direction
could not be deIamined froro the SAR ¡mapa.

AtmOspheric pheaomeoa usociaaed with the lee region.
ineludin, mountain lee waves. conYCCÚve rolls. and strong
shears in me aunospheric bouncWy 1a)U. are reveaJed by 1M
SAR ima,es. The lImOSpheric intemal Jl'lvity (01' mounlain
lee) waves Irise near Punta La Aldea. the watemJnOSt pan of
the island. where the winds strike shear cliffs risin. hundr'ed$.
of meten from the sea. Cap c10uds frequently form as the
wind puses over the 400 m high coast.al peak.s befare descend
ing lo eross a 5 km wide vaUey and rising apin over the 600
m hlgh ridges between La Aldea and Descojonado (Figure I )
No similar wave-Iilce features are seco on the casI of the island.
where a wlCk COIStal plain slopes gradually inlo !he island
inlerior. lntemal waves in !he relatively low invenion layer
are associaaed with tluetuations in wind velocity utending
down lo sea level (Vachoft el al. 1995). Benealh lroughs.
increased wind velocity and sea surface roughness produces
brighter bands in the SAR imase. while under troUghs.
decrased velocity produces dIrker bInds.

Zones of temperature c:onlrUt ud cunent shear were also
visible in !he SAR imqes even though the radar íntensily
arises nwnly from Braa bactscauer by the -3 cm wind·
driven capillary waves. When the 10 m wind íl beIow a
lhreshold vaJue of - 3 mi'. there il no apprecíIb6e retum
siJOaI (DoIteÚIII tMtd Pi''''''. 1987). 11 obtened in the
neanhore lee. Gowr (19941 reponed lbal for wínds betweeft
2 and S m s' '. surf8CC laico inchaling pIIIemS of currenl
wnverJCOCC may appear. bu! chal .. higher wind apeeds.
currenl-relaaed feMUla In obIcured by the wind sagna!. Bul
el al. r1997) idattifaed Oul! Stram cuneal f....... in SAR
imaaes when wind WII < 10 m ,'. In our case thc shear hne
(SS' in F.,s 7 and 8) WII evidall in winds up 10 l' m s '.
sulJCltive of UftUlually sUOllJ shear.

Cumnt ......... 1CIOIS .... 1nd conva•• ce IOMI may
ínferIct wiCh than awfKe JI1Ivity waves. prodIIc:c refrIc:Uon of
lona_ace waftI. CIIIIe wave bfeIkinC. ancI-..c:.ltIl'f8CC
RMI..... IR...... '915). The Mbq'C1onac: willd shear hnew.~y evw. in thc SAR í..,e of July 30 (fíJUfC
11). NI" ti visible .... 11 a l'flI1OI' of íMentc whítc
eIppiaa- c:hop.. IIocUI ofcoa"'J1lftCC. nc tMIec:ed
muat-u.., ..... in~i••I_of'" CMOI)4 witMt
.....on "boundll) IempeI...cIitJtNnee
mtay r..-. lICC8fIlC) of IM _ (.1. '*1.
""le"",,, 1M lee _.-tace 11 11,."", j.

higher. Bca/ ('/ al 11997] found cons.slent backscauer d.ffer
cnces caused hy spallal vanablllly of !he manne almosphenc
boundary layer stabJluy

Close lo lhe ,sland, a warm surface wake 10 lhe wind lee
persisled lhroughoul lhe observallon penod. strengthentng
during the day and weakening al nighl Outside !he lee. surface
heal inpul is distribuled lhrough a well-mlXed surface layer.
while inside. near-surface srratificalion develops. Nighnime
convective ovenuming distribules the day time inpul over lhe
shallower layen. The CTD sections showed upwelling of Ihe
pycnochne as expecaed c10se 10 !he cyclonic wind shear hne.
bul !he pealest pycnocline depraslon was displaced lOward
the center of!he lee in one section. This may be causcd by an
approach of the filamenl c10ser lO the .sland. Siocc deosilY
surfaces in the upwelled filamenl waters are shaJlower than in
oceani<: waters. the filamenl would tend to counterlCt
downwelling on the anticyclonlc boundary of !he lee. 1ñe
position of maximum deeperung therefore varíes with !he
suength and pasillOn of the filamenl and wtth !he wind.
Variability of!he filamenl has been reponed by ArisltgUJ el al
[19971 who have shown S.gn.flcanl effects on !he local

blology. Salinily in !he I5land lee results from !he IOterplay
between the upwelhng filunent and oceanic bIIcqround fiow.
!he salinily field seems 10 be separaaed 1010 two halve<t across
!he wake. conesponding to waters from different sources.
including the filamenl.

Whal is !he relative Importanec of Ekman pumping and
fiow d.stutb.lnce In produclng Ihe edd.es? A well«fined
wand lee .s eVldent even an the several week composlte Wlnd
field. so thaI meu Ekman foreang muSl be s.gnificanl despile
any shon term vanab.IIlY caused by vonell. shedchng. On !he
lee boundarles. honzonul ••nd shur of 15 m s" per 2 km
produces upwelhng (or downwelhngl as sllOng as thal leen al
!he Afncan coast; upwelhng occun on the eltposed westem
COISts of!he /slands. The Ebnan uanspon caused by 10 (15)
m s' wlOd wnh a drag coefflc.enl of 1.3 lI. 10.

1
al 2S"N.s 1.9

(4.3)m2 s'. whlch would cause upwelhng <ordownwelhng)of
II (24) m d '. assumang a Constanl rale over a Rossby radius 01
l' km. Because of lhe lack of a solld boundary downstream.
this upwe1linc or downwelhn, of!he pycnochne will produce
eddies on a Iengtb scaIe of the lee

Even inlemUlIenl wind foretn'. as .n the Gulf of
Tehuantepee, can produce enefJCClC ocun edches (Barton ti

al.. 1993; TrasvlAa er al .• I99S) There. wands channelled
throup a mounwn pus extend as l,et over!he Pacifit· Ocean
and lf'tn up ocean eddael Sinee lhere " no si,nificanl
bacqround ~urrent In !he .-ea. lhe aman PUmpanl .1 !he
d.recl cause uf the eddaes Even 10 lhe rrnence of Curm'llS.
wind 'ore.n, has been reponed 'u sprn ur edd.es nonh 01
HaWail IPalz.m. 1969: úurtptl1l. 19981 Cltopra 119731
stresJCd that vertical uansfer o. momenlum 10 !he ocean would
wcaken an)' vOftICCS~ !he a..,'lOIphcnc Inven.on 100

quickly 10 form. VOf1Clt sueet. He anacrpreted POIUff', (1969)
conclusion Ihat !he Ha....... ocan cddaes were wind drivcn
as !he explanauon rOl' the abIeau of .... aunospheric ~l
sueet. akhuuJh auhIequca' ot.rvalluns sbow one lo be
praenl • tunes

Here che eJL'~ uf • cycloaac OCC8ftac eddy dowasueam
and a Yariabk Ice rn lhc Wlnd .s dca"y documented. Thc
oddy........ ~Iuse 10 the lltand. mowd ward al
S km d". ib tiUñacc semperaure 11,..., ovet die
wune uf' 12.Y' MUIUaIly e&f;IUJlvc ocan eddaes and
aIIIIUIf'benc; ~U"K:eto t:ouid. of counc. Cll111 .. d.fferena timeS

file:///Panen
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Wind downslream of Gran Canaria is persislenl and slrong so
may be expecled lO produce or alleasl enhance oceanic eddies

This area of filamenl-eddy exchanges provides an excellent
laboralory: Ihe repeatability and steadiness of the trade wind
regime provides continuous forcmg of coastal upwelling and
filamenls. while eddies reponedly spin off from Gran Canaria
during most of the year. Both cyclonic and antieyclonie eddies
have been observed south of the island; indeed, recenl drifler
observations have fol1owed an anticyclone for 7 months as 11

drifted away from the istand (p.Sangrá. p~rsoruJlcomnumicQ
'ion. 1999). lnleraction between eddies, filaments. and the
island chain give rise to strong horizontal gradients and lo
laleral exehange of propenies within a small geographicaJ
atea. These can be of considerable significance for distribulion
of. sayo larval distribulions (Rodrlgu~1. t, al., 1999) or lOO

plankton [H~nu:ind~,·León. 1988). However.lhere have been
no observations of eddy generauon: details of their develop·
menl. eventual fate. and how they inleracl wilh filamenls
remain poorly known.
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European tnst1tute for Advanc:ed Studles IR <>ccanoaraPhy 1995
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UnlOll and che United NlbOns EduClliOll and Science OrpnlulJon
The RN BOCGÍIID wu rnade avatllble counay of che Consejería de
Agncultura y Pesca of che Canary Islands. We thanlt !he crew and all
thOle students who paniaplled OCIboard. St\<n wlndS were proVlded
by che Spanish Instituto Nacional de MeteorolOSía. ERS scallerometer
data were Iundly provided by Yves Quilfen (IFREMER). We thank
Vlneent KerbaoI <IFREMER) and Helen Dodds (UW) for USlltance
with che SAR wind speed c:aJc:ulations and Lautent Latché <UW) for
proceuin, che SU da. E. G. Mitehe1son·Jacob and E O. Banoo
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Mesoscale variabllity in phytoplankton biomass
distribution and photosynthetic parameters in the

Canary-NW African coastal transition zone

Gonoo Basterretxea·, Javier Aristegui

FacaItM de e........ del Mar, thdversldad de Lu PÜlDU de Gr. Cuwta, 35017 .... P..... de Gru CUlaria. Spún

ABS'BACT: Pigment distribution and pbotosynlbesis versus irradiance (P-E) responses in the mixed
layer (ML) and in tbe cbloropbyU maximum (CM) were examined in lbe coastaJ transition zone (CTZ)
between tbe NW African coastal upwelling and lbe Canary lsiaDds during August 1993.1be sampling
ioduded 2 isJand-generated eddies in lbe lee of lbe arebipeIago and an upwelling filament from tbe
AfricUl continental shelf. entrained around a cyclonie eddy about 100 km width. ChloropbyU. and P-E
parameten (a. P.J sbowed regional dilferences reOecting cbanges in lbe water column strueture and
pbytopIantton species composition. TIte deep CM sboaled from -100 lo -10 m u the African sbelf was
apprOllched. and tbere was a clear oflsbore-onshore transition in tbe vertica1ly integrated chloropbyU
distribution and P-E responses related to lbe upwelling front. CM oceanie samples presented bigb a
(0.020 lo 0.042 mg C mg-I ch1 b- I Ipmol m-z s·lr a) and pbotoinbibition. ~tiDg adaptabon lo low
irradiance. Dilferences between CM and MI. in P·E responses decreased ID the viODity 01 the
upwelling until lbey eventuaUy became indistinguisbable in a weU-mixed statíon on lbe continental
sbelf. Island-generated eddies allected mainly lbe productivity and chloropbyU distrtbutions al the
deep CM. Nutríent inPut in the eddy eenter resuJted in an increase of a in the CM lo the level 01 the
upweWng samples (-0.053 mg C mg- I cbl b- I IJUDol m-zs-Ir'). OD tbe basis of lbe mesoscaJe variabU
tty in tbe pbystcalltrueture of lbe water column and lbe vertical distribution of cbloropbyU. lbe CTZ
wu divided ioto 4 subregiODS wtth c.baracteristíc pbotosynlbetic parameten. Average integrated pro
duction in tbese areas vuied from -100 mg C m-z d- I in tbe most obgotropbic IUbreglOD lo more than
SOOO mg e m-z d-' in tbe upweWng zone TIte range of variation in tbe pbotosyntbetic parameten In

tbis CTZ was 01 the same magmtude al ranges observed in buin-sale studies of lbe AlIanbc lnte
grated ptocluction estimates are a1so in lbe lowet and bigber extremes of the observed values ID the
oeean. Our results bigbbgbt lbe unportance of addressiDg the variabWty of the pbotosyntbebc parame·
ten in coasta1 upwelling-open ocean transition zona In order to modal pnmary procluction al reglona)
lCaIes.

KEY WORDS: Pbytop1anktoo· ChloropbyU . Primary procluctlOD . CoutAJ transition zooe . PUunents .
Eddies

INTRODUcnON

WitbiD lbe context of global climate change and lbe
role o, the oceu as a carbon dioxide smk. one of the
main goals o, biological oceuograpby has been the
description and undentanding of algal carbon flXation
at regional ud global scales From lbe efforts of
Koblents-M1Ihke (1983). bued on ecosystem cIassití·

e lnter-ReMarch 2000
Reu» o/ fulJ .mcIe oot ".rmitted

cations ud ship·bued pnmary product1on measure·
ments. to lbe present models bued on biogeographical
divtJionl ud sateWte-obtaiDec:I oceu color data (e.g
Platt et al. 1988. Longhum 1995. Sathyendranath et al
1995). lbe techníque for monitonng phytoplankton
photosynthesis has slgruflcanUy improved Neverthe·
less. in global product1on models. 2 components have
changec:llittle (1) the necesSlty for m SJtu observaUons
and (2) the dívision of lbe ocean lOto compartments
dependent on a vanety of entena
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Satellites provide information about sea-surface color
helds from whieh near-surface chlorophyll fields are de
rived (Gordon et al. 1980). But most complex bio-optical
models also require knowledge about depth-resolved
optical properties of the water column. and sorne chloro
phyll-specüic parameters defining the photoadaptative
response of phytoplankton: Pm• a, ~ (Platt et al. 1991,
Sathyendranath et al. 1995). the absorption aoss section
(a") and quantum yield of phytoplankton (Kiefer &
Mitchell 1983, Bidigare et al. 1987. 1992). or the optimal
assimilation efficiency (Popt) (Behrenfeld & Falltowski
1997a) for the biomass-to-produetion conversion.

An altemative approaeh is the use of relationships
between sea surface temperature (SST) and nitrate
concentration and the utilization 01 nitrale uptake to
calculate the f -ratio (allochthonous nitrate-based pro
duction to total production ratio) as in Eppley & Peter
son (1979) and Sathyendranath et al. (1991). However.
this relationship is not useful lor most warm oligo
trophic water masses where surface concentrations 01
nitrate are undetectable (Baleh & 8yrne 1994).

The complexity of eco-physiological responses in
marine systems renders diflicult the computation 01
Universa.lly valid relationships between environmental
and primary production changes. ConsequentIy. the
ocean has generally been divided into relatively homo
geneous ecological domains (oceanie-coastal waters,
polar-temperate-subtropical-tropical waters, etc.) where
a general parameterization can be accomplished.
8ehrenfeld & Falkowski (1997b), in a review of pri
mary production models. concluded that differences in
estimates of global annual prtmary production are due
to differences in biomass tields and in the seleetion of
the photoadaptative variables but not to the model
itse1f. Hence. a good estímation of prtmary produetion
requires appropriate select10n of the parameten for
eaeh regíon. Moreover. at smaller sca1es. the presence
of diflerent growth and loss character1ltics in phyto
plankton populations which are spatia11y heteroge
neous means that the approach used at large scales
can here leed to ambiguities (Marra 1980). Spedfic
algorithms that account for local pec:uliar1ties (i.e.
north-south. east-west gradients) or beterogenelties
(recurrent or permanent melOlcale struetures) should
therefore be developed. Finally. links with contiguous
regions to avoid excessively fragmented production
maps would be desirable.

Coastal transition zones (CTZ) are boundary regions
between subtropical gyres and coastal upweWng re
gions where inlense mesoscale variability takes place
(Kosro el al. 1991. Strub el al. 1991. Haynes et al. 1993,
8arlon et al. 1998). The produetivily of these areas is
uneertajn sinee their intense variability has frequenUy
nol been considered. The development of satellite
lmagery in !he 1ast decades has provided evidenee thal

the boundary between coastal upwelling and open
ocean systems i5 highly irregular. Cold filaments have
often been reported in the Canary Current (La Violette
1974, Van Camp et al. 1991. Hemández-Guerra et al.
1993) and other eastem boundary currents (Davis
1985, Flament et al. 1985, Kelly 1985, Shannon et al.
1985, Huyer & Kosro 1987. Strub et al. 1991, Swenson
el al. 1992). These structures transport cold upwelled
water from the sheU into lbe ocean. and their return
flow introduces warm offshore waters to the nearshore
zone (Mooers & Robinson 1984). Nutrient distributions
and plankton biomess and production are also affected
(Traganza et al. 1980. Abbott & Zion 1985, Abbott et
al. 1990, Hood et al. 1991). Most observations bave
led lo speculation thal filaments act as vehieles lo link
rieh sheU waters with open ocean oligotrophic waters
(Mooers & Robinson 1984. Rienecker et al. 1985). Never
theless. uncertainties remain about the origin 01 fila
ments ud their contribution lo seaward transport of
coestal water.

8ecause filaments are relatively persistent ud re
current (e.g. Haynes et al. 1993), lbey may be espe
cially imporlaTlt to lbe nutrienl and carbon fluxes of
coastal transition zones. The horizontal exchange of
organic material and nutrients between filament and
surrounding offshore waters could sustain high pro
duction rates outside the upwelling zone. or, altema
tively. nutrient upwelling generated by the filament
dynamics could significutIy contribute to the offshore
productivity (Jones et al. 1991).

In the present paper we examine the spatial ud
vertical distribution of phytoplankton biomass and
pholosynthesis versus irradiuce (P-E) parameters. in a
region ineluding lbe Canary lslands and the nearby
NW African Upwelling (NWAU). lbe transition from
the rich coutal upwelling waters to the offlhore olig
otrophic system covers a region wilb distinet but
elosely línked. physical ud biological cbaracter1ltics.
Vertical stability promoted by thermal stratification.
ud consequentIy vertical transport of nutrtents. varies
from offlbore to lbeU waters but a1Jo varies in relation
to mesoscale structures. Reeent work bas provided evi
dence 01 the importance of local mesoscale proceues
in phytoplankton biomass clistribution and production
in lbe Canary lslands (e.g. Artstegu1 et al. 1997).
Knowledge 01 the effects of lbese mesoscale forcing
functions on biomass accumulation ud produetion i5
of critical importance when estimating regional ud
global carbon fixation rates.

METHODS

Field .....pllDg. lbe observallons reporte<! in this
paper were carned out dunng .. lo 27 Augult 1993 on
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board BID 'Hespérides'. The area under study covered
the transition zone between the NWAU and offshore
waters of the Cananan Archipelago. A transect across
the islands to the African shelf was followed by a
mesoscale survey of a coastal filament entramed around
a cyclonic eddy and an adjacent island-generated eddy
(Fig. 1). The eddy position was traced with lagrangian
drifters (Barlon et al. 1998) and sampled twice (C and O,
Fig. 1) over an interval of 5 d. At the center of the eddy
(Stn 114) a 24 b sampling was carried out.

CTD data were obtained at eaeh station using a Sea
Bird 5BE-911 plus probe mounted on a 24 bottle
rosette equipped with 121 Niskín bottles. A Sea Teeh
fluorometer was attached lo the system. Data from the
CTD sensors were ealibrated against reversible ther
mometer readings and salinity analyses (Autosal2000)
of disaete samples. lbe in situ fluorometer was cali
brated with samples collected at 6 to 8 depths witbin
the upper 100 m of the water column. For this, 500 mI
samples were tiltered tbrougb Wbatman GFIF fiber
glass fUters and extracted overnight in 10 mI of 90 %
acelone at 4ec in the dark. For me fractionation, the
salDe volume was tiltered tbrough 2lUD MiIlipore polVo
carbonate tilten. Fluorescence before and alter acid·
ifieation was measured with a Tumer Designs bencb
fluorometer (Holm-Hansen et al. 1965), ealibrated with
pure eblorophyll a (Sigma Cbemical Corp.). Under
water scalar pbotosyntheticaDy available radiation
(PAR) profiles were measured using a QSP·200 sensor
(Biospberical) and a Q5R-240 sensor 'or on deck refer·
encing.

Chlorophyll transport was calculated from AOCP
records (see Barton et al. 1998) as in Jones el al. (1991).
To ealculate the transport J, the flux over an area cen
tered on the grid poinl j,j, was integrated:

J =LJ,.}
l.'

J,., = v,.,CL/L,h

wbere v", = velocity perpendicular lo a transect plane at
the grid point; CJ.} =concentration of cbloropbyll at grid
point i,j; Lz,Lz =lengtb of the box around grid point j,}

in the borizontal and vertical directions, respectively.
PriIIIuy prodacUoll. Samples for primary produc

tion experiments were taken at 2 deptbs generally coro
responding lo the mixed layer (MI.) and lo the cbloro
pbyll maximum (CM). Al1 production stations were
sampled around local noon lo avoid diel variations of
pbotosynthetic parameters (MacCaull & Platt 1917).
P-E curves were performed in incubalon containing 23
culture nasks (80 mI). wbere a ligbt gradient up to
-1900 lUDol m-2 5-1was aeated using a balogen lamp
as a ligbt source. Neutral density tilten were used to
attenuate the ligbt intensity in the incubator. Ligbt in
eaeh bottle was measured with a quantum scalar ina·
diance meter QSL·l00 (Biospberical Co.), and 7 to
14 pCi of 14C-labeled sodium biearbonate solution was
added to eaeh bottle. In situ temperatures were repro
duced inside the incubator with a eooling bath to
witbin :t O.l eC. The added activity was estímated at the
beginning of the incubation by counting 1 mI of solu·
tion in a vial with Protosol (NEN) and scintillation

•
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cocktail. After 3 h of incubalion, samples were filtered
using low vacuurn pressure «0.3 bar) onto glass fiber
filters (Whatman GF/F, 25 mm) and acidified with 1 mi
of 2 N HCI for -18 h to drive off inorganic carbono
Radioactivity was counted on board in a Beckman soo
tillalion counter using Aquasol-II cocktail. A:n external
standard was used tor quench conection. Dark fixation
was subtracted from illurninated bottle COunts.

Chlorophyll-specüic photosynthetic parameters a,
Pm and ~ were fitted to standardized production values
by non-linear regression fitting of the expression by
Platt et al. (1980):

PIE) .. p.( 1 _e(-aE"·I)(elOE".I)

where PIE) (mg C mg-I chl b-I) is the instantaneous
production rate normalized lo chloropbyll al irradiance
E (lUDol m-l S-I), a is the ir.ilial slope of the P-E curve
at limiting light levels (mg C mg- J chl h- J (lUDol m- l

S-Ir l), ~ is a parameter to characterize pholoinhibilion
(mg C mg- I chl h- I IlUDOI m- l s-Irl), and p. is the
potentially maximum light-saturaled rale of photosyn
thesis under conditions of no photoinhibilion. In the
absence of photoinhibition this· expression can be
reduced lo the equation C')f Webb el al. (1974):

PIE) .. Pm(1 - el-«EIP.,)

where Pm and p. can be related by the expression after
Platt et al. (1980).

Pm - P.(a/a + ~)(JVa+~)"'Q

lntegrated procluctlon calculaUoDl. Daily depth
integraled production rales (O lo 100 m) were esti
mated using me.uured ligbt attenuation coefftáentl,
surface P-E parameten and chloropbyll data tor each
stalion. Daily ligbt variation wu c:a1cu1ated usuming a
sinusoidal variation of the meuured midday sw1ace
irradiance. Production estimatel bued on 2 P-E curves
(ML and CM) were performed UlWDJng tbat the lur
face paramelers were coDltant tbroughout lbe ML and
deereased or inereued linearly from lbe thermocline
to the CM. No correct1on was roede for diel vartatioDl
of pholosynthetic parameters since varialioDl observed
in the onJy diel .tudy were unlikeJy lo be representa
Uve of changes at every ltalion.

As most chloropbyll profUes Ibowed sublurface
maxima, integrated production valuel were calcuJated
assurning a non-uniform biomass profUe. Hence lbe
data were used to calcuJate a Gaussian curve from
which parameters were derived for calculation of bio
mass at any depth (z):

h [1 (z - Zm )1]8 .. Bo+-exp -- -
I o ...'f,i 2 a

where So is the basebne pigment concentration (mg
m- 31. Z", IS the depth of the chlorophyll maxlmum (m).

a the width of the peak (m) and h/(o-J21t) is the height
of the peak (h units are mg m- l ) measured from the
baseline (Platt et al. 1991).

The light profile was calcuJated as follows: maximurn
photon flux at noon on the sea surface was obtained
from averaged on deck records. Surface irradiance
was assumed lo vary as a sine function over the day.
Losses of irradiance by reflectance at the sea surface
were calcuJated from lbe values of Austin (1974) for
4 m S-I winds. Light at depth z was oblained from E, =
Ez_lexp(-KAz), where the average light attenuation
coefficienl K (m- I) was computed from in situ mea
surements. FinalJy daiJy-integrated production values
(PUll) were obtained by doubJe inlegration over day
length and depth.

RESULTS

Hydrograpllic structure ud cliJtrtbuUon 01
pbytopla.n.kton blolDus

The general hydrograpbíc pattern during the cruise
has been thoroughly desaibed in Barton et al. (1998)
and Navarro·Pérez & Barton (1998). An upwelling
fiJament was siluated between Cabo Juby and Cabo
Bojador extending about 150 km seaward from the
continental shelf, reaching the vicinity of Gran
Canaria. At its offshore Jimit. the filament was en·
trained around a wide OVaJ-lhaped cyclonic eddy with
its major axis aligned with lbe prevailing cunent. At
depths below lbe mixed layer. the eddy presented a
clear signal of low temperatures (Fig. 2).

Southwest of Gran Canaria, the signal of a smaller
cold-core eddy was also evident. The eddy drifted
soulbwestward at a speed of aboul 0.1 m S-I (Barlon
1994b) wilb a trajectory and position consistent with
previous descrtptions of island-generaled eddies in lbe
area (Aristegui et al. 1994).

ChJorophyU concentratioDl ranged from about
0.05 mg m-3 in lbe oceanic areas lo more than 3 mg m-3

over the African aheU. A map ol integrated (1 lo 100 m)
chlorophyU distribution (Ftg. 2) reveals bigbest values
over the continental lbeU in the upwelling zone but
rapidJy decreasing in the offshore direction. Low chJor·
ophyll values appear in the center of the fUament eddy,
while a localized maximum was observed on itllOuth
ern flank (lee 'DíJeUISÍon').

With tbe aim 01 quantifying lbe ímportance of lbe
filament as a mecbanism of offlhore transport of pbyto
plankton biomass, we calculated the chlorophyll transo
port based on ADCP records (Barlon et al. 1998, Na·
varro-Perez & Barton 1998) aerolS Transects n, T2
and T3 (Fig. 1) as in Jones et al. (l991). AJthough lbe
blomass slgoal along the Jet rapldly dtsappeared, a net
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Table 1 Chiorophyl1 transport (9 5- 1) aeross Transeels TI, T2
and T3

Transect Depth Seaward Shoreward Diflerenee
range (m)

TI O-SO 38 96 -57
0-100 181 531 -350

TI O-SO 135 403 -268
0-100 307 608 -301

T3 O-SO 45 94 -49
0-100 79 227 -148

Surface temperatures in the surface layer increase
from 17.5°C on the African shelf to 22°C offshore. The
upper part of the water colurnn on the continental shelf
is wel1 mixed. while a sharp thermocline. progressively
deeper. appears westwards. This trend is disrupted by

the presence of mesoscale features leeward of the
islands. Two temperature domes. presumably corre·
sponding to 2 cold-core eddies, are observed south·
west of the islands of La Gomera and Gran Canaria.
The latter eddy is more intense (>50 m upWt) and
exaggerated by the steep isothermal decline on its
westem side. This isoline deepening is caused by an
adjacent anticyclonic structure observed in AVHRR
images in the viciDity of Tenerife (Barlon et al. 1998).
West of La Palma (Stn 3) a third dome affecting the
upper 80 m is also observe<!. The deep CM shoals in a
west-east direction from 90 lo 110 m at the weslem
most stations lo 10 mover the continental shelf.lnlense
dorning due lo eddies produces the elevation of the
deep CM. as seen in the periphery of the eddy of Gran
Canaria. This effect has been extensively discussed by
Arístegui et al. (1997).
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PJmary proclacUOIl Stn Deptb a PI P Pm

J 20 0.003 2.61 00011
P-E response curva a10Dg Transect A-B (Pig. 3b. 6 15 0.005 162

Table 2) display a dear offlhore-oDshore traDIition. 18 15 0.008 1 75

Two trends in the phytoplantton ligbt response are 41 10 0.015 416

particu1arly elear acroa tbe CTZ: (1) there II an .56 3 0.053 1302
65 20 0.075 908

increase in the magDitude of the P-E puameten a the 76 10 0.012 JU2 00071
nutrient-rich upweUing waters are approached and 83 10 0.011 30S
(2) the photosynthetic responses in the ML and CM 91 10 0.016 289

become progreuively alike as mixing increases to- 99 10 0.014 353
132 10 p.OO8 5.30 0.0025

wards the coutal upweUing. M.L and CM parameters 144 10 0.003 068
tor the slalion on !he continental she1f (Stn 56), where 166 10 0.007 281
nutrient concentrations are hígb (almost 4)lM at 10 m). 1 80 0.023 193 00020
are similar and do not present Jignilicant photoinhibi- 6 80 0055 311 00053
lion. 80th parameten are amOJl9Sl the bighest mea- 18 80 0020 227 00025

lured (average p. &Del ex. 12.11 * 0.9 mg C mg-l chl bol 41 30 0027 581 00047

and 0.052 mg C mg-l chl h- l haIDol m-2 s-Ir l , ,apec- 56 20 0052 1121
65 40 0035 872 00105

tively). By contrato in opeo ocean waters differences 76 40 003-4 551 00041
between ML and CM parameten increue. Most CM 83 50 0042 581 00106
semples exhibit tugber a valu.. and pbotoinhibition. 91 70 0035 581 00109

indicating enhanced photosynthetic efficiency and 99 70 0020 060 00012
132 60 0023 385 00013

adaptation lo low irradiances in deep pbytoplanklon 144 75 0032 282 00026
euemblages. Tbe ligbt adaptaban parameter El/. (P.lal 166 60 0052 694 00106
averages 267 * 72 and 93 * 49l11Dol m- I ,,1 in the ML

0-+---~-=----'r----.--..lT---r----'

and CM, respectively. Of particular interest are the
parameters at Stns 76 and 166 (Table 2) The former is
located in the southem boundary of the filament A
higb assimilation number (11.4 mg e mg- I ehl h- I ) was
measured in the ML at thts station. while at the
deep CM, p.. is closer to the values observed in the rest
01 the filament structure. Conversely Stn 166, located
in tbe island-generated eddy. shows anomalous high
photosynthetie values in the CM sample (PI =6.94 mg
C mg"l chl b- I and a -= 0.52 mg C mg- I chl h- I ll1JIlol
m-2 S·IJ-I). Similar a values in CM samples were
measured only in the cyelonic eddy southwest of La
Gomera (Stn 6) ud over the African shelf (Stn 56).
Nitrate concentrations at the subsurface sampling
depth at these 3 stations were aboYe detectable levels
(>0.5 )lM). an indication of nutrient-rich water up
weUing or nutric1ine uplifting.

P-E parameters estimated for the ML at the 24 h sta
tion in the center of the eddy (Stn 174) displayed simí
lar midday values (a e 0.008 mg C mg- l chl h- l ll1JIlol
m-2 s-Itl and p.. = 2.88 mg C mg- l ch1 bol) to the
nearby Stn 166, placecl in a more marginal zone. There
was a significant diurna! variation in ligbt-saturated
and light-limited photosynthesis (CV =0.54 and 0.31),
with muimum rates clase to midday. but a presented

Table 2. P·E curve parameten a (mg e mg- I eh} h- I (~ol m- 2

s-Ir l ). p. (me¡ e mq-I chl b-I).lJ (mq e mq-\ ehl h- I I~ol m- 2

s-Ir l ). P.(me¡ e mg- I chl b· l , and samplmg depth 1m)
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65

200 400
DiStance (Km)
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O

50

Fig. 4. Percentage of chloropbyll a >2 pm in a W-E transeet in
the mixed 14yer (e) ud in tbe chloropbyll muimum (.)

Altbough tbe upwelling filament ud its terminal
eddyextend 100 km offsbore lo Stn 99, high surface
chlorophyU values (> 1 mg m-2) are restricted to tbe sta
tiODS in the upwe1ling area. Stn 65 is placed in the
boundary between high-pigment-content upweUed
waters and waten in the fUament where values higber
than those offshore are encountered only in the deep
CM. A sbift in the commUDity structure also occurs at
this point. Size fradionation 01 chlorophyU reveals
picoplankton as the dominant size fraetion outside tbe
upweUing, accounting for 75 to 88% of the total bio
mus (Fig. 4). 1bis percentage dramatically changes in
upwelled waters and particu1arly in the front between
both water muses (Stn 65) where large ceUs (>2 pro)

dominate (80%). At this slation a shaUow thennocline
(23 m depth) is already visible.
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some random oscillations (Fig. 5). Nevertbeless, these
variations should be cuefully interpreted since there is
evtdence that prolonged (>1 h) incubations may be
biased by photoadaptative responses occwTing on
time leales of the saIne order or shorter than the in·
cubation time that result in P·E vartability (Lewis &
Smith 1983).

With the airo of attaining general parameters to be
used in a regional production modelo we have grouped
the stations where P-E experiments were carried out
into 4 groups, according to the thermal structure of the
water column and to the vertical distrtbution of phyto
plankton biomass (Fig. 6). G1 includes the stations rep
resentative of offshore conditions with a deep CM
around 100 ro depth. This distrtbution is typical of
warm offshore regions (Venrtck et al. 1973, Herbland
& Voituriez 1979, Cullen & Eppley 1981). Stations in
the offshore extension of the filament or in the island
generated eddies (Stns 6 and 166) are included in G2.
The latter present a thermocline structure similar to
the waters of the filament although surface tempera·
tures (> 22°C) are in the range of offshore waters. G3
and G4 include stations in the upwelling front and on
the continental shelf. Stn 76 sbares chuacteristics with
G2 and G3. Although it is fu from the shelf, the struc·
ture of the water column. the vertical pigment distrib
ution and the temperature-salinity characteristics at
this location (Fig. 7) mue it conform most to G3. Nev
ertbeless. some other chuacteristics like the percent
age of cells >2 pro (13% at Stn 76 and 49% at Stn 41)
or the relation between the 1% light depth. deep CM
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and thermocline depths (Fig. 8) indicate similarities
with the stations in the offshore filamento

Temperature-salinity plots (Fig. 7) reveal that along
the CTZ gradient the upwelled water is mixed to vary·
ing degrees with otlsbore waters. The progressjve
transition in tbermo·baline properties is disrupted by
the gap between the statioos placed fartber offshore in
the filament IStns 91 ud 99) ud Stn 18 located ooly a
few kilometers north. 1bis gap separates upwelling'
influenced waters from offshore and eddy waten.

Tables 3 & 4 synthesize lOme cbaracteriJtics of eaeh
of tbe groups (Stn 76 ha been ududed from ayer·
ages). CbloropbyU proNe parameten show dear ctif·
ferences between groups as resu1t ot the progreaiveJy
sink1ng cblorophyU muimum deptb lz.) ud the
increase of the 1% ligbt deptb (z..J towards oceanic

waters. In fact. there is a constant relation between
lbese 2 parameters averaged by groups (Fig. 8). This is
not lbe case witb pbotosyntbetic parameters. Stations
affeeted by island.generated eddies do not tit well in
G2 (Table 4) and have been treated as a separate
group. Surface parameters in the eddies are in the
range of G1. but values in the CM are clearly
enhanced. TIte value of a is similar to tbat in the coastal
upwelling and p. is in the range of eJ.

We calculated da.ily production rates per unit surface
(PIDt) for ea.eh of lbe areas indicated in Fjg. 1 IG1. G2.
G3 and G4) and for tbe cydonic eddies based on ML
parameten. Calculations were performed by 4 differ·
ent melbods: (1) averaging estímates of tbe stations in
..eh regíon. (2) calculating an average P·E curve for
ea.ch regíon and using the mea.sured chlorophyU distri·
bubon for ..eh ltalion. (3) averagmg the non·uniform
biomass curve parameten lor ..eh regíon and apply·
tng tbe measured P·E curve for ..eh ltation. and
(4) using en ayera~ P·E curve ud en average bio·
mus profile for ..eh regíon. Results from a11 4 melbods
were very similar and muimum devuations leV <

Table 3 lntegrated cb1orophyU (cb1..; lD9 m- J).1 % lígbt depth z.. (m). ud non·WUlorm t.oma- dastributioa CWYe fittang para·
meten z_ (m). (J (m). b (IDV m-J). So lmg m-J) 101' ..eh zooe 1* SO)

Chl.. (0-200 m) %.. %- (J b 80

Gllo.4) 28 s 1 103*8 96 s 7 21 t: 9 9s2 009 s 001
G2 (o .S) 33 s 7 73 t: 8 68 * 7 Hit 1 16 *. O09 s 001
G3 (0.2) .1 s 13 52 t: 1 .1 s 3 27 t: O 25 t: 8 009*001
Gt (0.1) 179" 26 22 22 164 0.7

-oto95m
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Table 4. Range of P·E parameters in mixed layer (ML) and chlorophyU maximum (CM) samples lor eacb zoneó o (mg C mg- 1

chl b'l hunol m,2 s-Ir l), p.. (mg C mg'l chl b'l), p. (mg C mg- I chl h-I) and p(mg C mg'l chl b- I (pmol m- 2 5-11'1)

o(ML) Pm(ML) o (CM) p. (CM) P(CM}

G1(n=4) 0.003-0.009 0.60-5.80 0.020-0.032 1.93-3.85 0.0013-0.0026
G2 (n = 3) 0.011-0.016 2.89-2.53 0.020-0.042 0.60-5.87 0.0012-0.0109
G3 In 1:: 2) 0.015-0.075 4.16-9.08 0.027-0.035 5.81-7.27 0.0047-0.0105
Eddies (n 1:: 2) 0.005-0.007 1.62-2.81 0.052-0.055 3.11-6.94 0.0053-0.0106
G4 In 1:: 1) 0.053 13.02 0.052 11.21 O

17%) occurred in the offshore region (Gl). Average
estímates varied from 102 to 189 mg C m-2 d-! for zones
Gl and G2, 95 mg C m- 2 d-! in the eddies, 777 mg C
m-2 d-! for G3 and 5326 mg C m-2 d-! for G4. However,
when 2 P·E curves (ML and CM) were used in the cal
culations (1 for the ML and a linear interpolation
below, see 'Methods') estimates for Gl and the eddies
dramatieally cbanged (72 % increment in G1 and
131 % in the eddies).

DISCUSSION

Phytop1anklon dUtrtbuUon and tranaport

Physieal ud biological observations carried out dw
ing summer 1993 (the season of strongest trade winds
in the area) reveal the presence 01 intense mesoscale
Variabllity in the CTZ off the NW African eoast, affect
ing phytoplllDkton biomass distribution ud primary
production rates. Strong wind intensity enhanees both
eoastal upweUing.related phenomena like füaments
ud island-generated eddy formation (Barlon 1994a,bl.
Under these eonditions eddy shedding iI a common
phenomenon tbat appears to be produced by the inter.
action of the islands with the lOuthward fiowing
Canary Current (Aristegui et al. 1994).

FUaments enhance the exchange between upweUing
and opeo ocean waten lince their offshore tranaport
can be lignificantly larger than Ekman tranaport (Kas
tianoy & latsepin 1996, Navarro-Perez & Barton 1998).
In ow study, the fUament extended approximately
150 km off.hore ud lben wrapped around a cycloDic
eddy of 100 km diameter, to return shorewards. Chloro
phyU distribution, although generally coherent wilb
the temperatwe field, did not fol1ow the enUre path of
the filament. lnstead, waters with high ehlorophyUlev.
els dominated by large cel1s (> 2 J1IIl) were restricted to
the sheU, and to a few stations in the filament jet. Sink·
ing, lack of nutrients, grazing and losses by twbulent
diffuaion are possible explanations for phytoplankton
decay. Relatively higher concentrations 01 chlorophyU,
which eould be indlcative of ceUs sinking below the

photic zone, were observed in slope waters and in the
anticycloDic eddy south of Tenerife. The general trend
of the CM presents a progressive deepening tbat par
aUels the enlargement of the euphotic layer.

Brink et al. (1991) suggest tbat sinking of near-sw
face water accounts for the rapid warming of sUlface
waters with distance offshore in the filamento Our data
show that there is a clear boundary marked by the
presence 01 vertical isotherms indicating mixing. The
real transition between the coastal upweUing ud the
filament takes place at Sto 65 (see temperature-sa1inity
diagram. Fig. 7). SUlface chlorophyll decreases by
more than 1 mg m- 3 in comparison to Stn 56. located
54 km shorewards, but the percentage of chlorophyU
content in large ce1ls is even higher than over the shell.
This effect has been corroborated by HPLC data on the
same cruise (Van Lenning pers. comm.) that showed a
higher contributioD ot diatoms to total chlorophyU al
Stn 65 (mu. 96%) than over the lbeU (mu.. 87%), and
could be attributed to spedes succession along lbe jet.
Margalef (1982) suggests a theoretiealauccession that
begins with amaD ceUs (fiageUates and non-fiageUates),
continuing with medium-sized diatoma. and finally
large-sized diatoms and dinofiagellates. ThiI would
explain the bigher percentages of larg. ceUs oblerved
in the upwelling front (Sto 65). ThiI tbeory bu been
argued by Barber & Smith (1981), wbo stateeS tbat
newly upweUed water communities are the miclpoint
of the ecological sequence, lince 3-dimeDsional circu'
lation along the upweWng determines wbat wiU be in
the subsUlface fiow tbat iI upstream of the vertical
transporto In any case, tbis mechanism would ooly ac
celerate lbe commuDity evolution from small lo large
eeUs. Surface auímilabon numben in the same dis·
tance decrease from 13.02 to 9.08. but the mu:imum a
estimation corresponds lo Sto 65. The asÁmUation
number, a parameter related to algal metabolismo is
likely to vary between early and late atages of en algal
bloom as nument concentrations change (Wükerson
& Dugdale 1987, Dugdale & Wükerson 1989), while
light-limited photosynthesis rates are generaUy less
affected by nutrient limitabon (Geider & Osborne
19921·
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Zooplankton grazing could aIso contribute to the
ch1orophyll decline. Barton et al. (1998) reported high
zooplankton biomass in the center of the filament coin
ciding with a relative minimum in chlorophyll. This
zooplankton maximum can be either the manHestation
of transport of organisms along the filament or the
result of in situ growth in waters of high phytoplankton
content.

The deerease of pbytopiankton biomass along the
filament and the same magnítude of shoreward recir
culation as oftshore jet CWTent velocities (Barlon et al.
1998) result in a negative balance between offsbore
and onshore transport of chloropbyll. The magnítude
of the along-jet imbalance is obviously dependent upon
the area considered for transport calculations. Assum
ing the entire jet is covered. tbe larger the area 01
the return flux considered, the greater the imbalance
obtained. In any case, apart from considerations on
whether the net onshore transport value is real or not.
tbe Cabo Bojador fiJ.a.ment was clearly acting as a recir
culation loop during our study. Seaward transport
mainly OCCWTed in tbe mixed layer wbüe sboreward
transportation presented maxima at deeper layers.

This situation clearly differs from studies based on
ocean color images (Hernádez-Guerra et al. 1993) and
tield data (Arístegui et al. t997) in the vicinity of Gran
Canaria, an isJand 215 km off the upwelling, wbere
higb chloropbyU concentrations transported by fila
menU were observed. The nature of tbe fllament and
iU genesis are critical for tbe biological consequences
of tbe filament. The stage of deveJopment of the fiJa
ment Itructure can a1Jo be important in terms of iU
biological consequences.

VuiabWty iD pbotosyatheUc paI1UHten

There is a considerable vanability in tbe photosyn
tbetic parameten in the Canaries region, due to tbe
oontrast between the oligotrophic surface waten 01 tbe
Hltem North AtlaDtic boundary current and the nutr1
ent-rich upwelling waten. In tbe ML. atremeJy low o
values were meuured in tbe westerDlDOlt regions (Gl
and G21. and tbe UIimilation number vaned by a
factor of 19 (0.68 to 13.02 mg C mg-1 chJ b-Il. This
dramatic variabon witbin a few hundred Jd10meten
reflectl tbe dilferenc:es between 2 systems tbat occupy
the lower and th. biqh.r extremes in tb. product1Vity
ruge. The p. vaJues are similar to tbe ruge observed
by KyewaJyanga el al. {19981 in e trensect aeross tbe
North Atlantic durtng spMg 1993 end. similerly. low
lurface el values {<0.01} were observed by MareAon &
HoUigu {19991 10 e meridional transec:t aeroa tbe
At1antic at the lUDe ..tituete of the Ca.nary lltand.
Hood el al (1991t. Ul a SUtv., of the en off northem

California. observed significant ditterences in the
phytoplankton P-E response curves; these were attrib
uted to cbanges in the taxonomic composition. light
history and physiological condition of cells. The con
tribution of each of tbese variables to pbotosyntbetic
changes in natural samples is. however. difficult to
evaJuate. Kennaway & Tett (1994) observed an on
sbore-offshore sbift in phytoplankton spedes composi·
tion. Upwelling waters were dominated by diatoms
and baptophytes, while in more stratified waters tbe
surface community was mainly composed of Synecoc
cocus and Prochlorococcus and baptopbytes consti
tuted tbe deep cm.

Differences in turbulence and species oomposition
are also responsible for vertical variabons in tbe pboto
syntbetic responses. Over tbe sbell. limiJa.r responses
between MI. and CM samples were measured. and no
photoinhibition was observed. The lack of photoinhibi
tion in tbe CM sample at Stn 56 oould be tbe result of
enhanced turbulence near tbe COISt caused by up
welling and mixing processes. Lewis et al. (19841
reported a relationship between l!J'.. . tbe differences
in Pm at tbe surface and near tbe bottom of tbe mixed
layer, and turbulent mixing rates. lbey arqued tbat
cells grown in turbulent waters present similar photo
syntbetic response due lo a lack of pbotoadaptation.
Conversely, wben tbe rate of pbotoadaptation is high
relative to turbulence-mduced light fluctuation. differ
ences in Pm appear. These differences are magnified at
larger depth scales Stratification beneatb tbe pyeno
cline generates nument and light avaiJability gradients
wbere pbytoplenkton species composition and phYS1
ology vary. The rate of photoadaptation is likely to
be higb enough to averoome changes in ügbt levels
caused by vertical turbulent molions; tberefore. phyto
plankton cells should be weU adapted. Moreover. if we
oonsider tbat adaptation from high üght to low üght is
futer than adeptation from low bght lo high üght
(CuDen & LeWíI 19881. we oould presume tbat Ilowly
falling phytoplankton ce11s would euiJy adapt to pro
greatvely decreuing arracbance However. sinking
pbytop1anJrton ceUs do not onJy nperience changes in
irracUance bul a1Io ID bgbt quabty (pnnwlly affecting
al and in nutnent avaiJabiJJty These lacton generate
differenl ecological ruches tbroughout the water col·
umn wtuch are OCCUpled by distanct pbytoplankton
....mb..g...

As an eu.mple. we can consider tbe effect of nitradine
uplift in tbe center 01 the observed cyc10ruc edcb.. The
chJorophyU-spedflc rate of phOlosynthesiS WIS clearly
enhanced in tbese ItrUctures There as evídence tbat
nutnent l1mitation can modify photosyntbestl para
meten (faJ.kowsitJ el al 19M. Osbome & Getder 1986.
Herztg & FalkOWlkJ 1989. Plett el al 1992. Satbyen
dr....th etal 19961 However. CulJen.t al 11mb). ID a
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review focused on this issue, conclude that assimilation
number is an unreliable diagnostic index of nutrient
assimilation, and that only in laboratory cultures at con
trolled light and temperatwe conditions does low Pm

imply nutritional deficiency. Therefore, increases in the
photosynthetic parameters in the observed eddies may
not necessarily correspond to a nutrient injection in the
existing pbytoplankton communities. Higher parameters
in nutrient-ricb waters could also be interpreted as the
generation of a nicbe that is occupied by new communi
ties with a different P-E performance. Falkowski et al.
(1991), for an eddy in Hawaii, estimated a 67 % inerease
in the chlorophyll-specific rate of photosynthesis and
about a 20% inerease in the integrated primary produc
tion compared to adjacent waters. For the same struc
twe. Olaizola et al. (1993) reported an inerease in the
pbotosynthetic parameters in the OCM (a and Pm were
2.28 and 3.6 times higber, respectively, in the eddy than
at other ltations) and a change in the floristic compo
sition. Several authors (Eppley et al. 1979, Balcb et al.
1997, Marañon & Holligan 1999) have reported rela
tionships between the depth of the nitracline and pro
duction rates. Ba1cb et al. (1997) observed an exponentiaJ
inerease in production as the pycnocline shoaled
in the Californian Upwelling, which they attributed to
the pboton flux increase at shallower depths. They
al50 suggested that isopycnal and diapycnal mixing of
nitrate-rich water was sufficient to sustain higher pri
muy production levels when the pycnocline shoaled
Tbis elfect is also observed in the grouped pbotosyn
thetic parameters (Table 4), which sbow a progressive
increue as the African sbeU is approached. The phyto
plankton pbotosynlbetic response and therefore primary
production in the G 1 zone is, however. more variable
and not related to iJopycnal uplifting. This variability
cannot be attributed to biomas. changes (average
integrated ch1oropbyU values are only slight1y lower
in G 1 than in G2) but. instead. must be caused by the
variabUity of lbe photosynlbetie performance of algae
(production at G2 is almost double lbat at G 1). Marañon
& HoWgan (1999) have also addressed the importance of
pbytop1ankton pbotosynlbetic performance at larger
scales.

Reglo..... prodacUon esUlnates

Empírical relationships between chlorophyll and ¡n

tegrated primary production pouibly olfer lbe limplest
approech to lnfer the produetlv1ty over valt oceanie
areas le.g. Eppley et al. 1985). Wlth the aam o. progres
$lvely attain1ng better .ltimatlOns. thele relatlons. the
strength of which r.líes on th.ir simplíctty, have been
lmplem.nted with more mechantstlc approeches that
require the mtroduClJon o, physlologlcaJ parameten.

These algorithms have been fragmented into relations
affeeting to relatively biogeochemically homogeneous
ocean compartrnents or 'provinces'. This has accounted
for inter-regional differences; however, intra-regional
variability is mainly reproduced 10 terms of biomass
variations. Froro our results it is evident that other fac
tors of variation should be included in order to achieve
a more realistic representation of the intra-regional
variability. In the most oligotrophic zone of the sw
veyed area (Gl), spatial primary production inereases
are not accompanied by proportional inereases in
chlorophyll. We have observed vanations in the ML of
almost an order of magnitude for Pm values while. sw
face and integrated chlorophyll remained extremely
constant. As Lewis (1992) states, the high variability of
physiological parameters even over short time and
restrieted space is stilllimiting these methods. Uncou
pling between production and chlorophyll could be
explained if: (1) subtropical plankton assemblages pre
sent higb and variable C:chl ratios or (2) if micro
zooplankton rapidly controls the produced biomass.
Maximum C:chl ratios are typical from oceanic areas
experiencing higb irradianee. This effect is eaused by
the reduction of eell pigment content at high irradiance
but also by restricted nutrient availability in stratified
regions. Taylor et al. (1997), based on modeled results.
report highest C:chl (> 150) ratios ID the surfaee layers
between 25 and 35 degrees of latitude. An altemative,
but not excluding. explanation is a zooplanltton control
over tbe newly produced biomass. A coupled phyto
plankton-berbivore system in which grazing limits the
standing crop hu been suggested u an explanation for
open ocean bigb-nutrient 10w-chlorophyU situations
(Walsh 1976, M1nu et al. 1986. Cullen et al. 1992a), but
could abo be applicable for mOlt subtropica1 areas. In
these regions mesosca1e ud lIDa11er seale pbylica1 pro
celles would control productivtty.

In condusion. 001 results Ibow that tran.l1tion zones
between bighJy productive upwe1líng systems and
olígotropbic opeo ocean waten present a large vari
ability in pbotosynthetic parameters. Unlea tbiJ vari
ability iJ considered in productivity models. regional
product1on estimations can be great1y bialed.
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Combined effect of lipid level and fish meal quality
on liver histology of gilthead seabream

(Sparus aurata)
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Effecl of elghl dlets comparing threc differenl Iipld levels (15. 22 and 27%) and IwO flsh meal
quaJilies were sludied on growth and Iiver hiSlology. Fish meal quahty was Judged by the conlenl

of biogenic amines and temperalure processing lechniques. Thc ex.penmenl included a compulson
of pelleled feed with extruded feed €or the 22% lipid diel. A 10la1 of ) )40 gilthead seabream of 70
g average inilial body welghl were randomly slocked 10 500-1 fiberglass tanks 10 duphcale ,roups
of 60 fish. Afler 2 months of expenmenl. the fish were transferted lO l·m 3 tanks. Flsh were fed
lwice a day lO apparenl saliation fol 6 months unlJl they reached aOOul 400 g (commerclal lilU)
Flsh (ed diels conlaining hlgh qualily fish mea) showed. 10 general. a higher growth lhan lhose
tish fed with low qualilY tish meal For diels contammg hlgh qualily fish meal. the tish fed 22 and
27% dietar)' Iipid had signiticanlly hlgh« growth lhan those tish fed 15% dIetar)' Iapld On lhe
conlrat)'. 10 dlels contammg low quahly fish mea!. onl)' flsh fed 27% dleW)' hpld showed
significanlly \he hlgher growth rale Flsh fed lhe peUellz.ed dlels showed a lower growth than lhose
tish fed extlUded diets Livers from fish fed diels conlalneng hlgh quaJny fish meal and 27tf. hpld
showed focI of swelhng hepalocyles lhal were nol found for low quality fish meal al lhe same
dletary hpid conlenl UltraslfUclurally. tbese focl were characteriz.ed lO presen1 Irregular nuclel
displaced lO penphery of hepalocyle!i and large Iipld droplet!i en lhe cytoplasm Leven from ti!ih
fed high and low fish meal quahl.es Wlth 22% hpid showed similar morphological characlef'S of

• Correspondlng aUlhor Tri
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hepalocytes lo those lhal fed 15% lipld. bUI lhe dlfference was observed 10 lhe nuclei displace
men! () 1999 Elscvler Science B. V AII nghb reserved

K~\'words Gllthead seabream; Meal qualny. Llpld~. Growlh. Hlslology. Llver

1. Introduction

In the last years there has been a trend in eomrnercial fish feed formulations to
inerease dietary lipid level5 lo improve feed utilization for the oplilTlJzal.on of produc
tion. The use of fish meal as a major source of dietary protein and lipid is also a
comrnon praetiee in commercial diets (Tacon, 1994). ils qualily being increasingly
considered important for good growth perfonnanee. The eombined effeel of chetary Jipid
level and fish meal qualily is oC crucial Importance to obtain oplimal growth aOO reduce
final produclion e0515. However. the effecl of both menlioned parameters on the quaJity
of the produced tish must be also cons.dered

The use of Ihe Iiver as an indicator organ of Ihe nutnuonal and physlOlogical status in
tish is welJ-lrnown (Hibiya. 1982; Storch and Juano. 1983; Segner and Juarío. 1986).
Several aulhors have described hver aheratlons produced by dlfferent nutnuonal facton.
GodlOO el al. (1990) described hepatic d.sturbances 10 gillhead seabream fed d.ets stored
ar high temperature. Change5 in hepalocYles oC red drum fed d.ets contalOlOg menhaden
oil and soybean oil were observed by Tucker et al. (t 997). Other aUlhors have described
palhological conditions in hvers as resuh of dietary lipld imbalances (Bautista and De la
Cruz. 1988; Watanabe et al.. 1989). BeU et al. (1995) observed a hlgh degree of
vacuolauon due lO lipid deposilion 10 hvers of turbot fed manne fish 011 mat was nOl
observed in fish fed diets containing borage oi!. suggesung lhe cause 10 be due to the
higher level of unsaturale Jipid in marine fish oi). which may present a grealer rislc from
lipid peroxidalion and be me cause of me monalilies observed. In C/arias gari~pifUlS

larvae. Verreth el al. (994) showed lbat lipld volume in the liver of larvae fed high
HUFA-ennched Art~,"ia was higher than 10 livers of larvae fed low HUFM""nriched
Arumia. probably duc to differenl d.gesubilities. AJso. these 'UthOrs concluded Iba1

feeding level c~n resuJt in an accumulatJon of hpld in the liver and be a more the mosl
decisive parameter for larval growth and metabolic performance of the liver Iban feed
type.

H.stologlcal studies conceming the effects of flsh meal quahty are $Carce. Aunes and
Mundheim (1991) reponed a h.gh conlent of lipld In the hepalocytes wlth atrophlC and
pycnO«lc nuclei of halibur fed fish meal produced (rom spoaled raw malenal compared
wlth fre5h raw fish Alrhough.!he effecl of fish mea) Quahty on growth has been slUdJed
by several authors For salmoruds. Plke el al. (1990) found an average of 15'* mercase
In growth of fish fed dreu conla.nung h.gh quallly fish mea) compared wuh fish fed dlets
containing fau so average quahty flsh meal. Aksnes and MuOOhelm (1997) reponed a
reductlon in growth o( Allanllc hahbul fed flsh meal con(alntn~ hlgh levels o( blogenac
amines.

Previous workers have shown Ihal slruclural allerallons of Itver can pro\'lde anforma·
1I0n on dlel quahty. dlet metabohsm and lhe nUlnllonal slatus of the fl!oh (Slorch el aL
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1983; Escaffre and Bergot. 1986; Segner and Braunbeck. J988) Thus. the objective of
this work was to study the combined effect of fish mea1 qualtty and Itpld content on
growth and liver histology in gilthead seabream feed these type of dlels. This specie is
one of the mosl important marine fish for Mediterranean aquaculture.

2. Materials and metbods

2./. Fish and diets experimental

A tOlal of 1140 gilthead seabream (Sparus aurata) of 70 g average inilial body
weight provided by a local commercial farm (ADSA) were welghed and randomly
stocked In 500-1 fiberglass tanks in groups of 60 fish. Once the fish reached about 150 g.
they were transferred lo 1-m~ tanks. The flow rate of the water in all tank.s was
increased from 4 to 10 I min - I during the experimental period whereas temperature
range from 20.7 -24.4°C. Prior to starting \he experimento \he fish were acclimated for 1
week with a commercial diet (Mistral 3 mm. Proaqua. Palencia. Spain). Fish were fed
twice a day lo apparent satiation. 6 days a week during 6 months of expenmental period
(April-October) until the fish reached a final body weight of aboUl 400 g. which is a
standard commercial size for the Mediterranean markel. The diets were fed lo duplicale
groups of fish. The fish were individually weighed and measured once each month and
al the end of expenmenl.

Eight experimental diets were prepared with different dietary hpld conlenl 05. 22
and 27%) combined with two different fish meal qualities. "goOO" (71.6% protein.
8.0% hpid) and "poor" (71.5% protein. 10.0% hpld). Diel fonnulallons and composi
tions are shown in Table 1. The high qualily meal conlained 0.5 g/kg cadaverine and
0.2 g/kg histarrune and was processed at 6CtC. The low quality meal containe<! 1.5
g/kg cadaverine and 0.24 g/kg histamine and was processed at I(xtc. AII dlets were
processed by extrusion. In addition. the 22% lipid diets were also pelletlzed for each of
the fish meals assayed.

2.2. Hislology sampliflg

At the end oC ~ experimental period livers from 15 fish per tank were removed for
differenl hislo10glcal examinations.

2.2. J. Lighl m,croscopy
Livers from elghl fish per tank were collected. Samples were fixed in 10% buffered

fonnalin. dehydrated in a graded ethanol series aOO embedded in paraffin. Sections
series of 4 .... m were stained with hematoxylin and eoslO (H & E)

2.2.2. Traflsm,ssiofl electrofl microscop)'
Livers from two fish per tank were fixed in 2.5% glutaraldehyde 10 02 M phosphale

buffer (pH 7.2). Fifly-nanomeler sections of hver were stalDed wlth uranyl acetate and
lead citrale and observed wlth a Philips CM- tO lransmission electron mlcroscopy. The
dlameler of \tpld droplet was measured for morphomelnc ana1ysIs on lhe eleclron
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Table I
Ingredients and chemical eomposition of !he experimental dlels

Die! number

Extruded Pelletized

2 3 4 5 6 7 8

Ingr~di~nts (g / lOO g)
FM "good" 44.6 O 48.6 O 52.6 O 48.6 O
FM "poor" O 45.6 O 49.7 O 53.7 O 49.7
Fish oíl 7.4 6.4 13.4 12.3 19.4 18.3 13.4 12.3
Soybean meaJ 22 22 17' 17 12 12 17 17
Breaderumbles 22 22 17 17 12 12 17 17
Wbeat meaI 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Soybean lecitbin· 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
lnosítol 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Betafm 0.4 0.4 0.4 0.4 0.4 OA 0.4 0.4
Vítamin mix ll 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Mioeral mix' 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Chmtical composilion (g / JOO g dry matt~r)

Crude pro«ein (Nx 6.25) 47.7 51.7 47.5 49.8 48.3 49.7 47.9 48.0
Lipid° 15.1 16.0 22.8 24.1 27.0 29.2 23.7 23.9
Ash 9 7.4 8.5 11.3 9.2 7.7 9 8.0
Carbohydrated 28.2 24.9 21.2 14.8 12.1 13.4 19.4 20.1
Gross energy (MJ/k.g1 22 22 24 24 25 25 24 24
Cadaverine 0.50 1.50 0.50 1.50 0.50 1.50 0.50 1.50
Histamine 0.20 0.24 0.20 0.24 0.20 0.24 0.20 0.24

•Soybean lecitin obcained from DeDOCa (Norway)
II Provides per lúlogram feed: vítamin A 3000 IU (Rovimix A 5OOP); vítamin O) 1600 IU (Rovioux O) 5(0);

vitamin E 160 mg (Rovimix ESOSO); tbiamin 12 mg (tbiamin mononitrate); riboflavin 24 m¡ (Rovlmix
828050); pyridoxine 12 mg (pyrodoxin HCI); vitamin C 60 mg (Rovimix Stay-C25); pantocherlle acid 48 mg
(Rovimix Calpan); biocin 0.6 mg (Rovimix H2); folie .cid 6.0 m¡ (Rovimix Folie SOSO); niacin 120 mg
(Rovimix NiaciJt); vitamin 8'2 0.024 mI (812 lCAl FG); meoadiooe Na·bisulfice 12 l1li. Tbe vitamins were
obIained flOm Hoffman La Roc:be (Switzerland).
'Provides per tilopam feed: MnSO.·H 20 10 mg; MgHPO.·3H 20 500 mg; FeSO.·2H 20 50 mg. ZnSO.
H20 80 mI; CuSO.·5H 20 5 mg; KH 2PO. 400 mg; K 2CO) 400 mg; K 2CO) 400 mg; CaCO), 18.89 mg.
dCarbohydrate - NFE + tiber - 1()()().protein-Iipid-ub.
cGE - CaJeulaled JfOSS energy contento
o Proximate values OS. 22 or 27.,) were used in a11 the tex!

transmission microscopy plales using a video-equipped Hilachi VK-C ISODE and lmago e
Imagen software. Ten areas per liver were selecled from fish fed the differenl dielary
lipid levels. The mean diameler of !he lipid droplets was calculaled for samples fmm
fish fed each diet.

2.2.3. Lipid idtnti/icQlion
Livers fmm three fish per tank were fixed in Iiquid nitrogen for 5 mino Frozen

sections of 5 ....m were cut in cryoslat (Reichen-Jung 2800 Frigocul N) and stained with
Oil-Red O (70% ethanoJ).

I .
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2.3. Statistical analysis

AII data were subjected to one-way analysis of variance (ANOVA) and differences
among means were detected with Tukey's test at P < 0.05 level (Soul and Rohlf.
1995).

3. Results

3./. Growth

450

500 oyo--------------------,

200 .J..-...L..-_

b
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Growth results comparing dietary Iipid levels for each quality of meal showed in
general higher values for the highest dietary lipid contenl. 1ñus, for the high quality fish
meal, 22 and 21% dietary lipid produced significantly (P < 0.05) higher growth rates
than 15% dietary Iipid (Fig. 1). For the low quality fish meal, 27% dietary Iipid
produced higher growth compared to 22 and 15% dietary lipid (Fig. 1).

% dietary lipid

Flg. 1. Effect o( d.etary Iípid cantent and fish meal qualny (o - high quahty fish meaJ. boll wtth diagonal
hnes - low qualíty fish meaO on growth rate o( Itlthead seabream Oifferenl letters denote signlflCanl
dlfference (P < 005)

15 22 22 Pelletized 27

•
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Fig. 2. Hepalocytes from fish fed expenmental dIe Olel 15% dIetar)' hpld conlenl (:1) Lar e :lnd sphenc:l1
nucleus cenlrally localed (H&E). Bar - 10 I-lm (b) Eleclr n mIcro raph Bar - 2.5 I-lm • nucleu . L hpld
droplel
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hg. 1 Hepal Yle fr m I h fed expenmenlal dlel lel 22% dielary hpld conlenl (a) u leus homoge
ne us wllh hape re ular bUI dI pla ed lO hepal yl penph ral (H ) Bar - IO ~m (b) le Iron mlcro-
raph aI 5 ~m
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Flg 4 Hepalocyles (rom fi h (ed expenmenlJl dletS Olel 27% dleWy hpld contenl and lo qu It
(a) Note hepatocyte wlth a morphology sImIlar lO Itvers (rom fi h fed dlels 22% dIe

(H& ) Bar - 10 ~m (b) EI~lron mIcro r ph. Ole Ihe nudeus phenc:ll ar • 2 5
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m ·1
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I 1 27Cl dletary Itpld e ntent and hl h quallt . flsh
he of th el! (H )



3.2. Histological examinations

Comparing growth results between the IWO fish meal qualJtles for each IJpid level
assayed. no differences in average final weight were found for fish fed diets with 15 and
27% dietary Jipid (Fig. I). On the contrary. for 22% dietary Iipid fish fed with high
quality fish meal. both pelletized and exuuded. resulted in significantly (P < 0.05)
better growth compared to fish fed diets containing the low quality fish meal (Fig. 1).

Livers from fish fed 15% lipid had the same histological charaeteristics for both meal
qualities assayed. Hepatocytes showed large and spherical nuclei centrally located with
prominent nucleolus and a moderate eosinophilic cytoplasm (Fig. 2a).

There was no effect of fish mea) quality on liver parenchymal morphology in fish fed
the 22% lipid diet. Hepatocytes were sinúlar 10 flSh fed ·15% lipid. tbe nuclei homoge
neous in shape and chromatin density. but having migrated 10 tbe cell periphery (Fig.
3a).

TransDÚSSion electron microscopy studies agreed with tbis observation. Hepatocytes
of fish fed the lowest dietary lipid levels showed a greater number of smaU Iipid droplets
(1.92 ± 1.83 ....m diameter) and large nuclei with a high electron density Ducleolus (Fig.
2b). On the contrary. hepalocytes from fish fed tbe 22% lipid diet showed a significantJy
(P < 0.05) higher lipid droplet diameter (4.35 ±5.32 ....m diameter) (Fig. 3b).

For the 27,*, dietar}' lipid level, fish fed the low quality meal showed similar
characteristics as fish fed the 22% lipid diet containing me same fish meal (Flg. 4a and
b).

On the contrary. fish fed the high quality meal and 27% lipid showed fOCI of swelling
hepatocytes with enlarged irregular Duclei located al the periphery of the cell (Flg. 5a).
ObservatiOD with transmission electron microscopy revealed large lipid droplets (4.47 ±
5.86 ....m diameter) in a small number that coaJesced among mem. causing nuclel and
ceJlular OIJanella displacement lO periphery of hepaIocytes (Fig. 5b).

No differeoces were found in liven fmm fisb fed the extruded and peIJetized dlets
containing 22% dietary lipid.
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4. DIscuaioD

The quality o( filb meal has been evalUlfed depeocting OD che processing lemperalure
and content oC biogenic amines. Fish mea) pmc:es'ÍD¡ c:onditiODS such as lemperalure
signíflClJltly affect the bioloaical value of the product (Pite el al.• 1990). Recenl slUdles
have demonstrated that these pIrIIDdCI'I influeace fish growth (Pike el al.. 1m.
Mobness el al.• 1995; Aksnes and Mundheim. 1997; AbDes el al.• 1997) In thls way.
temperalure processinl can affect procein clipstibility, influeocin¡ in tum growth
performance. lbus. Pike el al. (990) reponed cbat proIein digestibihly In mank was
sílnificantly reduced wíth increased processinl temperature oC fish meal In addHlon.
Aunes and Mundheim (1997) described a reduction of 4% in procean dlgesublhty for
diets processed al hi¡h temperatures and. consequenlly. I reduetion an growlh for hahbul
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1

fed those diets. In lhe presenl sludy. fish growth showed a tendency to decrease when
fish were fed diets prepared with low quality fish meal processed al 100°C compared lO
diets prepared with meals of high quality processed at 60°C. Differences in the
processing temperature for the fish meals studied could be responsible for the differenl
growth observed. In this respecto Danielssen et al. (1989) reponed better growth rates In

turbot fed a diet containing LT (tow-temperature-processed) fish meal. Similar results
have been observed for rainbow trout. Atlantic salmon (Mundheim and Opstvedl. 1989).
and chinook salmon (McCallum and Higgs. 1989). Moksness el al. ()995) concluded
that heat treatment may significantly alter the free amino acids in a dieto with negative
effects on attractiveness and/or palatability. affecting juvenile wolffish growth.

In relation to dietary lipid level. lower growth rates were oblained in fish fed diels
with 15% lipid content in both qualities of fish meal assayed. This could be related to an
insufficient lipid level to meet energy needs. leading to a subsequenl utilizalion of
dietary protein for c::n~rgy. This idea is in accordance with histological examinations of
Iiver from fish fed these diets. where large and spherical nuclei centrally located in the
hepatocytes and small lipid droplets were observed (Fig. 2a and b). This reflects the
utilization of lipid by fish fed the lowest dietary lipid levels to obtain energy in
agreement with the growth results. Thus. the 10w dietary lipid content of these diets may
be responsible for the lack of effect of fish meal quality.

Growth of fish fed 22% dietary lipid increased in comparison with fish fed 15%
dietary Iipid regardless of or fish meal quality employed and indicates a protein sparing
effect of dietary lipid. Protein retention is enhanced by the protein-sparing effeet of
dietary lipid (Kaushik and Cowey. 1991; Kaushik and Médale, 1994) Arzel el al. (1994)
showed an increase in protein utilization by brown trout fed diets with high-lipid
content. Van der Mecr et al. (997) reponed an increase in protein deposition 10

Colossoma macropomun fed high dietary lipid levels. Vergara el al. (1996) reponed a
protein sparing effeet of dietary Iipid when increased from 9 to 15%. resulting 10

improved growth of S. aurala. In the present study. the effeet of dietary lipid contenl
was evident. but the sparing effeet observed for 22% dietary lipid was more evident. for
fish fed diets containing high quality fish meal that showed significantly higher growth.

The nuclear displacement to the hepatocyte periphery in livers from fish fed 22%
dietary lipid and th" larger lipid droplets showed in the ultrastruetural study (Fig. 311nd
b) may be only I reflection df liver adaptation to In increment of dietary lipid content.
This could be in agreement with the results obtained by Mosconi-Bac (1987) who
suggested lbat the presence of numerous and voluminous lipid droplets in hepatocytes
may be a physiological response to Iipid excess Ind therefore represents an energy
storage but not a pathological situation. Segner and Wltt (1990) also found that the
increase of lipid in liver of turbot after the stan of weaning may only be due to I change
of feed and can be considered as an expression of a well-fed status rather than a
pathological syndrome. Fontagné et al. (1998) reponed that common carp larvae fed
Art~mia showed larger Slzed enterocytes and voluminous hepatocytes. These authors
concluded that this is only a mechanical consequence of fat accumulation indicating a
well·fed status and may nol be related to nutrilional disorders. In mosl marine fish. high
Iipid reserves In the liver appears to be an adapllve mechanlsm to penods of low trophlC
activiues at low water temperatures (Kaushik. 1997).
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Elevation of dietary lipid levels from 22 lO 27% improved growlh of fish fed low
qualily fish meal. However, the good growlh obtained by feeding lhe fish 22% dietary
lipid and high qualily fish meal was nol further improved when dietary lipid levels were
increased up lO 27'10. This could be due lo a possible sparing effecl promoled by 27%
dietary Iipid when low qualily fish meaJ was used, which was evident for high qualily
fish meal when dietary lipid leveis increased from 15 lo 22'10.

Fish meal qualily effects were observed on lhe hepalocyles' morphology. On lhe
hand, for fish fed low quality fish meal similar hepatic morphoJogy was observed when
27'10 (Fig. 4a and b) and 22'10 lipid levels (Fig. 3a) were fed. On the other hand, foci of
swelling hepalocyles with enlarged irregular nuelei localed al the periphery of the cel1
(Fig. 5a and b) were observed in fish fed the highest dietary Iipid content and high
qualíty fish meal. This observation agrees \vell with the faet that the increase in dietary
lipid levels up lO 27'10 was not able to further promote protein sparing in fish fed high
fish meal quality, leading lo an increased deposition of dietary fat in hepatocytes whieh
was not observed when low quality fish meal was fed. Alcsnes and Mundheim (1997)
reported similar morphologieal eharaeteristics on liver histology in Atlantic halibut fed
diels with fish meal from spoiled raw materials and 16.7'10 lipid. 1ñese authors
suggested a negative effeet caused by the high biogenic amine content in that fish meal.
In the present study, the biogenic amine content was lower thal lbose reponed by those
authors, thus the dietary lipid level could affeel liver hislology more than the biogenic
amine conlenl in the diets.

The strueturaJ modifications of nuelei observed within hepalocyteS could refleel a
nutrilional pathology. SeveraJ authors have reported that the hepalonuelear sile can be
used as an indicator of the nutritional condition of fish (Escaffre and Bergot, J986;
Segner and Braunbeck, 1988; Suüssmann and Takashima, 1990). Mosconi-Bac (987)
observed modifieations of shape, nuelei chromatin densily and the atypical deposition of
Iipid droplets in Jivers of European seabass fed anificial diets as an alteration in fally
acid metabolism, thus being si¡ns of true nutritional pathology. Ghittino (J978) also
considered this type of lipid deposilion as a pathological process and has referred to il as
fally degeneration or steatosis, that can be used as an indieator of hepatic disturbances in
the fal metabolism. Spisni et al. (1998) described steatosis as a liver alteration due to an
excessive dietary in1ake of lipid which saturate5 the physiological capability of the hver
leading lO Jipid droplet accumuJation. Similar hepatic lipid deposition due lo excessive
caloric intake has been described for other vertebrates such as poultry, denoting a
pathological situation (Stake et aJ., 1980).

In conclusion, the bepatic morphology observed in gilthead seabream fed diets
containing 22'10 Iipid and high or low quaJity meaI reflects the storage of hpidic reserve
wilhoul pathological consequences. whereas for diets with 27'10 lipid and high quahly
meal lhe steatosis observed could reflect the non-utilization of dietary Iipid which was
not observed for diets with low quality fish meal and same lipid level. Hence, tbese
results show tbat the beneficial effects of dietary lipid level follow a curves and me
location of the oplimum point depends on the quality of the fish rneaI.

Finally, this wortc confirmed that the study of histologicaJ alterations due to nutn·
lional imbalances provides an idea of lhe cell and tissue eondition, complementing the
infonnation obtained with growth studies lo evaluate the nutritional status o( fish
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ABSTRACT

The hydrogeochemica/ study of groundwater at La Aldea aquifer (West Gran Canaria) has
al/owed lo eharaderize different groundwater families, depending on the exploited materials
and/or the existence of some modifying phenomena. CI-Mg and Na-Mg waters are relilted with
basalts exp/oitation; CI-Na high saline waters come from Las Tabladas clifl, and are suffering a
mixing with the alluvia/ groundwater. The mixing waters are CI-Na-Ca, and can evo/ve to CI
S04-Na and S04-Cl-Na when irrigation returns are presento

Key words: va/canie aquifer, salinization, hydrogeochemicaf (ami/y, irrigation returns, Gran
Canaria.

INTRODUCCIÓN

El Ú'e8 de estudio se encuentra en el extremo más occi·
dental de la isla de Gran Canaria, en el municipio de S.

Nicolás de Tolentino, conocido tradicionalmente como "La
Aldea" (Fig. l). Se caracteriza por su relieve abrupto. con
la existencia de grandes desniveles debidos a la intensa
actividad erosiva que se ha desarrollado en la isla que ha
llevado a la fonnación de profundos barrancos. En general.
las costas son altas y escarpadas, ofreciendo abrigo linica
mente la Playa de La Aldea, que esti abierta hacia el oeste.

Como precedentes de estudios dedicados a la hidrogeo
logra de las islas cabe destacar los proyectos Canarias SPA
15 (1974) YMAC-21 (l980). Durante ambos proyectos se
visitaron varios pozos de la zona de estudio. destac'ndose
en el SPA·l S el alto contenido en fluoruros en la zona. Sin
embllJo, no fue hasta 1992 cuando se llevó a cabo un
inventario exhaustivo de todas las captaciones de la zona
(Plan lficlrológico de Oran Canaria. 1993). Este inventario
sirvió de base para el infonne hidrogeológico de la zona
que se elaboro dentro del proyecto "Development of analy
tical and sampling methods for priorit)' pesticides and rele
vant transfonnation prodUClS in aquifers" (MUr\Ol, Cabrera
tI a/., 1996), dedicado al estudio de la contaminación por
plaguicidas de las aguas subtemneas. En este estudio salió
a la luz la existencia de quas extremadamente salobres
(con contenidos en cloruros que superan los 7.000 m¡l1),
cuyo origen est6 en estudio. La presente comunicación pre
senla la siluación espacial de Jos tipos de agua presentes en

la zona así como unas primeras inteq>retaciones sobre su
caracterización hidrogeoqufmica.

FUNCIONAMmNTO DEL SISTEMA AcuíFERO

El modelo de flujo de la isla se puede esquematizar
como un cuerpo linico de agua aunque estratificado y hete
rog~neo en el que la recar¡a tiene lugar en las cumbres y la
circulación hacia la costa, con salidas intermedias en ma
nantiales (hoy secos y substituidos por las extrácciones de
los pozos) y al mar, y descllJa artificial por pozos. El flujo
se canaliza preferentemente por los materiales mis
penneables próximos ala superficie (SPA-15. 1974) (Cus
todio tI al., 1989).

El Valle de La Aldea se abre hacia el Oeste de la isla,
rodeado por altas montaAas. El Barranco, excavado en ba
saltos pertenecientes ala fm. BualtosAntiguos (14.5-14.1
Ma), presenta en su lecho una capa de cooalomerados
aluviales, con un espesor medio de 15-20 ID. Al Nene de la
zona (Las Tabladas) existe un escarpe rocoso en el que
afloran una sucesión de materiales, detriticos y vo1cúicos
de los Ciclos 1, II YIII de fonnaci6n de la isla. Entre ellos
destacan unos depósitos ignimbriticos deslizados con
intercalaciones de materiales alterados hidrotermalmente
conocidos localmente como "azulejos".

Existen en la zona mú de 370 pozos de pan dWnetro
(3-4 m), excavados a mano, con profundidades que oscilan
entre los 10 y los 47 m. con una media de 22.5 m (Plan
Hidrológico de Gran Canaria, 1992). Todos los pozos situa·

http://ccabrcra9cicei.ulpgc.es
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FIOURA 1: MtlpQ de litllDci6n de lo lD1ID de estudio.

dos en la parte central del acuífero explotan agua de los
conglomerados aluviales, aunque algunos atravieun tam
bi&l los bualtos situados debajo, sacaodo agua conjunta
mente de ambos materiales. En el Bmaneo de Tocodomúl,
los pozos explotan exclusivamente los Basaltos Antiguos.
El flujo se produce desde el Este al Oeste, siguiendo el
Barranco, de m.meta que en los bordes del acuífero, los
materiales baálticos ceden agua a los conglomerados. En
la zona central del acuífero, se trataría de un medio de
doble permeabilidad, en el que la Fm. Basaltos Antiguos
funciona como un acuitardo frente a los conglomerados,
que constituyen el acuífero principal (Muftoz el al., 1996),
mientras que en el Bmanco de TocodonW1, el agua proce
de exclusivamente de los maleriaJes ba'lticos.

DIFERENCIACIÓN DE lAS FAMILIAS IDDROGEO·
Qu1MJCAS

El estudio bidrogeoquímico en la zona se ha basado en
mú de 160 aúlisis de apa, rulizados en 1992 y 1997. El
examen detallado de esta información ha incluido, entre
otras cosas, la difereociac:i6n de varias familias de a¡ua. lo
que ba permitido correlacioaarlas con los materiales de que
proceden y con los procesos modifiC*lom que pueden
haber sufrido. La distribuci6a apeciaJ de estas familiu de
refleja en la fipra 2. que representa. mediaftte diqnmas
de Stiff modificados, los aúliIis reaJiZIldos en 1997.

Las familias de aJU8 que pueden diferenciarse 100 las
si,uientes:

• AIJIIU cÚ1t1U'tJiJaS s6diau: Iituadas a lo IIIJO del escarpe
de Las Tabladas, praentan un contenido en saJes di·
sueltas que oscila entre los 1.7 y los 13.26 ,/l.
CompoJiciona1mente son muy semejantes al a,ua de
mar, y al ...... JII'eMI!laII UD incremento ea el conteo

nido en ea" y COJU' atribuible a la disolución de co,ea
y de Mr, debido posiblemente a la enlrlda de agua de
los basaltos antiguos. En algunos pozos hay un incre
mento notable en el sulfato respecto al agua de mar, que
coincide con un allo contenido en NO,'.

• Aguas cloruradas s6dico c41cicas: Con contenidos en
sales disueltas entre 1.2 y 2.8 gil, se sitóaD bordeando a
las anteriores hacia el centro del aluvial. En general, las
aguas de este tipo son muy semejantes entre sí, pudién
dose observar variaciones del conlenido en sulfalos y
en los contenidos en Mg-' en algunos pozos.

• AglUU cloruradas sulfaladas s6dicas y sulfaladas
cloruradas s6dicas: situadas en zooas con explotacio
nes de tomale$, estas aguas 100 ao6maIas dentro de los
raDIos de composición química del acuífero, debido •
los allos contenidos en sulfatos. Presenlan un contenido
en nitratos que puede alcanzar los 400 m¡II.

• Aguas cloruradas magnisU:as: se eocuentran al sur de
la zona de estudio, en los pozos que explotan exclusiva·
mente los materiales basQtícos. TIenen una aalinidad
alta (TSD=34 gil).

• Aguas su/fallidas magnisicas: situadas en el Bananco
de Tocodomin. son similares alas anteriores, pero con
un mayor contenido en suUIlOI.

• Agua biaarboNJuMla s6dú:G: se trata de un tipo de qua
an6maIa, con un coatenido ea sales disuelw ea tomo a
0.8 gil. Son similares al agua de presa con un li¡ero
descenso en el ea...

DISCUSIÓN Y CONCLUSIONES

La distribución de las a¡uas en la zona central del
acuffero pennite caracterizar la entrada de apas con una
alta salinicbd procedentes ck Las Tabladas (aauas clonuadas
sodicas). Alllepr al Valle, este a¡ua sufre un lavado con
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las aguas que discurren por el aluvial dando lugar a las
aguas cloruradas sódico cilcicas y posteriormente incorpo·
ran un porcentaje alto de retornos de riego. sufriendo un
aumento en los contenidos en nitratos (aguas cloruradas
sulfatadas s6dicas y sulfatadas cloruradas s6dicas). Elori·
gen de dicha salinidad es~ actualmente en estudio, aunque
se puede adelantar que parece deberse a una mezcla de tres
procesos: contaminación por retornos de riego, efecto
clim'tico que produciría una aridificación de la recarga y
lavado de materiales con un allo contenido en sales (azule·
jos),

La situación de las aguas cloruradas magn~icas permi·
te relacionarlas con la explotación de los Basaltos Anti·
guos. selón una relación roca-agua ya indicada en el SPA
15 (Femandopull¿. 1975). Las aguas sulfatadas magnbicas
proceden tambitn de estos materiales. y presentan conteni.
dos allO mú altos en nitratos apuntando a la existencia de
contaminación por retornos de rielO. El agua bicarbonatada
sódica, anómala dentro del acuífero. no tiene un origen
claro. aunque se puede sospechar que el pozo puede estar
experimentando al,ón .pone del agua procedente de las
presas que discurre por un canal en la ladera de la monlafta.
a cotas algo superiores al pozo.
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ABSTRACT

rhe "beachrocks" studied crop out in the southwestern part of the is/and of La Palma (Canar)'
Islands), specifical/y in the Puerto Naos, Charco Verde, Las Zamoras, Chica and Echentive
beaches. Al/ these beaches are developed on the lavas of the Cumbre Vieia volcano, corresponding
to different eruptions with ages from 20.000 to /ess than 30 years.
rhe beachrocks are up to 7.5 m in thickness, attain sorne tens of metres in width and consist of
several deClmetric-thick horizons, dipping 2-75" seaward. rhe beaehroeks are rudstones and
arenites, with volcanie clasts as main components. rhe porosity of the beaehrocks is intergranu/ar
and loca/ly intragranu/ar, both partial/y occluded by cements, neomorphic texture and locall)'
b~' internal sediment.
rhe beachrocks are cemenred by different rypes ofaragonire (fibrous, microfibrous and botroidal)
and HMC (micritic and pe/oidal) cements. rhe HMC micriric cement consfifufes fhe (irsr
cementafion phase. rhe aragoniric cemenrs, wirh a very high contenf of srronrium (with a mean
o( 10.000 ppm) and a high contenf of sodium (wirh a mean o( 2.000 ppm), consrirure rhe second
phase of cementarion. rhe pe/oida/ eement i5 rhe rhird phase of cementarion rhe oxygen
isoropic composir,on of rhe aragonite cement ranges from -4.2 fo -2.4 %o POB and rhe carbon
isotopic composirion of rhe fibrous aragonire cement varies from +4.0 to +4.9 %o POBo

/(ey words: beachrocks, marine cements, H%cene. La Palma (Canar}' /s/andsi

INTRODUCCIÓl'\

Las arenas y los elastos de playa Ittlficados mediante

cementos carbonatados dan lugar a una roca que se deno·

mina "beachrock" (Glnsburg. 1953) Las playas son un

emplazamiento ideal para la precipitación de cemento~

marinos. ya que las condiciones de alta ener~ía (debida a la

acción del oleaje y de las mareas) y la presencia de un

sedimento tamaño arena y/o rudlla con una alta porosidad y
permeabilidad original. aseguran volúmenes adecuados de
agua sobresaturada capaz de Circular a través del sedimento

produciendo su cementación. En ~eneral. esta cementación
ocurre en la zona intermareal (Neumeier. 1998). pero tam

bién puede ocurrir en la pane alta de la zona submareal
(Alexandersson. 1972) )' en la parte baja de la Zona
supramareal (Holail y Rashed. 1991) Los "beachrocb" se

disponen generalmente paralelos. y a veces perpendicula

res. a la línea de costa formando cuerpos continuos de hasta

varias decena~ de kilómetros. parches métricos discontinuos

o n6dulo~ deClmétrícos En general. no exceden del metro

de potencia. aunque se han CItado dep6slto~ de ha<,ta S

metro~ de potenCIa tAmleu\ ("1 (11. 1989/. ~ buzan suave

mente 1con un má\1I110 de I~" I en direCCión al mar slguien·

do la disposición de la playa. desarrollándose en la parte

alta del "shorefacc".

El Interés del estudiO de )050 "beachrocb" actuales o

subactuales recae en su potencial como protectores eflca·

ces contra la erosión "toral gracias a su moñología en

horizontes lOchnado50 haCia el mar y a su gran resistencia a

la erosión Además. como los "beachrocks" se originan en

la zona lntermareal. su loca)¡zación permite determinar las

variaciones del nivel del mar en el registro fósil

Los pnncipales obJetivos de este trabajo son: i1Carac
tenzar desde un punto de vista geométrico. textura) y

petrográfico los "beachrocks" de la isla de La Palma (Islas
Canarias); il) Presentar las caracterfsticas microtexturales.

mineraló~icas y geoquímicas (geoquímica elemental e
isótopos estables) de los distintos tipos de cementos y tex

turas neomórflClS. 1111 Interprelar el Oflgen de los

"beachrocks··.

CARACTERtSTICAS GEOLóGICAS DE LA PALMA

L" isla de La Palma está situada en el extremo occiden
tal del Archlpléla~o Canano En ella .Ooran tanto materia·

les de las fase~ de crecimIento submanno como subaéreo

,.,-uh.·,,, .... 11\ l. 2uou
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(Fig. 1). La fonnación submarina. de edad Pliocena. ha
sido levantada y basculada por las intrusiones magmáticas
posteriores. por lo que las formaciones subaéreas.
Cuaternarias. descansan sobre una discordancia angular y
erosiva,

La construcción subaérea de La Palma se caracteriza
por la formación de varios edificios volcánicos superpues
tos y yuxtapuestos. con una tendencia general de migración
del volcanismo en dirección Norte-Sur (Carracedo ('1 a/..
1997) La etapa final de construcción de La Palma (los
últimos ISO.OOO años) se caracteriza por la concentración
de la aClividad eruptiva en un rifl de dirección N-S (el
edificio Volcánico Cumbre VIeja). localizado en le mitad
meridional de la isla (Fig. 1). La actividad eruptiva en el
edificio Cumbre VIeja continúa en la actualidad. con al
menos una docena de erupcIOnes durante el Holoceno. de
las cuales aproximadamente la mitad corresponden a los
últimos SOO años (periodo históriCO). siendo la del volcán
Teneguía en 197 I la última erupción volcánica ocurrida en
Cananas. Esta actividad se produce asimismo en el extre
mo submanno del rift. lo que pennlte suponer que tanto el
rift COmo la isla seguirán crecIendo en esta misma dIrec
ción.

DJSPOSJCJór\ DE LOS "BEACHROCKS" DE LA
PALMA

Los "~achrocks" estudiados se localizan a lo largo de
la costa suroccldeOlal de la Pal/lli.l. entre el pueblo de Punta
Nao~ y el faro de Fuencahente Más concretamente. los
"heachrm:"-s" afloran en la .. playa .. de Punta Nao... Charco
Verde. La.. Zamora... Chica y Echentl\'e. toda.. ella.. desa
rrollada .. sobre lavas que conforman la costa OCCidental del
edificIo \okánlCo de Cumbre \"ep rflg 1,

"B,adtrod" d~ la p«zya d, PUnla /\'aos La playa de
Punta Nao~ ~ deSMrolla sobre la.. lavas volcánicas de la
trUlx-Ión dt'l Jño 1585 rCmacedo n nI.. 19911 En eslos
..beachrod,.... ~ aprecIa una abundantt' presenclJ (\Obre un
~O'k , de' canto~ demados de los malenales \'olcánlcos sub
m¡mno, plJoct'no'>. nlJt'ntra\ que en la playa actual más del
9Or,;. de lo.. canto~ son ba~hlco" deriVados de las lava'l de
Cumbre' VieJa. La UISlenCl.l de un "deha lánco" al nMe
de Punta Naos. fonnado por la\a.. de la erupción de 1949
(Carracedo '1 a/.. 1997,. pudo provocar un cone en el
,",umlmstro litoral de' cantos de la formacIón submanna des
de ellu,ar de aporte (desembocadura del Barranco de la..
Anpu"lIiJ"l hilsta Punta !'ao' De esla forma. estos
..ht'achrod, .. ·· dt'ben haberse formado con po'ltt'f1ondld a
la t'rup..:IÓO de 158:li ) con antenorl(bd a la de 19~9

Ge'omttncamtntt st prtsmtan con UIlil polt'ncm apro\i
milda dl' 1.5 m anchurol de' UOO" :!ü m. \(' C'~lIC'ndC'n un~

:!OO m a lo laflO de lit 1'1.1)") buun mlrl' ~ ~ 1(1' hiK'l. ti

mar Te"uralmentt. ti "he.achrod; t ...., Con""ltutdo 1'0'
rud1\.1" Y ilftnJl.oI ..

"Beadlrod" d~ lJ1 ¡J1J1.~a th Charco Vt"rd~. Se desarro·
llan sobre lavas tipo "platafonnas" que presentan edades
inferiores a los 20.000 años (Carracedo ~1 o/., 1997). sien
do parcialmente cubiertos por lavas de la erupción de 1585.
El "beachrock" tiene aproximadamente unos 50 cm de po
tencia. unos 10 m de ancho y se extiende unos 200 m a lo
largo de la playa y directamente sobre las lavas "platafor
mas". Presenta un solo horizonte bIen cementado constitui
do por rudltas. generalmente en la parle superior. y arenita~,

con buzamientos entre 2 y otO hacia el mar.

"Beachrock" de /0 p/oyo d~ lAs Ztunoras. Esta playa
se localiza sobre lavas volcánicas del tipo "plataforma" de
edades inferiores a 20.000 años (Carracedo el al., 1997) El
"beachrock". destruido parCIalmente durante el temporal
del 6 de enero de 1999. tenía aproximadamente I m de
potencia. unos 15m de ancho. se extendla unos 50 m a lo
largo de la playa. buzando unos lO" hacia el mar. y estaba
constitUIdo por Illlcroconglomcrados y aren itas bien
cementadas El hOrIZonte superior. poco cementado. estaba
fornlado por rudllas. IlllCroconglomerados y arenita~. La
superficie superior de este honzonte presentaba depreSIo
nes de .5 a 20 cm de profundIdad y de algunos decímetros
de dIámetro interpretadas como estructuras de disolución
(karst inttrmarea!> delupo "kamemtza".

"B,ochrock" dt la plo.,·o Chica Esta playa. prolonga
ción mefldlon~1 de la anlerror...e desarrolla también sobre'
la\'a' tipo "plataforma' El "heachrock" tiene unos ~O cm
dt' potencia. unos 10 m de- ancho. y forma parches métriCO"
en distinto, punto~ de 1;1 plaY;l Presenta buzamIentos entre
10 a 15° haCIa el mar \ e\t;í con'tlluldo por rudlta~ )
areOlta" bIen cemt"nladJ'

"B,atl,rocli" d~ la plo.,·o dt Ech",ti'" La playa y
lago\ de Echt'ntl\c 'C de\arrollan s~re 13\a, de' la erup
ción de 16'7¡, y e'tán rarClalmente cuhlt'rtos por la\as de la
erupcIón del Tellt'~uí3 en 1971 (("macedo el nI. 19971

Lo\ la,os ..e Mtúan en la lona má\ Interna dc la playa. a
uno.. 200 m de la línea de CO\'3 \ prt'sentan dIámetros de
uno\ ~O 01 ) protundldade\ dt' hasta -1 m El "beJChrocl"'
aflora en lo< márrellt'\ en ('on,:felO ~ la lona Intermareal.
de lo, la,o\ llene I m de po1t'ncla y e\tá con'ltltuldo por
brecha.. de canto" an~ulo\o\ a suban1ulo\Os de lavas \'01·

cánlca..

CE'fEI\.TOS DE LOS "BEo\CHROCKS'

El princIpal ra'ro dla,entflco de Jo< ..betKhrocl .... e\ Ii!
cC'menlltCl6n mediante cemento, de ¡ra,onlto y de HMe
Lo.. cemento' de al a,onlt f ' <.<m el ce~nto ftbro\O ti ((,

mento m"forlhro~ \ el cerneN" bocrold.a! y 11'1' ct'mento'
de HMe I,(lf\ el mlcfÍII'" \ e, ~IOld.J!

El cenw.'fllCl mKIlIh(' d,' H"e e. fC'I.J11\3nlC'nte' abu'"
d,lnh' O\.·Uf'.J I.l ""\!'~'ld ••<.lln't'~'.Jn"l.tr rrt\tnl.I 1<x·,:J!Olt'n·
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te características de "microbialites" y constituye la primera
elapa de cementación de los "beachrocks". Texturas simila

res al cemento micrítico de HMC han sido descritas en
numerosos "beachrocks" por Alexandersson (1972). Bemier
el al.• (1990). Holail y Rashed (1992), font y Calvet (1997),

Neumeier (J 998). entre otros.
El cemenlo fibroso de aragonito ocupa gran parte de la

porosidad intergranular. localmente también la porosidad
intragranular, y está constituido por cristales fibrosos de 50
~m a lA mm de largo y entre 7 y 100 /lm de ancho.
Cementos similares han sido reconocidos en "beachrocks"
por Ginsburg (1953>, Beier (1985>. Bemier el al., (1990).
Font y Calvet (1997) y Neumeier (1998). Los valores del
estroncio de este cemento varían entre 5.900 y 12.850 ppm,

con una media de 9.210 ppm (que equivale a un aragonito
con casi un 1% de CO,Sr). El contenido en sodio oscila

entre 1.290 y 2.530 ppm. con una media de 1.810 ppm. El

cemento fibroso de aragonito constituye la segunda etapa

de cementación de los "beachrocks" cuando está presente
el cemento micrítico.

El cemento peleloidal de HMC ocupa la porosidad
intrapartícula y constituye la última etapa de cementación
de los "beachrocks··. Los peloides. de 20 a 50 !lm de diá

metro. estan constituidos por cristales de HMC de l a 4
Ilm. Cementos similares han sido descritos en "beachrocks"
por Amieux el al.. (1989J. Font y Calvet (1997). Neumeier
(1998). entre otros.

ISÓTOPOS ESTABLES DE LOS CEMENTOS

Los valores de la composIción isotópica del oxígeno del

cemento fibroso de aragonito varían entre -4.2 ';te POB y
-2.4 t;te POBo Los cementos aragonítlcos del "beachrock"
de Charco Verde (con una media de -4.0 'kc POB, presen·
tan valores más I,geros que lo~ "beachrocks" de playa Chi·
ca (con una media de -3.0 '?(C POB¡.

Los valores de 0''0 de los cementos aragoníticos de la
isla de La Palma son slmilarn a al,unos de los descritos
por Neumeier (1998, en 'beachrocks" de la PolineSia (Océa·
no Padfico¡ Pero en ,eneral son algo más Ii,eros que los
cementos aragoníticos Citados por Ma,anlZ el o/.. C1979) y
Beier ( 19851. Y bastante más h,eros que los cementos de
aragoOlto y/o de HMC de "beachrocks" del Medllerrineo y
del Mar ROJO (Holall y RasMd. 19921

Los principales factore~ que podrían exphcar los valo·

res relativamente h,eros en los "beachrocls" analizados
~on: i) la menor salinidad dela,ua manna en Cananas: il)

la temperatura del agua manna. ~ 1111 la 100uencia de agua

meteórica

1) La 5.lhnidad del aGua manna en Canana~ 'aria entre
~6.2 ~. ~7.2~. la ~hOldad del Medltt"rránt"o 'ana entre
:48.8 ~ :\9.5~ ton Crt~ INt"umeler. 19981 y enlre :n.5 ~

:4~.or" en Cón:t,a Ilkml~r rl e,l. 1990,. mlenlta.. que la
..altnldad en ti Mar ROJO o'Clla tnlrt .~9.8 y 40.8~

IN('ul1lC't"r. IWIS' F.n la PolIll('"a (ram·,..... l., \ólhOldad

varia entre 35 y 36lk. Así. los cementos de aragonito de los
"beachrocks" tienden a presentar valores más ligeros cuan

do la salinidad es baja (Canarias y Polinesia) y valores más

pesados cuando la salinidad del agua marina es alta (Medi·
terráneo. Mar Rojo).

ii) La temperatura del agua marina en Canarias varia
entre un 17 y 25°C. la temperatura en Creta oscila entre 15
y 25°C (Neumeier. 1998). en Córcega entre n y 23°C
(Bemier el al.. 1990). en el mar Rojo entre 21 y 29"C
(Neumeier. 1998). y en la Pohnesia francesa entre 27 y
29,5°C (Neumeier. 1998). Los cementos aragonítícos de la
Polinesia francesa son los que presentan una composición
similar a los de La Palma. pero han precipitado en aguas
mucho más calientes. lo que parece indicar que la tempe
ratura del agua marina no es el factor determinante en el
control de la composición isotópica del oxigeno de los
cemenlos aragoníticos de los "beachrocks".

iii) Los valores relativamente ligeros de la composición

isotópica del oxígeno de los cementos de aragonito de los
"beachrocks" de la Isla de La Palma sugieren que precipita
ron en un medIO manno con cierta inOuencia de aguas
meteóricas Valores Similares a los descntos en la isla de La

Palma han sido mterpretados en otros ejemplos de
"beachrocks" de fomla SImilar (Magaritl el al.. 1979;

Neumeler. 1998).
Los valores de la composiCIón isotópica del carbono del

cemento fibroso de aragonito de los "beachrocks" de la isla
de La Palma varían entre +4.0 y +4.9 ~e POBo Los valores
de o' 'c de los cementos estudIados son muy similares a los
de los cementos aragonítlCos de los "beachrocks" de las
Bahamas CBeler. 1985) Y relativamente slOlIlares a los de

los cementos aragonítlcos de los "beachrock," del Medite·
rráneo en Israel (Magantl ('1 (11. 19791 ) de la PolineSIa
francesa (!'eumelt'r 19981 Lo, \alores de la compoSición
l~óplCa de los cementos aragonillcos de los ..btachrocks"

estudiado' indICan que se formaron en equlllbno con el
agua manna a partlf de la cual precipllaron

DESARROllO \' E\·OLl:C.Ó~ DE LOS
"BEACHROCKS"

La e\'oluclón de los depósitos de playa. )' en concreto
de la ionn~C1ón ~ po,tenor UhUfmClÓO de los ..btachrocks"
en la isla de La Palma. durante los últimos 20.000 años. st
explica a partir de la> s,gulentts ttapas; ,) DrsarrolJo de la~

playa". la~ cuale' constltuytn la "roca encaJante" de los
"beachrock,'; 111 Formac,ón de los "be~hrock,"; y ni)

Rtlrograd;lclón ~ ero~16n de la playa,

I1 El dt!iarrollo de las playa.. Implica un aporte dlspona·
bit dt' c1i1~lo,.gtano' ~ un (ondo submanno 1Tl4i\ o meno,
llano El ~dlOlt"nlo de la.. playa, e) ellclumamentc dt

ongen tcm't"no edJ..tM·,r~no' procedentt.. de la\a~ \01·

I:ánu:.... '. ~,¡ quc no h,¡~ m.lttnal prexedcOlc de la plata(or
m,l nunn,¡ I compooc-nlt.. t"'1ueltllco' I U» po<.lbles apor·
le- de m.den;,1 't'm~t'no \Ofl 1.. ("10"00 IlIor..! Imanna 1de'

•
•
•
•
•
•
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las lavas volcánicas y el aporte debido al drenaje de los
barrancos (caso del barranco de Las Angustias en el ejem
plo de Punta Naos). Además. para el desarrollo de un perfIl
de playa en esta isla se necesita la formación de un fondo
submarino más o menos llano)' no excesivamente profun
do que podría estar relacionado con la entrada de las lavas
subaéreas en el fondo submarino.

ji) Los "beachroch" se localizan en la zona intermareal
y posiblemente en la parte más interna del perfil dr la
playa. El ejemplo de Echentive podría ser la clave para
comprender la formación de los "beachrocks" en el contex
to de playas de gravas volcánicas. En la actualidad. sólo en
la parte más interna de la playa (lagos) de Echentive se
produce la cementación (cemento fibroso de aragonito) de
los depósitos de playa La precipitación de estr cemento
seguramente continua en la zona intermareal en dirección a
)a línea dr Costa y eslá cubierta por los depósitos suprama
reales. A partir de la composición isotópica del oxígeno de
los cementos estudiados se ha deducido que estos cementos
se formaron en aguas mannas con un:l Cierta mfluencia de
agua meteónca. lo cual es congruente con las observacio
nes aCluales en la playa de Echentive.

¡ii) La retrogradación y erosión de las antiguas playas
ha exhumado los "beachrocks" los cuales en la actualidad
se localizan en el "foreshore" de las playas recientes.
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Mesoscale convective systems during 1990-94:
characteristics and synoptic environment
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ABSTRACT

Mesoscale Conveclive Syslems (MCSs) dala regislers from June 10 December
during 1990·94 were oblained from lhe Spanish NalionaJ Meleorological lnstitute
ONM). Sixly seven Mesoscale Conveclive Syslems (MCSs) and fifteen Mesoscale
Conveclive Complexes (MCCs) were iJentified lhrough lhis database. MOSl of the
MCCs and MCSs developed during lhe lasl week uf Seplember. The dominant synoptic
paUems relaled lO the mesoscale syslems were cold fronts al the surface with warm and
rnoist low-Ievel cores. and cut-off low ur deep trough throughour the middle aOO upper
levels. These synoptic paneros were found in all rhe cases sludied.

The hourly centroid location of lhe Mee was used lO trace rheir rracks. which
followed a general direClion lowards the E or NE in almosl all cases. These trajectories
are c1early related to the synoptic paneros found. Finally, a Skew T- Log P
thermodinamic diagram from Ihe nearesl sounding station to a developing MeC is
shown.
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1 INTRODucnON

In the first days of Autumn, intense precipitation over the Mediterranean
area of the Iberian Peninsula and the Balearic lslands are frequently registered
without an exact periodicity.

These intense stonns originate flash floods that eause-important damages to
property and )OS5 of human Jives.

These mesoscale systems are not only characteristic of the westem
Mediterranean area.

Their origin is clearly convective, having features in common with the
Mesoscale Convective Systems (MCS) and Mesoscale Convective Complexes
(MCC) described by Maddox (1980). Summaries of MCS and MCC
eharaeteristies have been published (Maddox et al. 1982; Rodgers et al. 1983,
)985; Augustine and Howard 1988, )99). These papers are centered mainly on
the MCCs observed in America and sorne locations in China, even though
Augustine and Howard (1991) mentioned these special convective structures in
Hungary, Austria and Yugoslavia.

This work provides a climatological infonnation of the MCSs and MCCs
oceurred during 1990-94 over the Iberian Peninsula and westem Mediterranean
area.

The synoptic patteros related to their genesis and development are identified.
The track of each MCC has been computed. Finally, sorne infonnation about
the physieal phenomena involved in their evolution is presented.

2 METHODOLOGY

The analysis has been eentered on the MCS and MCC observed over the
westem Mediterranean area from June to Deeember during 199()..94. According
to the INM historieaJ data, (he intense precipitations caused by the convective
systems are observed majn)y from June to November, and speeially during the
months of September and October. METEOSAT and NOAA infrared (IR)
images were obtained al the INM.

The reports of the convective systems characteristies published by Canalejo
el al. (1993. 1994), Carretero el al. (1993). Martin el al. (1994) and Elvira el al.
(J 996) will be used to eharacterize the evolution of the conveetive systems.
Both, ¡mages and repor1S, will be used used to idenof)' and extraet information
on MCSs and MeCs.

The MCS lOO MCC eriteria and key definition (Augustine and Howard,
1991) used in this work are given in Table l. As pointed out by Augustine and
Howard (1988) and McAnelly and Canon (1989), the area within lhe single
colder lhreshold proposed by Maddox (1980) adequalely defines lhe life cycle,
while lhe use of lhe seeond crilerion (lhe use of !he -3r e threshold) is
redundant and introduces ambiguity.
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Criteria: Mesoscale Convective Systems
(MCS)

Mesoscale Convective Complexes
(MCC)

Minimum
size

CCCS (IR temperature< -520 C)
must have an area > 10

()()(} km2

CCCS (IR temperature < -5~ C)
must have an area > 50 000

km2

Duration
Minimum size must be exceeded

for a period > 3h
Minimum size must be exceeded for

a period > 6h

Shape Minor axis/major axis is > 0.7 at time of maximum areal extent of the 
520 C continuous c10ud shield (Only for MCC)

Initiation Time when minimum size is first satisfied.

I
I , Maximum

extent
Time when the CCCS (IR temperature < -520 e) is at its maximum

slze.

Termination Time when minimum size is no longer satisfied.

Table l. Definitions of MCSs and MCCs based on enhanced IR satelite Imagery
(Augustine and Howard, 1991). CCCS: Continuous Cold Cloud Shield

Satellite images and related data (rom June to December (rom 1990 to 1994
were used in the present analysis. Applying the characteristics of Table 1 to the
IR images of 82 mesoscale convective systems detected during 1990-94. 67 of
them would be classified as MCSs and only 15 could be classified as MCCs
(Cana. 1997).

The time distribution of these phenomena (Fig. 1) shows that most of the
MCCs were developed between September and October. The last ten days of
September registered 60% of the MCC (Fig. 2). The annual time distribution
shows an asymmetric distribution for the analyzed periodo with a non unifonn

Once the convective systems have been ident1fied, the synoptic pattems
related to their life cycle will be determined from the surface. 850. 700. 500 and
300 hPa levels published in the INM daily meteorological bulletins. The hourly
geographical coordinates of the -520 e centroid area will also be plotted on
maps to set the tracks of each one of the MCCs identified. The trajectories will
allow us to determine several characteristics. as the direction followed by the
systems or the physical processes ¡nvolved in their life cycle. Finally, a skew T
Log p thermodynamic diagram of the nearest sounding station will be plotted
for a MCC. Thus, the thermodynamic structure of stonn environment will be
analyzed following a methodology simmilar to that used by Keenan el al.
(1994), Bringi el al. (1996) or Alberoni el al. (1996).
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ínterannual variability. In order to explaín these remarkable vanatlons, lhe
synoptic patterns related to each MCC have been analyzed. For all the identífied
MCSs and MCes during 1990-94, two synoptic patteros have been detected.
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Figure 1: Time distribution of MCSs and MCCs during 1990-94
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Figure 2. Mee disuibution during 1990-94

The first one (Class 1) can be characterized by a 500 hPa and 300 hPa
standard level trough, and a cold front related lO a low al (he WeSI or over lhe
Península at the surface level (Fig. 3a, 3b) . Usually a 300 hPa jel is also present
on lhe life cycle of lhe MCC. This situalion originales prefronlal MCCs. The
lrough is lhe most significanl elernent of lhis panero. wilh a N-S or NE-SW
axis. A lhermal wave reaching frequently -240 C at 500 hPa can be idenlífied
together with lhe trough. A similar panern has been reponed over the United
Slates. wbere both lhe lrough at 500 hPa level and lhe presence of a cold fronl al
lhe surfacet have been rnentioned (Loherer and Johnson. 1995).

The second meteorological patlem (Class 2) can be characlerized by a cut
off low al 500 hPa aOO 300 hPa levels. Al surface. the Nonh Afriea low (usually
over Algeria) is accompanied by a hígh pressure area at (he West of (he
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Peninsula and a second one over Central Europe or South of the U. Kingdom
(Fig. 4a, 4b). The main characteristic related to this panero is the genesis of
high pressure and low pressure areas isolated from the general circulation. The
cut-off low usually presents a cold core (between -160 and -240 C).
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Figure 3. Schemalic represenlion of (he IWO calegories found. Synoplic pattem scheme
for Class l. A) Surface level. B) 500 hPa level

The existence of a jet in the proximity of a developing MCC has been
verified in 70% of the registered Mee cases over the Iberian Peninsula during
1990-94 (Cana. 1997). The relation between convective systems and jets has

71



i
: --:\ _-- i--T (A)
i .

!
!
i
~- ...
:¡

i
i

beeD diICII sed for several cases in the U. S. Great Plains, which has been
~: Keyser and Johnson (1984) and UceJlini (1986). The study of the
synopdc~ms (or the analyzed periad s~~ws that the presence of the aboye
described pattems, is a necessary condltlon, but not enough, for Mee
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Figure 4. Same as Fig. 3 excepl for Class 2.

The traeks of each one of the MCCs define two different groups relate<! lo
the genesis and evolution of the MCCs (not shown). The first one generates and
develops near the coast or over the Mediterranean sea. following a eastward or
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northeastward path. The second group fonns over the interior of the Iberian
Peninsula. evolving to the interior of the continent and following similar
directions. Both groups follow geostrophic trajectories moving to the right of
the 500 hPa flow level. a conclusion in agreement with Miller and Fritsch
(1991). The analysis suggests at least two different physical processes involved
into their development: the instability of overheated air masses from Africa
crossing over the Mediterranean sea (Hemández et al.. 1987), and the
orographic forcing that implies an air-mass ascent (Cana, 1997). In order to
show this feature. the skewT - Lag P plot for the 26/9/92 MCC is sh,?wn.
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Figure 5. Skew T - Log P plot of (he sounding taken from Palma de Mallorca station on
1200 lITe, 26 September 1992, Full barb is 5 m S·I .

Unfortunalely. lhere are no sounding stalions c10se lO lhe affecled atea. so
the sounding from Palma de Mallorca sounding station (Balearic lslands) al
1200 UTC has been used. lt shows a SE f10w on lhe low level layers of the
almosphere (Fig. 5). bringing lhe necessary humidily lo lhe MCC geoesis (17.5
g kg" mixing ratio and 26.2° C 00 suñace. 8.6 g kg" and 16.00 C at 1500 m
heighl). From this level, there is a 13-18 m S·I soulherly flow. A remarlcable
characteristic of the Palma de Mallorca sounding is the evolulion of T and Td
from the surface lo lhe 300 hPa standard level. which presents a low
temperature (-42.3° C). The convective indexes reflect favorable conditions for
the convection (TII. 54° C; Kll. 31° C; LI -10.1° C). The Convective Available
Potential Energy (CAPE) at 1200 UTC was moderately high (2060 m2s·2

). with
a total precipitable water content in the sounding of 40 mm.
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BIOLOGY ANO FISHERY OF OOLPHINFISH ANO RELATEO SPECIES E MASSUTi(ll,d 8 MORALES-N/N(~dl)

I

K(,I ""r,I, C"n""I"r"" f"f»f»"ruI. C"nplw(,/'" (''I''',rlI,I, paraSltlsm. weslem Medllcrrancan. cenlral-eaMem Allanlll•

ENRIQUE CARBONELL1
• ENRIC MASSUTí2• JOSÉ JUAN CASTRO' and

ROSA MARÍA GARCÍA I

PARASITISM OF DOLPHINFISHES .\4.'

waler temperatures exceed 200C (Gibbs and Col
leue. 1959). In the Atlanlic. the)' are natural inhab
ilanls and their spawntng IS probably year round.
allhough it is most tnlense during the monlhs wlth
higher water surface lemperatures <Shcherbachcv.
1973). In the Mediterranean Sea. e 11IppurtH
appear seasonally and undergo a reproductive
cycle dunng the summer monlhs. tollowlng Ihe
appear:tncc of adult specimens every ye<tr 10 May-

'Depanamenlo de Biología. Unlver~idad de Valencia. Dr. Moliner. 59. 46100 BurJassot. ValenCia (SpalO)
:!.EO· Centre Oceanografic de le~ Balear,. MolI de Ponenl s/n. P.O.BOll 291.07080 Palma de Mallorca (SpalO)

'Depanamenlo de Biología. Universidad de Las Palmas de Gran Cananas. P.O. BOll 5S0. 35117 Las Palmas de Gran
Cananas (SpalO)

ParasitislD oC dolphinfishes., Coryphaena hippurus and
Coryphaena equiselis., in the western Mediterranean

(Balearic Islands) and central-eastern Atlantic
(Canary Islands)*

SUMMARY A 100al o( 648 dolphlnfi~hes were ellamlOed (or inlemal and Clllemal paraslles 10 WCl'lem Medllerrancan
(Bale¡mc Islands) and cenlral-easlem Allanllc (Canary Islandsl waters In ordcr lO mOlle a comparallve study bcl ....een lhe
IWo areas. The speclmen~ sludied (rom Ihe Mednerranean Sea was C(lrvf»'lCI~n(/ IIIf»fllll"H. wnh 62 larle Individual- caplured
(rom May lo Seplember and 497 Juveniles caplured from Augusllo Deeembcr. The speclmens sluched rrom lhe cenlral-ellSI·
em Allanllc were 39 aduh e /"f»f»IIrIU and 49 adult Con'f»ltarno rqlli.frlr.1 Parasllcs were found m 7~ of lhe rlSh c\am·
lOed. and repre~nled a 100al or mne endoparaSlllC lalla: Sill dlgeneans (Class Tremaloda. Subclass Ol,enea. 0"",,111 /,ml"
IIH. OmllrUI brr'·IdllcllI~. Omllrll.1 Imlgi.fÚlll.l. uC/lflod"d/um rxcúllm. 8011t.I'('(I/I·lf brunc'h,ol/.' and Hm,dlnfllcI sp.l. IWO

nemalode~ (Class Nemaloda. Order Splrunda. Pf'¡folllrlrtlulf.l sp. and Mrwlmmrlllll tno,fnol and onc acanlhoccphlll,IO
(Phyllum Acanlhocephala; RflUdlnorf"·",f,,,., I'rwl.\ I Seven crul'lacean copepod eClopar.slle~ v.'ere ldenllfled C"II.r://'
q"nclr'IIIH. C((fl.l:llf f,mdllCill,l. CallKII,1 hfllll/", C,d/guI ('o~·"/lOrn"r (Family Cah~ldlle) and Elln'pI,onH n,,,,""I(/(' (Fanuly
Eunphondael were '-aund In ~III mucu~ masse\ or on Ihe moer ~uñace or Ihe operculum. lhe IemaeopocSld Nf',>hre"fllrl/"
nln'/,flU("I(/(' (Famll y Lemaeopodidae) was anached lO ,i 11 fi lamenls and the pennel lid Pr"nfl/u(il,,(a ( Fami Iy Pennel hdae )
""'as anchored 10 fin\ and rays oro deeply. lO muscular lI~sue and abdominal cavlly The relallOftl'hlps between feedm, hab'I\.
paraslle recrullmenl and para~lle lransmlS\lon were analysed. ~ome ecolOl!lcal ..speCls of alllhc paraslllc specle\ are d,\·
eu\scd, and some cl\mmenl\ are made on parasllc·ho\, relatlon~hlps.

The dolphinfishes (Pisces: Coryphaenldae) .
common dolphinfish (Coryphaena hippurLn L.)
and pompano dolphin (Coryphaena equisells L.).
are epipelagic species distributed world-wlde in
tropical and subtropical waters where surface
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June. when the water surface temperature reaches
> 18°C (Massutí and Morales-Nin. 1995). Juve
niles are captured from late August to early
December and then. when water temperatures falJ
to 18°C. they possibly migrate to the warmer
waters of the Atlantic Ocean.

Dolphinfishes are top-Ievel predators. but they
are not very selective and feed on a wide range of
pelagic organisms. In addition. they are very agile
and capable of taking fast-moving prey (Palko el al..
1982). C. hippurus grows rapidly throughout its life
and has a maximum life span of about 4 years.
reaehing lengths and weights in excess of one metre
and 10 kg respectively (Beardsley. 1967; Rose and
Hassler. 1968). C. equiselis is a relatively liule
known species which does not reach such a large
size as C. hippurus. and its maximum known length
is 74 cm (Herald. 1961). C. equiselis is more pelag
ie and oceanic. and consequently is rarely caught in
eoastal waters. lIS distribulion range is more tropical
and aceording to Mather and Day (1954) it is not
generally found in waters with surface water tem
peratures lower than 24OC. C. equiselis does not
extend as far beyond the tropics as C. hippurus.
There are few reports of C. equiselis in the Medlter
ranean Sea. and hence its presence In these waters IS
not welJ known.

Although several authors have reported parasites
of doJphinfishes in every ocean. and an exhaustive
Iist can be found in Pallco el al. (1982). only a few
focus on the study of the parasite community of
these species by considering the ecology of the par
aSIles. Burnett-Herkes (1974) analysed the ectopar
asiles on the gills and in the buceal cavity of C. hip
purus. whereas Manooch el al. (1984) studied its

gastrointestinal parasites. Both studies were earried
out along the South-Eastem and Gulf eoasts of lhe
Uniled States in the Westem Atlantie.

Therefore the objective of this study was to carry
out. for the first time. a complete anaIysis of the par
asitie eommunity of dolphinfishes 10 the eastem
Atlantic and the Mediterranean. and to study the rela
tionships between diet and parasite recruitment In

order to identify possible pathways of parasitie infee
tion and Jife cycle. Special reference is made tO lhe
parasites which C. hippurus probably brings from lhe
Atlantie to me Mediterranean Sea and those whieh
this species acquires in the Mediterranean and carnes
to AtJantic waters. Our aim is to provide basie mfor
mation that will allow parasites to be used as polen
tial biologieal tags for C. hippurus in the study of ItS
migratory routes betwecn these two areas.

MATERIALS AND METHODS

The fishes were colJected from two areas. the
Baleane Islands (westem Mediterranean) and lhe
Canary Islands (eentral-eastem Atlantie). In the lab
oratory. the fish were measured ro the nearesl een·
timetre fork length (FL). welghed and sexed. Integu
ment. fins. natural opemngs and gills of every fish
were examined. The gills were dissected in order lO
survey all the gitl arches for parasites. In aJl cases.
the paraslles were collected ando in addiuon to thelf
number. Slle. shape and location. any pathologieal
a/terallons were also recorded. Once any parasltes
were found. they were fixed In buffered gluteralde
hyde (1 OC!) for later identificauon. dlrectly or after
being c1eared wlth lactophenol.

T "'L~ I - Number o( 5pCClmen) o( e h"'f'Mrus and e ,,,u/S,/u caplu~ In Medllernnean and AclMUC wacen, b~ (or" Icn,ch Inlen ah
Ycar and monlh o( caplure and che suñace waler lemprralu~ arr also "ven

BALEARIC ISLANDS
COT).,,'aQ'f1lJ h,p".. , .. ,

For~ len~lh. cm flO·124 <20 20·2Q WV~ 40.49 ~O,W

1990 20 7 57 35 35 III
1991 18 4 27 38 28 17
199~ 24 12 44 140 )~

Monlh o( '¡¡pcu~ M.) Junc AIIIIISI AUJu" Sq)·OcI OcI,No' No",Dct
Temprralu~ "C 16·18 27-.,. 27 ·28 25·26 2422 20·16

CANARY ISLANDS
enrypltu,nCJ 111",,,:'UI CUT)phu,f1l1 'tla""I"

Forl Ien'lh. cm 69·102 38·53 32,52

1Y94·"5 25 14 49
Monch of caplu~ Iune: October lune
Temprralu~ "C 21 23 ....

}U E eARBONEU " o/



T"BLE 2. - (nfecuon paramclers of Ihe helmlnlh spccles (D",urus spp .. uCl/lwcladlum txcuum. Florrctps sacea/u.!. Rhadrnorhl'm'huJ pru·
tlS and Mt/abmntma magna) of Ctln·"IUltna hl"puru.I caplured \O MedllerTanean waler~ (FL fork lenglh \O cm. tirsl ro'" prevalence.

second row mean Inlenslly ± SO: Ihlld row mean abundancc ± SO; founh row ran~e)

47.3
I 3:t06
06t08

1·3

60S
21 :tOS
13±12

1·3

166
1

02tO.
0·1

.09
, 9tOS
OStll

1·2

643
IJt06
08tl

(.)

M magno
1995

25
2J±1.2
06±12

\.4

R " "'-tll ~
1995
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36
I

003í02
0·1

2.8
2

006íO)
0·2

27.7
16í09
O4:t0.8

1·2

Lecilhocltulium ucisum (Rudolphi. 1819)
Looss. 1907

This other gastric hemiurid was only found in the
Mediterranean. from juvenile fish <50 cm FL in the

tode. two nematodes and one acanthocephalan). of
which nine were to species leve!. The change in
prevalence. intensity and abundance of the main
species in relation to the size of the hosts is present
ed in Table 2 and 3.

Class TREMATOOA
Subclass Dlgenea

Family Hemiuridae
Dinurus spp.

The mosl frequent and mosl numerous endopar
asites were four species of the genus Dinurus Looss.,
"1907. These were D. lomaluS (Rud. 1819) Looss.
1917. D. barbalus (Cohn. 1902) Looss. 1907, D.
breviduclUS Looss. 1907 and D. longisinus Looss.
1907. D. lomalUS was the dominant species. These
parasites were found in the stomach of specimeos of
C. hippurus and C. equiselis captured in both areas.
For the prevalence and other ecological parameters
there were marked differences depending 00 the
aonual cycles. but io general adult fish were the
most iofected in both areas.

74
6±14

04116
5-7

10 )
IOa57
1 1135

2·15

36
3

0lt06
O·)

178
82±55
\.Síl S

\·16

47
1871113
7.2íll

3-40

5.5
2

01tO.5
0·2

20-29

Endoparasites were found in 390 of the speci
mens examined (70%). A total of eleven parasitic
taxa could be identified (seven dlgeneans. one ces-

FL
Drnurus spp L txclJum F saceatll.!

1990 1991 1911'i 1991 1990 1991 1995

>60 10 100 ~6 5 60 33:1 217
12íl13 256í79 16 5±8 5 3± 15 UíOS l2±33
12:t4.5 25.6í79 93:t 10 4 18íl9 05±08 07±19

4·20 6·30 V\O 1·5 1·2 1·9

Endoparasites

RESULTS

30·)9

From the Mediterranean area. a total of 62 adult
C. hippurus. ranging from 60 to 124 cm FL. were
sampled during May-September in 1990. 1991 and
1995. In the same years. 497 juveniles (14-58 cm
FL) were obtained from August to early December.
From the Atlantic area. 25 adult (69-102 cm FL) and
24 juvenile (38-53 cm FL) specimens of C. hippurus
were sampled during June and October in 1994 and
1995 respectively. In this area. 49 C. equiseLis
between 36 and 52 cm FL were also sampled during
Junein 1995.

To establish differences in parasitism as a function
of size. the fish examined were differentiated into six
size intervals in order to obtain a sufficient number of
specimens per group. Size intervals. number of fish
analysed per size group. year and month of capture
and the surface water temperature range are sum
marised in Table l. For each parasite. the infection
level by siz.e group was analysed according to stan
dard methods (Margolis el al.. 1982).

40-49

~,
~ 50·59
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T48LE J - Infcclion paramele~ of lhe helminlh species (Dil/llrlu
!;pp. aOO Rlwdilwrl,.vnc·hu.{ pri.ui.f) o( Ctlrvphut'ntl l"pf'urUI and
Cal"\'phut'na t'qllist'li.f capcu~d in AlIanlic waler.;. (FL: fork lenglh
in cm; firsl row: p~valence; second row: mean mlenslly ± SO; Ihird

row: mean abundance ± SO; founh row: range).

FL

Coryphamo hippunrs
Dinurus !>pp. R. ¡Jri.fliJ·

1994 1994

Con,."lrut'Ra t'quudi.\
DinuruJ spp R. ¡m.rÚ.\

1995 1995

indenled bothridia. which superficially looked like
four bothridia. Mosl cysts were auaehed lO the pari
etal peritoneum and mesenteries (80%). whereas
10% were fixed to the gonadal parenchyma. 7% lo
the hepalic serosa and 3% lO Ihe pancreas surfaee.

The parasitism of Ihis eestode from bolh areas
has been studied in detail by Carbonell el al. ( 1998).

199I eyele. Its prevalence. intensiry and abundanee
were low.

Colleeted from giJls of rhree large speclmens of
C. hippurus captured in Mediterranean waters.

Family Bathycotylidae
B(l/hyc()ty/~ bro.nchilúis Darr. 1902

Collected from the slomach of IWO large SpeCI

mens of C. hippurus captured In the Mediterranean

CLASS NEMATODA

Order Spirurida
Family Cystidicolidae

Metabronema (Cystidicoloid~s) magna
(Taylor. 1925)

Some cysls were eollected from (he walls of the
pyloric caeca and in Lhe panerealic tissue of C. hipo
purus specimens captured ín the Mediterranean.
They conlained several adult nematodes belonging
10 rhls species. The CYSIS measured 30-50 mm In
lenglh and 20-30 mm in width. and they were poor- ~

Iy defined. solld. opaque and inc!uded in (he lissues. 1
MOSI of the cysts were calcified. The infeelion j
appeared in small fish. and lhe prevalence IOcreased j
rapidly. remalOing high al all fish sizes. although II ~

was only pos,ible lO follow lhe changes of (he 8-.
infeelion dunng lhe 1995 cycle. In lhe youngesl I
fish. rhe CYSlS conslilUled a solld mass of conjunc- .a

~tive tissue which conlained a male and various i
females encrusted irregularly in the mass. In Ihe j
larger fish. the calcificatíon was conslant and como .1l

plele. wilh mosl of lhe nematodes being broken and ~

fragmented. ~
¿¡

"

10
2.3±0.6

O 15±0.6
1-4

4
7.5±21
0.3:11.5

6-9

12
3±1

0.35±1
1·5

24
IS.S±14.2
4.5±10.4

1·30

>60

30·39

40-49

Family Hirudinellidae
Hirudinelúl sp.

CJass CESTODA
Order Trypanorhyncha

Family Lacystorhynchldae
Floriups saccaJus Cuvler. )8)7

Plerocerci were found m speclmens of C. hlPlm
rUJ larger than JO cm FL caplured m both areas A
lolal of 91 cysts contammg a smgle plerocercold
were collecred from Ihe abdommal cavlIY and (he
surface serosa of (he Vlscera CyS( slze was vanable
é.lnd ranged from 20 (O 50 mm The shape of (he
CYSlS also showed a greal vanely of .'orms. b~( (he)'
always had a lermlO...1 globular reglon. where Ihe
larva occurred. and a léJll·hke slruclure The!ánalle~1

CYSIS (4.7 mm 10 lenglh) showed an enlarged or
hood-Iike ~olex wuh IWO rounded elllenSlon" The
medium sized larvx mea~ured 10·12 mm and had
tenlacles aOO (Wo leafl.ke bothndla The large~1 pie.
rocercoids (t 5-25 mm in length) showed IWO deepl}

Famlly Draeuncuhdae
PhiJometroides sp

Three large females lbelween 15 and 20 cm In

length) were coJlected In the abdomtnal caval), 01
IWo medlUm'<'lzed e h'l'IJtlrlu caplUred 10 Ihe
Medtterranean

Phyllum AC.....THOcErH ... l-'

Polymorphlda
Famrly RhadlOorhynchldae

Rluulínorhynchus pristis (Rudolphl. \802 I

Luhe. 1911

Thll¡ "a' coJleeted m adulr e Il1ppuru\ caplured
bolh lO Medllerranean and AllantlC waler, bul Il~

prevalence wa\ low MOSI speclmem. were tound
free lO Ihe !>Iomach and ~~ other.. were tnlroduced
1010 lhe pyloflc caeeal waIJ. wllh .he sPIOY proboltCl"

.W6 E Cr\RBONEU. rl ul



TABLE 4. - Infecuon paramelers of lhe copepod specles (CtllillllJ spp .. P~f1f1~lIu jilma and N~ohracl,,~1I0 cnrrpho~fIIdal') of CorrphQ~f1o,,,('
('lIrll.' caplured lO Mednerranean walers (FL fork lenglh in cm: (irsl mw. prevalence. second row mean IOlensny 1 SO. Ihlrd row: mean

abundance 1 SO: founh row: range)

FL

>60

20-29

30-39

40-49

SO-59

CUI'llu.t spp P jilosa IV con'('ha~"idal'

1990 1991 1995 1990 1991 1995 1995

10 SO 375 SO 44S 31:\ 12.5
311.4 114111 6 7± 11.5 7.21S3 • 5147 36147 55121

03109 5719.6 2.517.4 S 7±8, 2.214 1 113 0712
2-4 1-32 1-30 I-:n. \-12 1-12 4-7

245 592 S33 167
26121 24±2 2.5±3.5 35107
O6± 1.5 14±19 2 1133 06±1.4

1-3 I-S 1-12 3-4

714 579 773 IS.2
4.113.2 4±37 2411.8 24±1.2
29±3.2 2.3±34 1911.9 0411

1·15 1-16 1-6 1-5

828 92.8 45 357
7317.6 57154 4.113 33143
6174 5.7154 I.S129 I 113

1·30 1-20 1-18 1-6

83.3 765 343 457
6414.3 51139 67±4.\ 2.511.3
5314.6 3914 2.3±4 1311.6

1·15 2-16 2·14 1-6

Con'pha~f1a h,pPllrus Con·pl'ol'/.a ~quls~/1.t

FL 1994 1995

Table S - Infestallan paraecers of !he copepod specleSllryphonlS
f1l'mphof C(/ryp/uJ~no hlppllrlls and Conphol'f1u ~qlllS~11S captured
10 Allanllc waters (FL fon lengtl't in cm. (inl ro'" prevalence: sec
ond row mean tnlenslIy ± SO: thlrd row mean abundance 1 SO:

foonh row range)

encapsulated in the caecal walls or deeply in pan
creatic tissue. This specles was also found in C.
equiselis specimens smaller than 40 cm FL.

Ectoparasites

Seven species were found. all of which were
crustacean copepods. Their infection parameters are
given in Table 4 and 5.

Class COPEPOOA
Order ShiponostomalOlda.

Family Caligidae
Caligus spp.

40-49

80
135111.4
10S± lIS

2-30

78.6
114187
8919
2-30

184
79:t2
I 4:tJ 2

6-11

Collecled in the gills of C. hippurus captured in
the Medlterranean and throughoul all the size inter
vals considered. Caligus quadralus Shlino. 1957
was the dominant species. Other species of this
genus. such as C. coryphaenae Sleenstrup and
Lütken. 1861. C. bonilo Wi1son. 1905 and C. pro·
duclus MUller. 1785 were also found. They were
located in large masses of mucus surrounding the
gills (60%) aOO on the inner surface of the opercu·
lum (40%). C. hippurus and C. equiseJis from the
Atlantic area were not infected by these copepods.
The prevalence in juvenile fish was higher than in
adults. It was also higher during the months with

hlgher water surface temperature Paraslle femal~s

were more abundant than males. wlth the sex-raUo
being 7: l.

Family Euryphondae
Euryphorus nymphat Steenstrup and Lütken. 1861

Collected from both species In specimens bigger
than 40 cm FL captured in Atlantic waters. The pro
ponion between parasite females and males was 2: l.
Thls species. as well as Caligus spp.. produced an
abundant mucus hypersecretion in the gills. and the
parasites were found in this mucus mass They were
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also present on the inner surface of the opereulum.
Though the examined fish were dead. the parasites
were still highly active and they eou/d be found in
the oral cavity. skin on the head and other skin loca
tions.

Family Lemaeopodidae
Neobrachielúl coryphaenidIU Pearse. 1952

ColJected from C. hippurus juvenile and aduh
specimens captured in the Mediterranean. The infee
lion took place in juvenile fish during the months
with high water temperarures. and in every case par
asiles were attached lO the gill filaments by their
appendages. Only a few parasites earried dwarf
males. Mucus hypersecretion or any other ana(omi-

. cal alteraríon were nol observed.

Family Pennellidae
Pennelliz filosa Lmnaeus. I758

Collecled only from large speclmens of C. hip
purus captured in Medilerranean waters during
May-September in 1990. 1991 and 1995. Young fish
caughl in this sea. and the ones from the Canary
lslands. were not infected by this parasite. Although
the ecologieaJ parameters were different dunng the
three years studied. in every case they showed an
increasing tendency as the fish became older. The
parasites were mainly attached to the dorsal and anal
fins (50%). to dorsolateraJ muscular tissue (25%)
and lO the abdominal cavity (22%). Mlxed paraslte
locations were frequent in tish larger than 100 cm
FL (40%). The depth at whlch the eephalothorax or
radicular apparatus was anchored varied according
to parasite location. Thus. it was deeper 10 (he
abdominal cavity and musculalure than lO fin rays or
subcutaneous tissue. Sorne parasltes were hyperpar·
aSltized by the clmped Conchod~rmaaumUIII SklO
and muscular necrosis were always preseO!...nd the
head and homs of lhe paraslle were ImmeN:d 10 a
bloody and inOammatory exudale mas.. The
cephalothorax was surrounded by a tibrous conJunco
t1ve tissue capsule and the adJaeent ussues "howed
different rates of inOammatory alteratlOns WllP fl~'

tulizations.
30% of the malenal found corresponJed lO

premewnorphlc forms that laeked cephal,,; homs
and sbowed simple branchlal filaments. wllhoul
ramifications or al most wllh pomar), branchcs lhat
always arose from the maJn branch They werc
premetamorphic (emaJes wilh a (ra&ile. whlllSh

body of small size (45:t 14 mm 10 length: range 22
64 mm). The rest were composed of pregravid and
gravid females wilh three well-developed homs. an
intensely keratinized body and a dark brown colour.
The size was 41-135 mm (59:t 19 mm). The gills
consisted of the main filameO! from whlch primary.
secondary and even teniary branches arose. but lhey
were always without anastomosIs.

DISCUSSION

The results obtained alJowed the Ilule existing
information conceming the parasite fauna of dol
phinfishes in the Mediterranean and Central-Eastem
Atlantic to be extended. None of the specles found
in the Mediterranean had been reponed in this area
until now. The Medilerranean records were Jimited
to Dollfus (1927). who reponed a metacercaria of
the hemiund trematode Dinurus nololUs. Lozano
Cabo (1961) who found the isopod Antlocra
physod~s. and Delamare-Debouueville and Nunes
RUlvo (1958) who reponed the two parasilic gill
copepods Brachi~lla cOf)'pha~nae and Caligus
belone. By contrasto all the specles found 10 the
Canary Islands had been reponed in Allanllc waters.
allhough mosl of these records correspond lO the
westem coast (e.g. Cable and LJnderoth. 1963; Ho.
1963). The only available ¡nformallon from the cen
lraJ-westem AlJantic were sludles on trematodes
from fishes off Ghana and Senegal <Fisehthal. 1972:
Fischthal and Thomas. I972b,

Endoparasitism

The presence of gaslTlc hemlund dlgenean para
slles lO JuveOllc and aduh speclRlCns of C. hippurus
suggests that ,"feclIon takes place lO Medllerranean
al\ well as 10 Al1antle waters. The 1Ife cycle of these
endoparaslles 15 relallveJy complex. 'yplCal of man)
helmlOth paraslles. wlth several Inlermedlale hosls
11 may follow the typlcal model descrrbed by KOle
(1979. 1990b. 1990c ,. who reponed benlhlc gas
lropodS as fir~l IOtermedlalc hOSlS whcre lhe cercan·
ae develop. whereas metacercaTlae oceur 10 lhe
haemocoel uf copepods and chaetognaths Thl\
aUlhor also showed that some decapod lar\iae ma)'
be IOfecled by eallng the cercanae and that the
defiOlllve hosts were c1upelds. scombTlds and other
plankton-feedlOg flshes As all these orgaOlsms are
present 10 the Medlterrancan and Atlanuc walers. 11

appears that e h,ppurlls could acqulfc the parasllcs
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copepod crustaceans. Metacercariae have also been
described in jellyfish. in the ctenophores Pleuro
brachia. in diverse specles of Sagilla and in lhe
coelom of the polychaete TomOpleriJ. These non
crustacean invenebrales are cenainly infected when
eating copepods with metacercariae. and should
therefore be considered as paratenic hosts. In our
case( the infection by thls lrematode is early. which
suggests lhal il took place when C. hippurus juve
niles preyed on pelagic crustaceans. although the
possible infection roule by paratenic hosts such as
Sagilla and other invenebrate components of lhe
pelagic system cannot be ruled out.

The other two digeneans Balhycotyle branchialis
and Hirudinella sp. only appeared in a few cases in
Mediterranean waters. and can be considered rare as
secondary parasitic species. B. branchialis had been
previously reponed in the gills of large C. hippurus
specimens from the Straits of Florida (Burnett
Herkes. 1974), although Il IS nol proved whether this
parasite infects the gills or IS vomited from the stom
ach. as we have found in Dinurus spp. Two species
of Bathycotyle have been described. B. branchialis
in scombrids and B. coryphaenae in C. hippurus.
The only data to differentiate them is the presence of
an external opening of the Laurer's canal in the tirst
species (Gibson and Bray. 1979). Although il is not
c1ear whether the Laurer's canal has an external
opening or nol. we have seen a dorsal opentng lO our
specimens and in consequence we have considered
them as B. branchta/is. The life history of this
species is not known. The genus Hirudine/la IS a
typical stomach paraslle of manne teleosts (mainly
scombrids and tunas). although coryphaenids are
habitual hosts (Yamagutl. 1971). Due to thelr great
morphological variabillly. many studies have
described up lO founeen difTerent species of thls
genus. although Yamagull <1971 ) stated thal a wlde
ranging revision is requlred. The life eycle of lhls
endoparasite is also unknown

Florictps saccalus plerocercl have been recorded
in teleosts. whereas aduh eestodes are gut parasltes
of several elasmobranchs from the Atlantic and
Pacific Oceans (Campbell and Beveridge. 1994).
The only reference for these plerocercoids lO
coryphaenids was reponed by DoJlfus (19461 from
specimens caught in French Allantic waters. Its
presence in C. hippuru.f comlOg from the Atlanllc
Ocean as well as in the Juvenile fish bom lO the
Mediterranean Sea indicated thal the recrultmenl of
lhis paraslte is possible lO both areas. The absence of
parasitism in e equtJt'lt.\ Ola)' be due lO the small

eilher lhrough lhe ingeslion of copepods and olher
cruslaceans wilh melacercariae or lhrough ealing
small infecled fish. which acl as second inlermediale
hOSls (Gibson and Bray, 1986). These aUlhors seem
lO conclude lhal non clupeid tish could acquire the
hemiurids by feeding upon c1upeids or other plank
lon-feeders. The infecllon of metacercariae hemi
urid digeneans from c1upeld fish and cruSlaceans has
been recorded in C. 11Ippuru.f by several authors
(Dollfuss, 1927; Yamaguli. 1971; Manooch er al..
1984).

Similarly to other areas of the Pacific and
Atlantic, tish. cruslaceans and cephalopods have
been reponed as main components of the diet of C.
hippurus in the Mediterranean (Massutí er al..
1998). Nevenheless. an imponant change takes
place during the onlogenic development of the
species. Whereas amphlpod and crustacean larvae
make up more than 50% of the diet of juvenile spec
imens smal1er than 30 cm. cephalopods and mainly
fish are the most imponanl preys for bigger tish.
Taking into account thal the Dinurus species

1 appeared in juveniles (>40 cm FL) and adult speci
• mens (>60 cm FL), the transmission mechanism
~ from invenebrates does not seem probable and their
• infection is Iikely to be produced from ingestion of
• c1upeid or other plankton-feeder tishes such as
~ carangids. which are an Importanl component of the
~ C. hippurus diel.
~ The only data that we possess on the blological
• cycle of the species of Dmurus are due lO Dollfus
~ (1927) and Szidat (1950) The first author suggests

that cenain metacercanae found in the body cavity
~ of the crustacean decapod Ceraraspis monsrrosa
~ belong to Dinurus "Olalll.<;. a stomach parasite of C.
, hippuruJ. for which two forms of transmission are
- quoted as being possible: through invenebrates
~ <copepods. decapods and chaetognaths) or through
" venical mlgratory fish (c1upclds. carangids and
lt scombrids). Szidat (1950). on the other hand. con-
• siders that the c1upelds are IOtermediate hosts for
• Dinurus br~\'iducru,<j. whose melacercariae encyst or
.. encapsulate In the sklO 01 Sardma pi/chardus and
.. Sardin~/la aurila. where the paraslte produces a type
.. of "black spot dlsease".
,. On the other hand. lhe other gastric hemiurid

ucilhoc/adium exci.wm was only found in juve
,. mies. Thls specles IS reponed for the first time in C.
, hippurus. lis cycle is known through the experimen
~ tal studies of KOle (1991 l. As in Dinurus. its tirst
~ IOtermediate hosts are gastropod molluscs and the
, cercariae are found In the haemocoel of calanoid

,,
~
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size of these speeimens in the sample. whieh includ
ed individuals in the 30-52 cm fork length range. In
the same way. the diet eomposilion may possibly
playa role in the reeruitment of the parasites. The
high prevalenee observed in adult fish (Carbonell el
al.• 1998) eould suggest that the development of the
cysts in C. hippurus is slow or that they get the
infeetion late. Unfonunately. the time needed by the
ingested procercoid larvae to develop into plerocer
eoid larvae. and the time needed for the defenee
mechanisms of C. hippurus to produce the large
cysts of conjunctive tissue are both unknown. In any
case. the aboye mentioned authors have postulated a
four host cycle for this species. with crustaeeans and
plankton-feeder fishes as intermediate hosts for pro
eereoid larvae. C. hippurus as a paratenie host for
plerocercoid larvae and sharks as final hosts where
the stage matures. This agrees with the experimental
observations of Nakajima and Egusa (1972g). who
demonstrated that copepod and teleost fish are nec
essary for procereoid maturation and other teleosts
for plerocercoid development.

Metabronema magna is a nematode eommon in
the stomachs of salmonids (Anderson. 1992). In
marine fish. it had only been described in Caran-x sp.
and Sparus sp. (Skrjabin. 1991). This spirurid
requires me participation of an intermediate host
such as the cruSlacean amphipods. decapods and
mysidacean larvae (Black and Lankester. 1980). in
which the third larval stage can develop. Although
they have been found in fish of aJl sizes and ages. JI

I
must be supposed that early infection takes place
when C. hippurus feed on amphipods and deeapods.
The fact that the cysts generated by mese nematodes
are made of conjunclive tissue in tish with sizes
smaller than 50-60 cm Fl and are completely calci
fied in larger sized tish seems to suggest Ihal the
infeclion has been early. Given the rap.d growth of C.
hippurus (Beard~ley. 1967: Rose and Hassler. 1968)
however. il is nol unexpecled thal conjunellve CYSlS
have been observed in f.sh fmm 20 lO 60 em FL

The other spirurid nemalode Phi/omelmideJ sp
15 also reponed for the firsl time in C. hippuru.\
However. In conlrast, 1I only appeared JO a few ~pec

lmens from Medilerranean waters. The only !J>Cele~

of lhis genus known lO dale is Phl/omt:trOlde;\ J('rw·

lae. which was detected in marine lishes from
Japanese waters (SkrJabln. 1991) Our speeimen~

have the Iypical cUllcular plales o( rh" specles. bu'
we are not sure if they belong lO il.

The acanlhocephalan Rhadlnorh:vfI( Iru.\ prt.\11 \

appeared In fish from boIh areas. but wllh loVo'
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prevalence. This species was reponed for the first
time in dolphinfishes (rom Caribbean waters
(Cable and Linderoth. 1963). although it is widely
distributed in a greal number of epipelagic fishes
(Yamaguti. 1963; Petrochenko. 1971). The faet that
this endoparasite has been found in C. equise/is
specimens belween 30 and 40 cm FL. and [hat in C.
hippurus it only appeared in aduh lish. suggests
thal the infecrion of [his speeies eould occur in
Atlanrie waters. before the seasonal migration of
lhese specimens to the Medilerranean. It is known
[har the paratenic hOSlS have grea[ importance in
the biological cycles of the acanlhocephalans.
Thus. infection could OCcur when both speeies eal
paratenie teleosts.

Ectoparasitism

Ca/igus quadratus and the other Caligus species
have been recorded in all occans as ecloparaslles of ~

eoryphaenids. They have been found in the skin as 1
well as in the oral cavily. operculum. gill cavily and J
gill filaments (Palko el al.. 1982). They are monoxe· j
nous copepods whose copepodlle anfeclive forms ~

have flat bodies wilh a circular dorsal carapaee. and 8.

they swim freely lO rhe waler wilhan rhe pelagle f
eeosyslem. As che entire Jife cycle of C. hlppurus .§

lakes place in the same habilal. il IS not unusual thal J
this species can be strongly parasilised during Juve- i
nile as welJ as adulr stages. The infecrion stans In .1l

the early growth periodo reaches IlS maxlmum In ~

intermedíate aged fish and decrea.~s 10 adult5 Thls ~
¿¡

eould suggesr an immunogenac condltlon In large "
speclmens. whleh acqulre reSlstancc as lhey become
older due to me repealed conract5 berween parasiles
and hose Nevenheless. II is dlfficult lo reaeh any
definiuve concluslons aboul the mfecuon data slOce
[he eahglds have Ole ablllly to lcave lhear hosr and
IOfeet other hoSlS (KaNla. 1979) Also. we must
take lOtO accounl lhe relauonshlp berween
coryphaenads and floaltng obJects. whleh have been
poslulaled as elcanang Slallons whcre pelaglc flshes
go to have lhelr parasucs removed by other lish
(GoodJ08 and Magnuson. 1967)

Eun-phoru!t II\'mphof' '5 al ..o a world-wlde
speCles [har ha!' been recorded as an ecroparaslle 01
eoryphaenad~. Thls copepod paraslllzes the same
habItar as Ca"xus spp and 1I seems thal allhough JI

was a prevalen, "pecles lO cenrral·wesrem ArlanllC
waters. 11 was nol found In specll'nens captured In lhe
Medllerranean. where Ca/'guJ spp were predoml'
nanl Tñese d.fferences could be related lo water



surface temperatures. since they ranged between 16
and 27°C in the Mediterranean Sea. whereas in the
Atlantic the temperatures were less variable. ranging
from 20 to 23°C. We cannot either ellplain the fact
that the other ectoparasite copepod Neobrachie/la
coryphaellae was only found during 1995 in the
Mediterranean and was absenl in 1990 and 1991 and
in Allantic waters. The Iife hislory of this species is
direcl and the postembryonic stages belong to the
planklonic community. which nses every nighl to
surface waters (Kabata. 1981).

Pennella filosa is a mesoparasitic copepod which
has been reported in Xiphias gladius. Mola mola. in
sorne luna species and in marine mammals (Kabata.
1992). Recently. P jilosa has been found embedded
in the Oesh of Lepidocybium flavobrunneum cap
lured in the northwestern Atlantic (Benz and
Hogans. 1993). Only Pennella pustulosa and Pen
/leila varians had been reported in C. hippurus from
Australian and Atlantic waters respectively (Yam
aguti. 1963). Nevertheless. il 1<; probable that both
specles could be synonymous wlth P. filosa. due to
the great morphological variabi litY of this pennellid
copepod (Kabata. 1979; Hogans. 19E7; Raibaut.
1991). This anatomic plasticity has also been
observed by us. and although il is related to parasite
age. it is mainly related to Its location. In effect.
there are important morphological differences if the
paraslle is attached to hard surfaces (fin rays) or if it
is deeply anchored in muscular tissue or in the
<:bdommal cavity.

P Jilosa has an mcompletely known Iife cyc\e.
due to the lack of data on its chalimus larval phases
and Ihe metamorphosis of the infective preadults.
However. il is probably sImilar to other pennellid
specles. which are the only copepod parasites that
show a two-host life cyc\e. Sorne teleost fish (sorne·
times Ihe same final host) and cephalopods have
been reponed as intermedlale hosts of pennellids
(Kabala. 1981). Rose and Hamon (1953) have also
reponed chalimus stages and free males of P filosa
in Ihe gills of the cephalopods Sepi" and Loligo.
Thls paraslte is characlenstlc of large speclmens.
whlch have a diet composed of almost 20%
cephalopods and 60% teleosl fish (Massutí et al..
1998). Thus. its infection as the fish became older
could be related to a higher catch and predation
activlly on squids (lile.' mindet¡¡ and Todarodes

I .mgitt{l(u.~) and other cephalopods (Histioteut/¡is
I spp.) The predatory contacts might allow the inva·
I slon of infective forms from the gills and mantle of
I squids lO the skin 01" C. /¡il'I",rus.

P jilosa has not been found parasitising C. hip
purus in any sea or ocean of the world. The only ref
erences to this paraslte refer lO Ihe prevlously men
tioned fish where the presence of P jilosa has
always been occasional. wlth the collection of only
a few parasites which very often appear to be incom
plete due to the lack of the head. In our case. we
obtjJined a tOlal of 160 paraslles. alllhem ellc\usive
Iy parasltising lhe large breedmg fish lhat every year
visil the Medilerranean Sea. The presence of 30%
premelamorphlc parasites. as well as young females.
makes us suspect thal mfectlon takes place in the
Mediterranean Sea after lhe breeding fish cross the
Strait of Gibraltar and subsequently disperse
lhrough the whole sea. On the other hand. Pascual
(pers. com.). studying cephalopods captured in the
Alborán Sea and other areas of the southwestem
Mediterranean. has proved that atl the cuttlefishes
and squids captured in these areas were parasitised
(100%) in the mantle and gllls by larval chalimus
phases. possibly belongmg to copepod pennellids.
Consequently. it is very probable that C. hippurus IS

infected when predating on these cephalopods dur
ing its passage through the southwestem Mediter
ranean.

CONCLUSIONS

The sludy of the relallonshlps belween diel and
parasite recrultmenl alloVos sorne comments to be
made on the Iife cycles of sorne of the parasltes
found. Regardmg the endoparaslles (Fig. 1). a cyc\e
of three hosts can be proposed 'or Dinurus spp.. in
which the benthlc gaslropod molluscs and plank·
lophage fish. mainly c1upelds. would take part as
mtermediate hosts. wllh Con."lraena hippurus and
e equiselis being the deflOl\lve or final hosts. A
similar cyc\e could be apphed lO the olher gastric
hemíurid LeClthoclad/ll/ll ('XO\/I," but in this case
Ihe secondary hOSlS wou Id be larvae of copepods
and pelaglc decapods. The nemalode Melabronema
/IIagna and Ihe acanthocephalan RhadinorhynchuJ
"ri.~tl.s would have a cycle of IWO hosts. the firsl
being pelagic amphipods and Ihe second being lar
vae of diverse crustaceans In whose haemocoel the
stage III infective larvae and the cystacanths would
develop respectively. Finally. a cyc\e of four hosts 15

suggested for the cestode Flor/cep.s saccatUJ. wlth
crustacean larvae as pnmary hosts. planktophage
fish as secondary hOsls. C. lllppuru.s as the tertiary
hosl and various sharks as linal hosts.
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Regarding the ecroparasrtes (Fig. 2). P~nn~//a

filosa IS a copepod rhat needs two hosrs. a flsh or a
eelacean as a defintuve host aOO cephalopod mol·
luses as intermediare hoSls These lasl ones are
ínfected by copepodlte larvae rhat develop four chal·
,mus stages in lhe molluse. lhe lur of wh,ch are d,f·
ferentialed se~ually and are fenilised The males
then disappear aOO the fenllísed females tnfeer e
hippurus where lhey undergo eXlenslve melamor·
pOOsis. Thrs explalns the greal impon.nce of lhe
physical conlacts belween definttive and Intermedi·
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ate hosrs The rematnrng copepod paraslles have
copepodlle and pelagle chaltmus phases whlch form
pan of Ihe planktonte communll). where Ihe fourth
ehahmus stage dlfferenuates lOto preadull male~ and
females rhat are the IOfecuve forms for the glll" of
the coryphaenlds

The present study sho..-'" rhar the IIfe cycle and
behavrour of e h,ppur"s aOO e ~quu~11S are of
¡reat Imponance In 1M recruumenl. developmenl.
and transmr~sron of paras,tcs In lhe Al'anlrc Ocean
aOO In the MedllefTaneatI Sea In both speeles. lhe
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recruitment of parasites is qualitatively similar to
lhat of the large fish whose diet is based almost
exclusively on leleosl fish. Therefore. the feeding
habits. surface water temperature. and length and
body weight of fishes are related to parasite recruit
ments (Fig. 3).

This study shows that there are several parasites
of Q. hippurus that are potentially useful as biologi
eal tags for studying its migratory movements and
stock differentiation within the Mediterranean. and
between this area and adjacent Atlantic waters.
Within the endoparasites. the trypanorhynch species
F saccalus. widely recognised as a long-Jived para
site. and the acanthocephalan R. prislis. despite its
low prevalence. probably have the greatest potential
as biological tags. These species have a sufficient
Jife span and remain in an identifiable fonn in C.
hippurus long enough to cover the time seale of the
investigation. For the same reason. the usually shon
Jife spans « 1 year) of adult digeneans in the ali
mentary traet of fish. tends to limit the use of these
species as biological tags. Of the ectoparasite cope
pods found. P filosa has a particular advantage as a
tag because it is a large. very easily seen ectopara
site that leaves a prominent scar after its death.
thereby extending its usefulness as a tag beyond its
actual tife span.
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FIC. 2. - Proposed Iife cycles for lhe ecloparasiles. Lefl: Cycle for
PtMtlla filosa Righl: Cahgid cycle for Caliglls spp and EIlf)'pho·
'liS nyrrtphat Lemeopodld cycle for Ntobrach,tlla coryphatnat.

FIC ) - ReproduclIvt cycle of Cnnpha'flcl h'ppllrll.l (rom lhe AlIanlle Ocea" lO lhe Medlltrranea" Sea Len,lh and wt.,hl o( captured
f,she\. die. and pAr/mlt recrullmenls Fl (ork It'n,'h (cm)
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First record of Holocentrus ascensionis
(Osbeck, 1765) (Osteichthyes: Holocentridae) in the

Canary Islands (Central-east Atlantic)*

JOSÉ 1. CASTRO-HERNÁNDEZ and ANA Y. MARTÍN-GUTlÉRREZ

Oepan.amenIO de 81010l1a. Unlvcl'5idad de Las Palmas de Gran Canaria. Apdo 550. c.nary lslands. Spain.

SUMMARY: The capcure o( a specimen o( HOWc~"r",,1 asum,o"is (Osbed.. 1765). a speeies previousl)' unrecorded in the
Easlem Atlantlc nonh o( Gabon. is reponed (mm Gnn Canana Island (Canar)' lslands. Central·East Atlanllc)

K~)' words: Holou"'rus asullS'~tS; Ccnlnl-East Adanllc. Canary lslands

-

In February 1999 a specimen of Holocentrus
asc~ns;onis was fished off the south-eaSl coast of
Gran Canaria Island (Canary Islands). The ftsh was
caught using a trap (Hemández-Garcfa ~t al.. 1998)
located over the sea bouom al 35 m deplh. The
squirrelfish was housed in a 100-1 glass aquarium
for nine days in order to check its laXonomical sta
lUS and to observe its behaviour in the tank. In the
Eastem Atlantic. the presence of this species has
been previously reponed in SI. Helena and Ascen
sion Islands and from Angola and Gabon (Green·
fteld. 1981; Ben-Tuvia. 1990). This is the ftrst time
lhat il has been recorded nonh of the equator. and as
a member of the ichthyofauna of the Canary Islands
(28°N).

The fish was 205.0 mm of totallength (Table 1).
The distinclive characlers agreed with lhose given
by Greenfield (1981). The body moderately como
pressed (the standard length/heighl ralio was 3.06).
relatively slender and oblong. The caudal peduncle

·Rccetved Apnl 14. 1999 Acct'pled June 29. 1999

was slender and long. Edges of membrane bones of
head were semte and spiny. Three conspicuous
strong spines on the side of the head (2 opercular
spines and a preopercular one). The upper opercu
lar spine lwice size of the lower opercular one.
These lWO opercular spines clearly shoner than the
preopercular one. Upper jaw was long. extending
beyond posterior margin of pupil. Anlerior ponion
of the dorsal fin had I1 spines and the posterior
ponion of this fin had 16 soft rays. A posterior SOfl
dorsal fin 1.75 limes higher than the anterior por
lion of the dorsal fin (lhis aspecl is nOl weJl drawn
in Greenfield. 1981). The anal fin with 4 spines
(lhe ftrsl very smalJ and almosl inlaid in me body)
was foJlowed by 10 soft rays (Fig. 1). Fifly one
scales in lhe lateral-line.

During housing in the aquarium. the color of the
back and upper sides was reddish (or orange) wilh
golden refleclions (Fig. 1). It showed (wO dark
greenish stripes foJlowing seales inlersections on
upper sides. fading posteriorly. The nine stripes
below lhese were less distinct. pink lO white near the

FtRST RECORD Of HOLOCENl1tUS ASCENSIONIS Il~
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Flo. l. - HolocnrJnu ascmsioltis. 2OS.0 mm tocaI Imp. caughl off
Gran Canaria lsland.

belly, when tite fish was calm. When tite fish was
excited or frightened, tite nine lower stripes became
white, and three white-pink vertical bands appeared
from the pectoral fin region to the anal fin region.
The last band was wider than the other two, begin
ning al the anal fin and continuing lO the end of the
caudal peduncle. 1ñe lowel sides, belIy and breast
were shine-white. The snout and top of the head
were dark red, with the upper portion of the maxiJJa
and the venícaJ branch of the preopercular bone
white. Ir showed a white strealc diagonally across the
cheek. from !he upper jaw to!he preopercular spine.
The lower jaw was white bur the lower lip was red.
The iris was bright red near me pupil. the distal mar
gin blackish. The dorsal fin spines were yellowish or
yellowish-green, but the interspinal membranes
were white after the spine. and yellowish-green just
before the next spine. The 50ft dorsal fin rays were
pink with the membrane showing an intermediare
dark vertical line between rays. 1ñe outer caudal fin

T....LE. 1. - Morphometric (in mm) and mmsuc dala of lhe 1pCC1'
men af HCJ/OCIt"'rus cucltllSiOlUS ClUlhl In Gran c.nana bland

rays were white (the rest pink). The firSI Ihree anal
spines were white and me founh spine and soft rays
were pink. The pectoral fins were pink. but the upper
edge of the first rays were darker red. Pelvic fin
spine and anterior margin of first ray were while.
while the other pelvic fin rays were pink.

When caugth the squirrelfish produeed sounds. a
behavior that was also reported by Moulton (1958)
in the Bimini area (CentraJ-west Atlantie). During
housing, the fish was fed with pelletized food used
for feeding fish in aquaeulture.

This record suppons the comments made by
Greenfield (1981) who indicaled that possibly the
geographical distribution of this species was more
wide-spread along the African eoast. In the Westem
Atlantic, this species occurs from Nonh Carolina
(USA) to Santos (Brazi!) (Greenfield. 1981; Ben
Tuvia, 1990), and probably in the Eastern Atlantie it
has a similar latitudinal distribution (from Angola lO

Canary lslands. at least). Possibly. its populations
are scaree nonh of me equator or it is confused with
Adiory-r haslarus or Myriprislis jacobus and catch is
reported as red squirrelfish. as suggesled by Robins
tI al. (1986) in the West Atlantic. where it is includ
ed in market shipments of red snapper.
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for the design of new ftuorophores based on the D-A-D
configuration.
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Detennination of polychlorinated
dibenzofurans in blue mussels (Mytllus
edu/~ using miaowave-assisted extraetion
prior to HPLC·f)uorescence deteetion

A. Eiguren Fernández. Z. Sosa Fe~ra and
J. J. Santana Rodriguez
Oepartment of Chemistry. FICUIty of Marine SCitnCes. UniwBity
of Las Palmas de G.C .• 35017 Las Palmas de G.c.. Spain

In the last few years. increasing attention has been paid to
tbe toxica1 eft"ects of polychlorinaled dibenzofurans
(PCDFs) and d1eir impact on marine and tenestial biota.
Blue mussels often serve u indieator organisrns because
of tbeir capability of accwnulaling lopophilie poUutants
~ ~ir relatively smal) enzynwie degradation poten
tial. 10 order to assess the water quality of marine
ecosystems (1).

lo tbis work. the microwave-usisted extraetion (MAE)
technique. usin¡ a non-ionie surflCtant. polyoxyethylene
IO~I ether (POLE). is optimized u prior step 10 tbe
analyslS of PCDFs by high-peñormance liquid chroma
top'Ipby (HPLC) witb fluorescence decection in blue
musse~. ~ methodolo¡y allows a simple and rapid
analYS15 of dift'erent kind of compounds present in
divene media (2.3) and me use of surfaetants, reduces
the cost and toxicological eft"ects of me process.

1~1
I:--2'__1--.

~

FIpre 1. Recovery percenlllCS for eacb ualyte when abe
extrlCtioo time vanes. O, O) IS-IS-IS min; (2, .) IS-IO
10 min: (3. O) 10-10-10 mio: (4JC) 10-10-10-10 mino

RESULTS AND DISCUSSION

Extnlction process

To optimize the MAE process. differeot pmmeter'S bave
10 be studied. Faetors sucb u pH. volume and
cooceIl1I'IIiOll of tbe exll'lCUlll "ve beea lbIdied
previuosly (Eipren FemaDd& el Gl.. uupablisbed dala.
aod resulrs Ibow tbIldlese tacton bave no iDftueoce 011

tbe extraetiOll procas. 1be etfect of tbe exnctioa time.
power lDd number of wubin& steps is sbown in tbis
wOlt.

1be mussels (Myribu «ÚIÜS) were bomogenized and
liopbiliRd SampIes of 2& were spibd witb ID
appropriate amouIlt of eacb anaIyIe aDd were allowed
10 equilibrate for 24 h in a rowory system. The samples
were theo transferred 10 tbe extrICtiOll vessels.

For the initial conditions. a exnction power of 80%
and tbree wasbing stepS were esIablisbed (Eiguren
FenWldez ~I aL. unpublished clara). The effect of
extrlCtion time of eadl step was studied using tbree
differeIlt interva1s: (a) 15-15-15 miD; (b) 1S-1~10miD;
aod (e) 1~t~10 mino The resulrs obuined toc diese
CODditions sbow low recovery percadapI (Tibie 1). Fil·
I sbows tbIl tbe recovery perc:eotqe iDcreues witb the
number of chloriDe atoms in tbe moIecule. and alto
inaeaes whea tbe extraetion time dec:reaIes foc eacb
ana1y1e. lo order 10 obtain hiper recoveries. a oew
exll'lCtion step wu added. (d) 1~1~1~10 mino Under

TabIe l. Elrect ot abe extnctIoa tIlDe OD abe reco• ..., peraa....

ADalyte Abbreviation IS-IS-IS· IS-IO-IO· 10-10-10- 10-10-10-10-

DibeDzofuraa OBFo 10 17 40 63
4-Ca1ordibeazofuru MoooCOF 21 37 43 69
2.8-Dich1oroclibenzofuru DiCOF 30 48 4S 73
2.4.8-Trichlorodibenzofuran TriCOF 43 S9 S3 al
2.3.7.8-Teuachlodibenzofuran TetraCOF SS 64 16 83
1.2.3.4.8-Pentaehlorodibenzofuru PentaCOF 54 79 80 9S

• T... (miIll.
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f'IIIIn 1. ElUlÍOll of Iix PCDFs afIer MAE exnccion
process. (1) DBFo; (2) MoooCDF; (3) DiCDF; (4) TriCDF;
(5) TettaCDF; (6) PeaI8CDF.

this condiUOI1, lIIisfIctory recovay percemaps were
obtaiDed (Table l. Fil. 1).

ChrorMtographIc anaIyRs

Tbe exncts werc IUI,. IIIÍDI a HPLC syIIeID widl
ftuoresceac:e defectioD. 20~ of abe exncaed solutioo
wae direcdy iDjocIed ÍD abe dar.......,. l)'IIaD ID
obcaiD me lCpIrIIioIl of die PCDFs. CIromarop1Ipbic
coaditions were eaablisbed in aD iIocnbc: 1IJfllbanol:
warer (8S:1S. vlv) mobiIe pbase aod 1mUmin ftow nIe

(Fil. 2). DetamíDaIíoIl oC me diffaaat ualyta was
carried out by lDODitoriDa die re1Itive ftuorelCCDCe
inlalSity al me muimum Aa lDd A.. fOl' eacb lDaIyte
(4).
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L.uminescence anaIysis in transpaNncy
,... of tissue ~ linear Md non-Ilnear
abIorption

Asatur LaIayIn,
v.,.., se. UIMrsrty. Physics DepIrtment. A.. MInoogIIn "v.,..,. 37SQ2S. AnnIniI

In recent yan. a number of~chworb in oacoIoaY
have led 10 die~... of new modaIítia fOl' me
diaposis of mafi.... tiuue by !be lumiDeICCDCC
mecbod. Cuneady......Dlititen of !be 'second

gcoeratiOll' have been becoming more atttaetive for
researcbers in me field of caocer phototherapy (1-3).
These drugs have SU'OI\g absorptiOll iD me red-near
ínfrared specttal regiOll and dús pendiarity allows
provisiOll of more effective photoaction because of me
higb penetratiOll depdls oC die pbocons into die tissue
volume. The molecules of seasiuzers. wbich may be
exciled in red lDd oear-infrared specua. simullaDeOUSly
pouess IlIminescence. shifted 10 Jooaer wave1eDgtb.
Wbeo botb excitaban and Jnminesc:eoce waveleogtbs
are 10caIed in me 'transpareocy wiDdow' of tissue (about
600-1100 nm). this pec'lliarity mata Ibem ver¡ IUicable
for ftuoresceoce diagnosis iD die optical depcb of tissue.
1be otber palhway of red ftuoraceoce excitation ís two
pbotoo abIorpciOll usiD& iDfrared bi¡b-iIlIeDSity laser
imdiatioo. However. me SInJa& scaaraiD& of ligbt in
turbid orpnic media ís a serious ümitalioD &cror for DOn

liDear optical etfects. Besides two-pboroo Iuminel':CDtC.
which arooaly depaIded OD imeDsity. caD be detected al
sucb hip intensity mues. wbco tissue pbocodunaae abo
appem.

In me preseal wort. me ftucxaceoce lpeCIn of boch
oae-pboton lDd lWo-pbc:Koo exciwiOD lCbemes bave
becD 'baditd USÍDI Nd:YAG lasa' widl DlnoteCt1DdI
picoIecood operatioo mode. Fluoresa:oce specn from
die optically deep locIred cbIorin ~ and Zn-pbtbalocya
niDe ll'lOIecules al 660 nm waveleogtb of naoosecond
Iuer excitatioo were regíIraed. In this case me
ftuoresc:ence peak was loc:aIed Del!' 10 me Iaser exciWioo
peU ud WU registered UJÍDI ~Iass filt.er (KS-19), wim
ttIftIIIIiuion c:oefficienu of 10 ., lDd 9O'IJ for 660 ud
700 om.. rapecáveiy. Aftu specnI cuuina. me ftuores
ceoce peak was locaIed • 71SDID ud 69S nm.
respectiveiy for cbIorin ~ and Zn- pbIbaIocyanine, and
ditfered from laser imdiatioo. The recognizinl depCh of
tiaae al red excitation of boIh seasitiz.en incrase up lO

10....... ctisliDCt from me 2...... mm depCh 11 Iban (3SS
ud 532 nm) eltCÍtMÍOll waveJeaalbs.

NoIHiDeIr excited ftUOl~ lpOCtn of tissueI.
IeGlilízed by cbIoriD ~ aod ..............yriD deriva
Uve! uoder pic::oIecoDd pubes of niD ~0Il

(A -IQ64om. iDteDlÍty 100 MWlcm2
, pulse dunboo 33

ps) weR obraioec1 Tbe b:atiurjon of Ibe ftuorac:ence
peab of Ibe dya coiocides wi1b .... in case of onc
pboIon MDCNIOCODd excill'ÍOD 11 3SS nm. However, in
cae of two-phoCoa exciwioll. &be b8cqrouDd ftuores
ceoce la pnc:Iica11y Ibseot aDd bíIb ftuorcscence lipa)
CODIIIIt <==1000) ís IdUeved. 11 caD be explained thal
more effec:tive two-phoCoa absorpúOD of injecfcd dyes. in
COIIII*'ÍJOII witb Cftdoaeaous ftuoraccal qeDIS. illabna
pillee. UsiDa MDCNIOCODd rwtilÓOD of Ibe ame wave
Jeaatb and pulse mer¡y density, &be ftaoraceace specU'I
were preveated from rqisIeriDa becausc me c:rou
secúon of two-phoCoa absorpúOD wu Iow in leveraJ
orden.

To 1UJNIlII1Z,e. we have lbow1l me pouibílitiel of
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Abstract Auid iodusions have becn sludied in tbree
pegmatite fields in Galicia. NW lberian Península. Based
on microthermometry and Ramao speclroscopy, eighl
fluid systems have been recognized. The first fluid may
be considered to be a pegmatitic fluid which is repre
sented by daughter mineral (silicates)-rich aqueous io
clusions. These inclusions are primary and formed aboye
500 °e (dissolution of daughter minerals). During peg
matite crystallization, tbis fluid evolved to a 10w-densily,
volatile-rich aqueous fluid with 10w salinity (93% HzO;
5% COz; 0.5-;. eH..; 0.2Gf. Nz; 1.3Gf. NaCl) al minimum
P-T conditions around 3 ± 0.5 kbarand 420 oc. This
fluid is related to rare-metal mineralization. The volatile
enricbment may be due to mixing of magmatic fluids and
fluids equilibrated with the hosl rock. A drop in pressur~
fro~ 3 ± 0.5 to 1 kbar at a temperature aboye 420 oC,
~hicb ~y be due to the transition from predominanlly
hthostauc to hydrostatic pressure, is recorded by two·
phase, water-rich inclusions with a 10w-density vapour
phase (COz. CH. and Nz). Another inclusion type is
represented by two-phase, vapour-rich inclusions with a
I~w-density vapour phase (C02, CH. and Nz), indica·
tmg a last stage of decreasing temperalure (360 oC) and
pressure .(arou~d 0.5 kbar), probably due to progressive
exhumatlon. Fmally, volalile (COú·rich aqueous indu-
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sions, aqueous inclusions (H20-NaO) and mixed-saJt
aqueous inclusions with low Th, are secondary in charac
ter and represenl independent episodes of hydrothennal
fluid circulation below 310 oC and 0.5 kbar.

Most previous research on fluid indusions in pegmatiles
has becn focused on tbe fluid evolutioD related to some
of the internal evolution stases of pegmatites (e.g.
Mangas and Arribas 1987; Thomas and Spooner 1988;
Doria et al, 1989; Charoy et al. 1992; Nwe and Morteani
1993; Martin-lzard et al. 1995) or to establish the fluid
evolution associated witb differeot stages of pegmatite
crystallization (e.g. London 1986; Whitworth and Ran
kin 1989; Chakoumakos aOO Lumpkin 1990; Linnen and
Williams-Jones 1994; Fuertes-Fuente and Martin·lzard
1998); all of these studies have been carried out in bodies
that only belong to some of the pegmatite classes or lO a
type or subtype of the rare-element c1ass. A great many
of these sludies have concentrated on fluid inclusions in
different unilS of highly fractionated pegmatites (e.g.
London 1986; Chakoumakos and Lumpkin 1990).
Consequently, fluid inclusion studies on differenl classes
of granitic pegmatites which focused on relating lhe fluid
evolution to the stages of pegmatite crystallization ando
moreover, on comparíng fluid regimes between different
pegmatites classes are rarer. An examinalion of a spec·
trum of different c1asses and types of pegmalltes is re·
quired to broaden the fluid inclusion research in
pegmatites (Cemy 1994).

In the central part of Galicia. iD the northwest of the
lberian Peninsula, tbere are severai occurrences of
granitic pe¡matites, which are referred lo as pe¡matites
from Area Esquistosa de Galicia Central (AEGC). Some
of these pegmatites are barren while others contain
minerals of rare elemenls such as Nb. Ta. Sn. Be and LI
and may be of economic interest because of their
enrichment in these elements. A group of spodumene
bearing pegmatites was cited by Parga Pondal and
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Afler nappe empIacemenl the teetonic C'YOIution becomes pre
dominanalya wmx:b re¡ime durm,alut defonnation evenl (03)
wbich is characterized by folds with subva1ic:al uiaI planes and
shear zona. Al the samc time. latJe woIuma or synkinaaatic and
Iale syntinematic pníloids are emplac:ed (Ribáro el al. 1990). As
reprds lhe metamorpbilm. the aUochthonous basal uníl has un
deraone an eariy hip preuure (HP) met.amOr1*ism whidl charac
lenza lhe allochthonous compleaa bul as DOl obIerwd .n lhe
reJallve aUlochtbon. Tbc eneS of thu HP metamorphism was daled
by Van Calsleren el al (1979) and Sanlos Zelduqw el al. (1995) al
314 MI Al lhe end o( lhe emplaccmmt or lhe allochlhonous
compleles inlo .ts praent po$ItIon. botb alloc:blhon and reJalive
aUlochlhon underwenl a mctamorpluc ewftt uRder peetUChlll-fa·
C1CS condillons (Gil lberluc:h. and Arenas 1990). Arenas (1985)
sullftted lhal Ih.s episock corresponds lo a rncdtum-prnsure
,radienl wllh an lvera. T of l7S~25 -C and ,. al2S-lS kbar
The sllld)' of defonnallOn·reerystaJbzation rdauooslups dunna
Va rascan cvcnls shows lhal lhe peak or IUS naetamorpb.sm was
reached durina 02 (R.bclro 1970) Surnmanzed data from thc !tI·
craluff: pve aJeS for lhe ma,n def'onnation events and mctamor·
ph.sm betwecn 360-l20 Ma (OaUnwyu el al. LJP1) ud thc Jaac
dcformallon has bem datcd at aboul liS :t 10 Ma fCapdcvtJa and
VaaJette 1910)

In l~ aru whert AEGC peI1JIAlItes outeror. lh.. mcdium·
rmsure rnetamorpb.sm vana from lhe chlonac lo Sllltmanltc o

orrhoclasc 'SOIradc (Marttnez Catalán el al 19961 aDd as c:ocval
wllh lhe dcvclopmcnl o( I h"hl) cvol\'Cd 1ch.1t000l) (S2) whach as
Iffeclcd by Dl Durana D~. NNW·SSE treneS.na folds Wllh venial
iU~1 planes. such as lhe foral'e1 and Lalin Synforms (flp I
IInd 2) Coldcd lhe l'f'CV1ous Slfucture whach .s a malOr rccumbenl
fold WhOK vcr~ tS lO lhe easl lis I~r 11mb as afl'ected by lhe

Martínez Cardoso (1948). In a summary of tin meta
lIiferous ores in Galicia Occidental. Ypma (1966)
described "pegmatite-aplites" as being of possible eco
nomic interest. Hensen (1967) described the mineralogy
and petrography of some pegmatites being mined at that
time for cassiterite and beryl. Knorring and Vidal
Romani (1981) dealt with the mineralogy of a spodu
mene-bearing pegmatite aiso mined in thc pasl. Fuertes
Fuente and Martin-lzard (1998) documented in more
detail a zoned field of rare-clement pegmatites in the
AEGC known as Forcarei Sur. These authors proposed
five pegmatite groups, each group being made up of
pegmatites belonging to different types and subtypes of
the rare-element c1ass. The degree of differentiation and
rare-metal mineralization of these groups increases with
thc distance to thc parental granite according to Cerny's
(1989) model. Two other pegmatite fields, which were
formed from two diffenmt parental granites, have been
established in the AEGC (Fuertes-Fuente 1996) known
as Latín and Forcarei None. The former consists of
pegmatitcs bclonging to two types of the rare-clement
class and the latter is formed by barren pegmatites of the
muscovite cIass. Systematic studies of the fluid inclu
sioos associated with tbese pegmatiles have only becn
made in two rare-clement pegmatites of the Forcarei Sur
field (Fuertes-Fuente and Martin-lzard 1998).
Microthermometric studies .nd Raman analysis of fluid
incJusions have beco done in order to determine lhe p. v
T-X conditions of the multistage fluid circulation in the
pe8J!latites of thc .three dífferent ~tite fields (For- Fi¡. 1 GeoIoP:aJ map al tbc NW lberian Maaif showin& where the
carel Sur, Forcara Norte and Lahn) from AEGC. The studied arca (AECiC) is Ioc:aced in the GaIicían-Tru-Os-Montes Zonc.
current work makes use of these data to propose a •. (Modifled from Mar1inez Catalan el al. 1996)
general model of fluid evolution in relation to the diffe-
rent stales of pegmatite crystallization in the AEGC
pegmatites and lO compare fluid syslems in the different
classes of AEGC pegmatites.

The AEGC pelftlAtites are Iocatcd in the Galicia-Tras.()s·Montes
Zone defined by Farias et al. (1987) in lhe Vamean Belt of lhe
lbenan Mauif. This ZooM COOSIsts of a metucduneatary unil (lhe
ScbislOSC Domain) and a pile or units which form allodllhonous
compJeles lhruslin, ova- lhe Schislose Doma;n «(j;llber,uchl and
Arenas 1990; Fil. 1).

The ara SlYdied consists or lhe basal unit o( ORe or lhesc alloc
hlhonous complcul and the relatlve aUlochthon or thc Schiltosc
Oomain. Jeparalcd by lhe Lafin-Forcarei Thrust (LfT) (Martinez
Catalán el al 1996; FI'. 1) Thc allodltbonous basal unil .s madc
up or SChlSlS. paraIM'sses. felsic orthOlI1ClS1CS and amphibohles
(MarquiMz 1984; Fanas et al 1987) and has been dalcd as middlc·
upper Ordoviaan aDd o&der (Pnem el al 1970. Van Calsteren el al
1979; Garcia Garzón el a. 1911). Thc rdalm aUloc:hthon. Ordo
vicaan or oIder lo Iowa OcvoNan in lit. as formed by Idusts. sorne
of lhem ,rapbiae-rich. and SUbordlDaac quarlZltes (Marquinez 1914.
fanas el al 1917)

Thc lectonic st)'le of lhe Galicia·Tras.()s·Monles Zone .s
domlnalcd by lhe lhrust rqJmc reJaIcd lo nappe emplacemcnl
dun... lhe Varatean Oroaeny Thcre IR two Vamc:an deformauon
cvenls associatcd with nappe emplac:cmcnl DI. retumbenl rok1l
wilh nial pIane cleava¡e (SI); and 02. also conSlsl.n, of recum·
benl folds Wllh lIial plane CRnulallOn deava¡c or sch,slosity (S21
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Fic- 2 GcoIoPaIIettÍDI ud ICbcmatic map of the three pcpnatitic
fieIds from tbe Atea Elquiltola de GaJicia Ceolra1 (AEGC), Forcarei
Sur, Fon:arei None ud LaIín. (Adapted from Barrera et al. 1989)
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Synform weSlern Iimb wilhin bolh lhe allochthon and
lhe aulochthon. The Lalin field consists of pegmaliles in
lhe Lalín Synform and al the norlhern end of the
Forcarei Synform western Iimb. Thesc bodies are hosted
by bolh lhe autochlhon and the allochthon, and occur
aligned along NE-SW and E·W faults.

The geochemical characteristics. such as moderate lo
high concentrations of Li, Nb. Ta, Sn and P, along with
the mineralogy and internal structure of these peg
matites allow us to classify (based on Cerny's 1994
classification) Forcarei Sur and Latín bodies as rare
element pegmatites (Fuertes-Fuente 1996; Fuertes
Fuente and Martin-Izard 1998). On the other hand, the
whole-rock geochemistry of the Forcarei Norte peg
matites shows very low concentralions of rare elements
(Fuertes-Fuente 1996). Moreover, lhe mineral chemislry
of muscovite, K-feldspar and garnet classifies these
pegmalites as intennediate belween the rare-elemenl and
muscovite cIasses (Fuertes-Fuente 1996).

In Forcarei Sur and Lalin several pegmatite groups
are distinguished, each one being made up of pegmalite
boclies of a particular type or subtype. Fuertes-Fuente
(1996) and Fuertes-Fuente and Martin-Izard (1998)
poinl out tbal these groups fonn a spatial sequence of
pegmatile lypes/subtypes with ID increasing degree of
fractionalion outward from the parental granite, in
agreement with the zonation model of Cerny (1994). At
Forcarei Sur, froro \he parental granite outward, lhe
type/subtype sequenoe is: (a) barren pegmatites; (b) beryl
type; (c) beryl-columbite-phospbate subtype; (d) albile
spodumene type and (e) albite type; at Lalin only albite
spodumene and albite lypes are exposed. The highly
fractionated pegmatites of Forcarei Sur and Lalin (al
bite-spodumene and albite types) have a more or less
well-developed internal zoning with zones of primary
crystallization and metasomatie replacement units. The
latter partially replace the primary crystallization zones
and mainly consist of saccharoidal albite and minor
quantilies of quartz. The replacement unils are wide
spread in lhe albite-type pegmatiles of both fields.

The evolved pegmatites (spodumene-albite and albite
types) of Forcarei Sur and Lalín are enriched in Be. Li.
Nb. Ta. Sn and P which are concentraled as beryl. co
lumbite-tantalite, tantaliferous cassi teri le, apatite,
spodumene and montebrasite (lhe last two in lhe albite·
spodumene type). Apart from spodumene whlch only
occurs in the primary cryslallizalion zones, these rare
elemenl bearing minerals appear in the replacemenl unils.
Monlebrasile and apatite are also prescnt as primary
minerals in the primary crystallization ZORes Frequenlly.
Mn-rich apatite and eosphorile-ch,ilsirenite replacc the
earlier melasomatic minerals of the replacement unilS.
The primary crystallizalion zones and the replacemenl
units have cavities which are filled by hydroxyl.herderite.
bertrandite. adularia and quarLZ These minerals also fill
millimetre-sized veins which cross-cut the pnmary erys·
tallizalion lones and lhe replacement UOltS.

The barren muscovile pegmatites of the Forcarei
Norte field prescnt an internal lonina with lones of

Lalin·Fore:arei Thrust (LfT). Moreover, duriDa O), a ductile shear
ZOGe affected the watern Iimb of the Forcarey Synform (Barrera
et al. 1989). Late VarUcan NE·SW to W·E faults, atrecting the
NNW·SSE trendina folds and granitoids. are widespread in the
arca. In the investipted arca, synltinematic (O) granitoids are
wid~y exposeeS and have been subdivided into two aroups on the
basis.ofp«:tr~IOIY a~ aeoc:hemistry (Barrera et al. 1989): (Itcalc.
allcahne bi~tlte ¡raDltes and (2) peraluminous two·mica or mus·
COVlte artnltes. The AEOC pegmatites are related lO these le·
ucoc:ratic granites (Fuenes·Fuente 1996' Fuertes·Fuente and
Martin·lzard 1998). The emplacemenl of th~ peraluminous aranites
pr~uced a contaet mcwnorpbism which developed andalusite and
blotlte. I~ ~ arca. these ¡ranites have not becn dated. However.
ales.of símiJar synÜlelrultic (O) Ieucocratic lranites have been
obtalDed In the range of ))(}-) 10 Ma (Capdevila and Vlalette
1982).

These are grouped into three pegmatite fields: Forcarei
Norte, Forcarei Sur and Lalin (Fuertes·Fuente 1996;
Fuert~s-Fuente and Martin-lzard 1998; Fig. 2). Each
field 15 an area populaled by pegmatite groups which
have a cogenetic relationship and have becn generaled
by the same granite. Thesc faclS are mainly manifesled
by the whole-rock geochemistry and mineral chemislry
of the pegmatites (Fuertes-Fuente 1996; Fuertes-Fuente
and Martin-lzard 1998). Moreover, in each field the
bodies have a common structural tetting. The Forcarei
Sur pegmatite field is locatcd at the southern end of the
Forcarei Synform weSlern Iimb wilhin the aUlochlhon
The hosl-rack is affcctcd by schistosily (S2) which con.
trols the emplacemenl of the pegmatile bodies. The
Forcarei Norte field is also controlled by S2 schistosity.
Thls field is locatcd at lhe northern end of the Forcarei

-



primary crystallization ando sometimes smaU patches
with mineralogical and textural characteristics of the
replacement units bul lacking rare-metal mineralizalion.
Mosl of these patches are made up of albite and quartz;
when primary crystals of beryl oocur within or c10se to
these palches. this earlier beryl is partially replaced by
later beryl which often forros rims around the former.

The fluid inclusion study was carried out on minerals
from the most fractionated rare~nt pegmatites
(albite type) of Lalín aOO Forcarei Sur and from the
barren muscovite pegmatites of Forcarei None. The
selected samples tOFther with the inclusion types oc
curring in each one are summarized in Tibie l.

....,.. .....,...
Microthennometric studies of fluid inclusions were
performed on 150-300 JID1 tbick plates using I micro
scope equipped with I UMKSO Leitz objective and a
Cbaixmeca caolíng and heating stase (poty et al. 1916)
in the Laboratory of Fluid Inclusions of ()vjedo Uni
versity (Spain) and Laboratory of Geology of the Uni
versity of Las Palmas (Spain). The stase was ealibrated
with melting-point standards at T > 25 oC and natural
and syntbetic fluid inclusions at T < OoC. The venical
gradient is Iess than 0.1 OC at low temperatures within
40 pm of the wafer's surface (Dubois 1992). Measure
ments of phase changes at or below 31 OC are accurate
to within ± 0.1 OC aOO high temperature measurements
lO within ± 2.0 oc. AlI the inclusions were cooled to
-180 oC. The volumetric fraction of the aqueous liquid.
(/1M') and the volumetric fraction of the volatile-rich
Iiquid in lhe volaliJe-rich pbase (/le) llave becn estimated
by referenoe lo the volumetric chart of Roecider (1984).
Salinity is expressed in wt'l. equivalent NICI (Bocinar
1993) and ftuid density of volatile-free inclusions was
delennined by DÚaothermometry (Polter and Brown
1977; lhang and fraDlZ 1987).

!he composition of the non·aqueous portion of in
dividual incJusions was measured usín. a Dilor X-Y
multichannel modular Raman spectrometer <al CRE
OV. Nancy. Franc:e). Bu)k composition and densily
were computed from the P-V-T-X properties of
mdívidual inclusions in lhe C-o-H-(N-S) Syslcm (Du
bessy 1984; Dubessy ell\. 1989. 1992; Thlery el al 1994:

T'" a Sample materIAl and 'hlld ancha$lOft lype$ rouneS

Bakker et al. 1996). AII data were calculated from lhe
microthermometric measurements lOO the Raman gas
analyses. using a clalhrate stabilily model in the H 20
CH..-NrNaO-KO CaCh fluid system. belwcen 253
293 K Ind G-200 MPa (Bakker et al. 1996; Bakker
1995, 1997) and the computer program of Bakker
(1997).

The P·V·T-X propenies of Iqueous carbonic inclu
sions were model1ed for theH~rC~system using
lhe equations oC state of Kerrick and Jacobs (1981).
Jacobs and Kerrick (1981) and the computer code of
Dubessy (1984). For aqueous inclusions. the isachores
have beco drawn in the HzO-NaO system usíng the data
from Zhang and Frantz (1981) aOO the computer pro
gram Macftincor 0.92 (Brown and Hagemann 1995).

Tbe nomenclature offluid incIusions is modified from
Cathelíneau et al. (1993) and is bucd on bolh micro
thermometric and Raman data. Tbe type of total
homogenization Th is indic:ated by V (to vapour phase).
L (lO liquid pbase) and e (lO c:riticalltate). lbe praence
of C-H-Q-(N) specíes is indicated by IUblcript e (only
C-o·H-N volltile species aR detccted aOO H 20 is
absent). e·w (both water 100 C-o-H-N volatile species
are present). w-c (water ís larae1y dominant; in general
>80% and CO2 has a low density). w-(c) (C02 is only

detected by clathrate meltíng or by Raman spectrome
lry). and w (no C-H-Q-N volatile species lre detected by
any methods). The presenoe of daughter mineraJs is
shown by subscript s.

Electron images and energy-dispersive analyses of
included crystalhne salids were obtained on a JEOl
JSM-6I00 Autoscan electron microscope (SEM) and a
LINK EXl·IOOO energy-dispcrsive spectroscopy ana
Iyser (EDS) al OVlcdo Umvenily.

.............., ...-- ........, ,.-.
Tlking iDIO ICCOunl lhe micrOlhermometry and Raman
SpcclrOmclry resUllS. logelher W1lh mlcroscope obser
vations on lhe number of phases present al room tem
perature. psflaquad rallOs .nd their orl.in (primar) and
secondary). lhe sludled inclusaons in Ihe lhree AEGC
peJmltite 6elds can be separated into e1,hl arpes. Four
of lhan Ire aqueous-carbonic IDdusions Wilh speclfic
volume rltlO. number of phases al room lcmperalurc

Pqmalllf líeld Sampled pepnatllf Sampled ptpnalatt lOnt Ind mutefll studlCld (andUItOn IYJla/

Type Pnmary cryItallauuon lOfW R.....placanmt un.t

Fon:arei Norte
Lalan

FOIQrtI Sur

MIIKIOYIIC Banal pcpnalilCS C«val ....... and berrl (Ls· .. I
Ra~-demenl Albllt pepnallln (P .nd ra~-

~I nch Nb. TI. 8e.Snr
JUn-demcn1 AJbtac ....Uta IP.1Id rlre-

~l ndb.Sn. St.Nb. Tar

Laa~ bcryt owr"owths and q"'r11
Quanz (L.. -((). L ...·(. ~ .. ·r J-.

L.1. L.. 21
C~I qUlnz and btryl

U...·-{()......··e. ...c·..·)
Lal~ Mn·ndl a".lne (L".,.I

• Manera" Wllh !luid IndUllOftllUllablc rO' ..ud)' -en not faund
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a~d origino the other four are aqueous inclusions with
dlfferent salinities and dissolved salts. and one of them
h.as dau~hter minerals. In aqueous-carbonic ftuid inclu
SIOOS. wlth low molality of volatiles, the presence of a
volatlle phase was identified by the melting of clathrates
or by Raman spectrometry. Clathrate was detected in
the .inclusio~s by the presence of a double freezing event
dunng coohng (clathrate and ice; Collins 1979). In order
to determine the melting temperature of the c1athrate as
accurately as possible. a freeze/refreeze technique was
used (Roedder 1984; Shepherd et al. 1985). The micro
thermo".'etri~ and Raman spectrometry results are
summanzed In Tables 2 and 3, respectively.

Aqueous-carbonic fluid inclusions

Lw-(c) and Lw-c Iy~s

These inclusion types are most frequent in samples of the
replacement umts from pegmatites of the three fields.
They are observed in quartz and in beryl as small clus
ters or, sometimes, isolated. Fuertes-Fuente and Martin
I~rd ~1998) also described the presence of these inc1u
SIOOS. In ~ples from an albite pegmatite of Forcarei
Sur; In t.hlS case, the Lw-(c) type inc1usions outline band
sets whlch abruptly end a few millimetres from the
crystal border (Fig. 3). These band sets lie in either one
(quartz).or two directions (beryl). which are related to
th~ C~axIS of the two minerals. According to Roedder's
cntena (1984), we consider Lw-(c) and Lw-c as primary.
However, so.me Lw-(c) inclusions displaying irreoJular
shape are al~gned along small intragranular fractures.
and are ~nsldered as pseudosecondary (Fig. 3).

Th~ Slz.es vary from 5 lo 40 ~. Thesc inclusions
conlam two phases al room temperature (21°C) and
show a volumetric fraction of the aqueous phase (fiw)
betwee~ 60 a.nd 80%; lhesc described pseudosecondary
L.w-(c) mclusaons on small intragranular fractures have
hagher ftw (90 and 95%).

~m ice ranges from -7.8 to -3.5 oC at Lalín, -4.5 lO
-2 C at Forcarel Norte. and -3.8 to -0.8 oC at For
carel Sur. Te is observed around -20.8 oc. The melting
temperatuores of the clathrates (Tm el) are between 6.4
and .11.2 C at Lalin. and always aboye 10 oC at For
carel oSur (10.8 to 16 oC) and Forcarei Norte (10.7 to
13.5 C). In a few cases. the melting temperalure of CO2
(Tm CO2) is detectable (LM'-c type) at around -58 oc.
and the homogenizatlon temperature of CO2 (Th CO2)

lo the vapour phase as around 22 oc. Th has lwo mu
Ima, at 265 and 310 oc. The lower temperatures are
observ~d for the LM'·(e) pseoudosecoodary inclusions
along tntragranular fractures while the higher tempera·
lures are recorded for lhe Lw-(c) and Lw-C' primary in
dUStons.

Selected L~'-(C') and Lw-(" fluid inclusions together
wtth the mentloned pseudosecondary LM'-(c) inclusions
located aloog small intragranular fractures (Fs-3, Fs-4
and Fn·9) from pegmalites of the lhree ftelds were an-

-

alyzed by Raman speclromelry. The resulls are shown
for each field in Table 3.

VH'-e Iyp~

Vw-e inclusions occur in quartz and beryl from the re·
placemenl Uníts of pegmatites of the three fields. They
appear as small clusters in crystals, isolated. and also
related to small intragranular fractures (Fig. 3). These
inclusions always occur in the same samples as type Lw
(e), but the two types never occur together in the same
cluster. The average size is 3 JUt1 at Forcarei Sur, around
10 JUt1 at Lalín and between 10 and 20 JUt1 al Forcarei
Norte. They show two phases at room temperature and
the volumetric fraction of the aqueous phase is between
10 and 50·/•. Base<! on the criteria by Roedder (1984),
they are primary and pseudosecondary inclusions.

Tm CO2 has been measured between -57.5 and
-63.5 oc. Tm ;c~ ranges between -5.3 and -4.8 OC at
Lalín. between -4 to -2 oC at Forcarei Sur and between
-5.8 and -2.3 oC at Forcarei Norte. Tm el ranges from
6.5 to 9.3 oC al Lalín, from 9.7 to 11.3 oC at Forcarei
Norte and from 10.8 to 14.5 oC at Forcarei Sur. 111 is
between 300 and 400 oC to the vapour phase and, more
rarely. to the critical phase or to the liquid phase.

Selected VM'-C ftuid inclusions from pegmatites of the
three fields were analyzed by Raman spectrometry. Bulle
composition and density were calculated and the results
are shown for each field in Table 3.

Ve-M" 'ype

Ve-M' indusions were previously studied by Fuertes-Fu
ente and Martín-lzard (1998). These inclusions have
onl)' been found in quartz and bery\ of the rep\acement
unit of an albite ptgmatite (Forcarei Sur). Most of these
indusjons occur along well-healed fracture planes which
cross-cut several grajns. Moreover these fracture planes
cross-eul the mentioned band sets with LM'-(c) inclusions

of lhe quartz and ber)'1 crystals (Fig. 3). They are sec
ondary in character (accordlng to Roedder 1984). The
inclusion morphology is rounded. elongate or irregular.
and the size is around 9 ~. They have two phases at
room temperature and flM" IS belween 5 and 20%.

Tm C02 is observed between -60 and -62 oc. Th
CO2 varíes from 6 lo 7 oC to the vapour phase. Tm el
vanes belween 11.9 and 12.8 oC and occurs after CO2
homogenization. Tm ,et.' js around -3 oc. Th ranges
between 340 and 360 oC to the vapour phase.

Selected Ve-w ftuid incluslons ofalbite pepnatites from
Forcarei Sur were analyzed by Raman spectrometry. Bulle
composition and densily are shown in Table 3.

v 'y~. Ve and lIc-( ".} .~uh,,·~.~

This type only appears 10 replacement unit samples of
albite pegmatites from lhe Lalin field The V type has been

" .\
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T8Wt 1 Summary el microlhermomelric data for lhe difl'erenl lypes of ftujd inclusions in the AEGC pepnal¡les-

Iftdu$I()n l)'PCS OcurrencleS (host·mineral) Flw V,I v, Flc TmCOl 1JICOl TmcI Tmiet TIr

Typr u-w Forcarei Norle (prnet .nd beryl) ~.9S) ~.9O) - - - - (-0.2. -1.7) (290. 310) L
-O.S 29S

60 60 60 48
Typn LM--{c). LM·-c· Lalín (qUlrtz) ~,9S} - - (-Sa.l, -SS)· ~2la, 22}" ~6..., 11.2] (-3.S. -7.S) (190. 11S) L

9S -S8.3li G .1 -6 -S 260 310
87 lo" lo" G 6J 70 87

Forearei Norte (quartz aneS beryl) ~~S) - - - - - (10.7. I3.S) (-2,-4.S) ~190. 33S) L
12.7 -3 6S 310

66 64 61 61
Foream Sur
(qu.rtz .nd bery/) (SO. 9SJ - - - - (10.8. 16) (-0.8. -3.8) (19J. 34S1 L

1090 12.2 13.8 -2 215 310
60 61 56 78

Typr J·..··c Lalín (qu.rtz) (10. SOl - (-S7.4,-6O.9) - - ~6.S, 9.3) (-4.S,-S.3) ~296, 380) G
lO -60.2 .6 -4.8 -S.3 70
J9 17 J6 6 J9 L(I')

~Foream Norle (quarlz and beryl) ~O. SO} - - (-S7.-63.61 - - (9.7,11.3) (-2.3. -S.81 ~OO. 3901 G
-S8 11.2 -J SO J80 l

JI 27 40 4J 48 j
Foream Sur (quartz and beryl) ~I~. 40) - (-582. -62) - - (10.8, 14.S) (-1.9, -3.8) (340.400) G :>

-60.4 13.8 -1.8 368 e(4) jJO 15 15 15 11 L(3)
Typr Fe·.. Forarei Sur (quartz and bcryI) (S. 201 - - (-60, -62) (6, 7) G (11.9,12.8) (-J, -3.2) (140. J601 G ""10 -62 6.8 12 12.8 -3 360 ~

1/ • 1/ JI JI JI JI 8.
Ty~ L..... Forearei Sur (apalile) (6O,9S) . (-2.2. -3.9) (220.310) L

.- - - - - - I1090 -3 -3.9 23S 385
JO JO J2 .§

Typr Jf 'ª
Subtypr V.. Lalín (quartz) - - ~150, 40} (-56.8, -SS.2) ~7.a, 29.J} G - - - - i

-S7.4 -S8.2 829.3 j15 15 15
Sublypc V,··( ..·} (5. 301 ~IO. 40) (-56.9. -S8.4) ~27.7, 29.3) G ~7.3. 8.8) (-6. -7) ~24O. 3101 G .1l

10 530 -57.4 -58.4 829.3 .2 -6.5 10 fJ6 J7 J7 J7 18 11 17
~Typc 1--1 lalín (quaru) (90.981 - - - - - - (-1.4. -2.5) (140. 2031 L ¡;¡

90 -2 200 "17 14 17
Foream Nurte (quarll and bery\) ~.991 - - - - - - (-0.7. -4) (lOS. 175) L

-1.3 175
JI 18 JI

Tvpc LM2 L.lín (quarll) (95. 991 - - - - - (-15.6. -24.41(100, 2121 L
99 -15.6 100 145
MJ JJ 60

• Fho l/olumeulC (rM:tlon ol lhe aqucous pMte; Flc. I/olumettic (raction o( the carbon·rich liquid in lhe carbon-rich plta.e; VIIV, volumelric (raclion of lhe solid pitases; TmC0z:
melt'"llem~ralure of (,."02; 1lC02 homoaniulion lem~rllureel COl, pseous Slate (G), liquid .late (L) and critical .tale (C); Tmcl: meltina temperature of elalhrale; Tmiet:
meltina lempcr.lure of ice; TIr lotal homoaenizalion lem~ralure, pleOUS stale (G). Iiquid sl.le (L) and crilical slate (C). An lemperalures .c. Ranae (flrslline). mode (second line) and
numbef o( measuranenu (llUrd llne. "tI"el) are ¡ivera ror eac:h lype of fluid in each ocxurrence
·Typr I .....c only found in some sampln from lhe Lalín peptaliles

..........
.....
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TaWt 3 Microthcrmomefric aOO Raman data, aOO interpreted buJt composition of the selected fluid indusions from the studied AEGC pegmatitesa

Fields Types No Microthermometry Raman data Bulk compositioD

FIlO' (Fle) TmCO~ nco~ Tmcl Tmiu Th COl CH4 N~ dv X H~O X CO~ X CH4 X N~ X NaCl D

Lalin Lw-(e) U-19 80 - - 64 -78 318 L 82.S 17.4 O 0.1 94 3.2 0.2 O 2.5 0.8 ~
Lw-e U-8 80 -61.4 - 8.8 -6.S 310 L 82.9 7.8 9.2 0.2 93.6 4.S 0.2 0.2 1.5 0.8 j-

U·14 70 -S8.3 22 G 10.2 -6.3 33S L 93.2 6.7 O 0.2 92.3 7 0.3 O 0.4 0.8
Vw·e l)·25 10 -56.6 - 8.7 -4.8 370 G 100 O O 0.1 90.3 9.5 O O 0.1 0.5 ~

:;,

U·14 30 -609 - 76 -53 378 G 91.2 3.6 5.1 0.1 89.7 9.3 0.3 0.4 0.3 0.4 j
V

~
Ve (Subtype) U-9 (2S) -56.6 291 G - ~ - - 100 O O 0.3 O 100 O O O 0.3 0

"U-I (40) -S7." 29.3 G - - - 91.8 2.9 S.3 0.3 O 91.7 2.9 53 O 0.3 o-
:5

U-lO (JO) -58.2 27.8 G - - - 93.7 6.0 0.3 0.3 O 93.7 6.0 0.3 O 0.3 8.
Ve-( ...) (Subtype) D-I 10 -58.4 28 G 8.5 -7 250 G 92.7 2.8 4.4 0.1 61.0 35.5 1.0 1.6 0.9 0.6 IForarei Sur L...-(c) Fs-2 70 - - 12.8 -2.8 360 L 44." 49." 6.1 0.2 87.• 4.4 4.9 0.6 2.7 0.7

Fs-J 80 - - 13.7 -3 256 L 72.8 17.8 9.3 0.5 78.2 15.7 ),9 1.9 0.3 0.9 '"-ªFs-4 90 - - 11.3 -2.S 260 L 56.7 24.3 18.8 0.3 89.9 5.5 2.3 1.8 0.4 0.9 II

Vw-e F\I-I 40 -62 12 -2 400G S32 40.2 6.6 0.2 91.4 S.O 2.8 0.8 0.6 0.5
.",- a

Fsl-2 40 -62 - 12 -2 340 G S8.12 33 8.8 0.1 92.0 4.2 3.3 O." 0.6 05 ¡
Ve- ... Fs9-1 S -621 6.8 G 128 -3 360 G S3.48 ..1.48 S.O" 0.1 31.2 36.8 27.3 4.S 0.1 0.3 ~

Foram Norte Lw-(e) Fn·2 70 - 12.7 -2 31S L 73.8 19.2 6.6 0.3 91.1 7.2 1.3 0.4 O.S 0.8 fFnl·1 llO - - 107 -),8 328 L 79.4 I".S 6.0 0.2 9S.S 4.0 0.3 0.1 0.2 0.8
Fn·9 90 - - 11.3 -3 265 L 77.1 11.6 11.1 0.4 95.0 4.0 0.3 0.2 0.06 0.9 ~

V....e Fnl-2 40 - - 11.2 -".3 320 L 89.0 10.9 O 0.1 89.3 9.8 0.9 O 0.01 O.S ,'l
@

Fn·IS 20 - - 9.S -J J50 e 100 O O 0.1 79.8 20.1 O O O.OS 0.3
Fnl·7 JO -6J.6 - 11 .. -3.8 360 L 70.9 17.9 11.0 0.1 7S.7 17.2 4.0 2." 0.8 05

• ComposatlOCl in Il'101%. AII other abbreviations as in Table 2 and text apart from: d.: density of volatile-rich phase. D: bulk density of the inclusion. AII temperatures in oC



2. The gas phase of the aqueous-<:arbonic fluid inclusions
display¡ low density. L...-(c) incJusions bave scattering
gas densities due to tbe higber gas phase density (dv)
oC the Lw-(e) inclO5ioO$ Fn-9, Fs-3 and Fs-4 (Table 3).
Túing into accouot tbat tbese iDclusions represent
those associated with small iotragranular fractures. a
loss of sorne components during fracture developmenl
may have occurred.

subdividcd into two subtypes, referrcd to as Ve and Ve
(w), 00 tbe basis ofthe oumber ofpbases present at room
temperature. Ve subtype ioclusioO$ bave two pbases at
room temperature and they are made up of COz(L) and
COl (V). Ve-(w) subtype indusions are tbree-pbase in
c1usioDS at room temperature and they are composed oC
CQiL), COz( V) and aqueous pbase; the volumetrie
fraetion oftbe aqueous phase is between 5 and 30%

•

80th Ve and Vc-(w) subtypes occur togetber and
ouUine fracture planes which cross-cut several grajns.
These fracture planes lie in two direetions at ript angles. AqutoUS fluid incJusions
In each fracture plane !he microtbermometrie measure-
ments are similar. Taking into account Roedder's erite· u-w typt
ria, tbese inclusions are secondary. •. These fluid inelusions appear in gamel and beryl

Ve inclusions: Tm COz varies between -56.8 and samples taken from primary crystallization zones of
-58.2 oC. Th COz is between 27.8 and 29.3 oC to the Forcarei Norte pegmatites. In gamet, U-M.' indusions
vapour pbase. are composed of a Iiquid water-rieh phase. a water

Vc-(w) inclusions: Tm COz is between -56.9 and vapour bubble and daupter minerals. These indusions
-58.4 oC, Th COz is between 27.7 and 29.3 oC to tbe display the foUowin¡ distribution: (1) aligned in two
vapour pbase. Tm iu is around -7 oc. Tm el is between oblique directions and, from microscope observation. It
7.3 and 8.8 oc. Th occurs between 240 and 310 oC to the is not possible to establish whether these direetions are
vapour phase. ¡rowth bands. lnclusion morphology is prismatic or

SeJected Ve and Ve-(w) fluid ¡oclusions of Lalin elongate. The vapour phase occupies between 10 and
pegmatites were analyzed by Raman spectrometry. Bulk 20'/, of the lotal volume of the ¡nduslon; the solid
eomposition and density are shown in Table 3. phases, which occupy between 60 and 80% of the

As far as the gas pbase of the delcribed aqueous· cavity, are made up of anheclral quanz identified usíng
carbonie fluid inclusions is concerned. the following an oplical microscope. and two or more other crystals
facts are noteworthy: (Fig. 5).(2) These are ,solated inclusions wllh quartz

I 1 th Lal' d F . N .. t' field ca and other daughter crystals. besides a "quid and a
. n e an an oreare. o. ~e pegma lte s, 2 h Bo h 11 l·f h. h' f .L._ L.___ nd' . ed vapour pase. t occurrences a ow us to e ass. y t e

IS t e malO component o un; Ps PUAK a IS mili; I - •. I . d· R dd .
. h' CH d N he las f h' h . J-)-M ane uSlons as pnmary aceor 101 lo oe er sWlt manor • an z. t t o W le appears an a ( r'a

I . . .L._ F . N fi Id I en el.
very ow concentratlon ID un; orcar~1 orte e . n Apart from uartz. the mIneral idenlaDcal.on of f-s-M'
the Forcarea Sur field the ps phase as constltuted by.. q .
CO d CU . h' . . ( N mc1uSlons under an opllcal m.eroscope was dlfficull be-

z an "14 Wlt manor quantltJeS o 2' cause of the smatl Slle. One daughter mmeral. mdicated
Gas phase compositions of thc aqueous-carbonic as sI. was optacally eharaeterized by ilS hlgh birernn

ftuid of thc three pegmatitc fidds are plotted in che CO2- gence. SEM-EDS Investlgallons showed lhal one of lhe
CH..-Nz temary plot (Fig. 4). Thls shows that (he CH. mc1uded sohds was albJle. and the others were probably
content of the aqueous-carbonic ftuids increases from s.hcates. Traces of K. C. Na. a and S were occaslOnally
Lalin to Forcarel Sur. wlth Forcarel Norte m an inter- delected as films on the wal1s of opened mc1uslons The
mediate position sI solid could nOI be .denlified from SEM -EDS
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Fil· S Photomiaographs of two Ls·w type incIusions in pmet from
lhe Forcarei None pegmatite. Tbese incIusions oontain a vapour
phase, a bquid phue, and solid phues oomprising quartz and IlMI"al
non-ldenti6cd cryslals

The first melting of ice (Te) is around -35 oC, and
final ice melting temperatures (Tm iet) range from -0.2
to -1.7 oc. Homogenizalion lemperatures (Th) are be
tween 290 and 310 oC into the liquid phase. Above Th,
sohd sJ begins to dissolve around 340 oC. and conlinues
to dissolve up to 440 oc. Partial dissolulion of the olher
minerals is also observed. Above 500 oC, aH ~-w
inc1usions decrepitate, '

In the majority of the Ls-w inc1usions. most of the
enclosed solids are true daughter minerals, and consti
tute a mineral assemblage lhat is remarkably consistent
throughout aH Ls-w inclusions.

As was previously described. in Forcarei Norte peg
matltes the beryl crystals of the primary crystalhzation
zones affeeted by metasomalic replacement show two
stages of growth These are manifested by the presence
of two zones with different clarity and abundance of
tnc1uslons (Fig. 6): (1) the first is c10udy with primary
Ls-M'inc1usions of prismatie morphology Iying in two
dlrecllons: one paraHel and the other at nght angles to
the C-U;JS. These Ls-M' inc1usions display the same mi.
erothermometnc behavlour as in garnet. (11) The second
zone is frequently located at the border of beryl eryslals
or forms irregular bands replaeing the c10udy zone. The
beryl IS more transparent and has scarce inc1usions
belongtng to LII'-(c), L",-c and Vw-c types (Flg 6).

L",ul' typc
Thls inclusion lype only appears in the laler metaso
mllic Mn-nch apatlte of the replacement units of the
alhlle pegmatltes. and was described by Fuertes- Fuente
and Martin-lzard (1998) in apatitc of an albile pcgmatite
from the Forearei Sur field. The inclusions occur in two
ways: Isolated with rectangular or square morphology.

-

and aligned in lwo oblique directions with prismatic
morphology. They have lwo phases at room tempera
ture. The volumetric fraetion of the aqueous phase oc
cupies between 60 lO 80·/0. and the size ranges from 5 to
20 ~. Taking into account Roedder's eriteria (1984),
lhese inc1usions are considered as primary ones.

Te varies belween -48 and -SO oc. These tempera
lures are c10se lo lhe eutectie temperatures of the H20
CaCI2 syslem (Te =-49.8 oC, Crawford 1981), Tm ice
ranges belween -2 and -4 oc. Th ranges between 220
and 310°C lo the liquid phase. The salinity is low,
ranging between 4 and 7 wl% equivalenl NaC!.

Type LM'J
This type was found in quartz and beryl samples from
the Lalin and Forcarei Norte fields. The inc1uslons are
observed as fluid inc1usion planes whieh eross-cut sev-

Fig. ti ~henla\lc dlslnbulIon of ftuld IIlclUSlOns 10 iI.~ryl from lhe
Forcarcl Norle Iield The dnrk ZlJIl(' IS lhe "old beryl and Ihe c/l'ar
=""l' ,~ Ihe "ncw bery'"
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characleriz.ed by dlfferenl flUId composilion. pressurc
and lemperalure conditions can be establishcd dunng
lhe formarion of these pegmalites. The calculilled IS()'

chores for cach inclusion typc are shown in flg. 7

Stage EO: primary crystallizalion

The finl stage of fluid trapping (EO) may be represenled
by the Ls-w type occurring as primary incJuslons 10

minerals from the primary crystallízation IOnes. There
are not enough data to obtain the Ls·... isachores be·
cause the true composition of this fluid is not known.
However, on the basis of some microlhermometnc dala,
such as the partial dissolutioD of daughter mineraIs and
the temperature of inclusion decrepitation, it is possible
to infer a trapping temperalure ofthese incJusions aboye
500 oC. Threc Jater stases can be distinguishcd in lhe
three pegmatite fields (Fig. 7).

Slage El: metasomatic replaoemenl

Fic. '1 P- T reconstrucuon d.."..m w"h 1M lIiOCfkwo ol lhc clafl'cnnl
nUld IndUllOflIYf'D oIlhe lhter J1CP'Iu~ fIdth rroen lhe AEGC lb:
'Iahtbty houndaI) 01 tI'Otlle (/1 (V.rdlr) 19I91.nd lhe .Iumenowl.
IUIC ltabllfly /1ddl (11 (Roble and Han."P'." 1*1 8ft Ihown Thc
,It,,1; ;tIft('.1 are I.hc mtnlmum P,7 rondtllO." rOl lhe deflcnml "10
IU. E2 and El) uf' 1I'.pp'n. rOl IH~ L....,/ • ..., L.. ·I, l·..... 1'11,
"lid 1'( ...·1. Lwl .nd L.. 2 IndutiOft\ Tht Er .nd EJ- ,.,1. :,.....,
rqwaml Ihc 1IJl,- of IntPf'lft' ol 1(....nd L..... indUltO" I~
.. hlCh were onl~ 'ound In lhe .Ihtlc l'CP'I"lCI rr,,", fon:am Sur rlcld

eral graans and have dílferenl orienlallon and lenglh.
They are secondary inclusíons on lhe hasis of Roedder
(1984) Inclusion morphology is irregular and siu ntnges
from I lO lO J1I1l. These inclusions are two phases with
volumelric fractions of lhe aqueous phase ranging from
90 lO 98%.

Tm ice varies between -1.4 and 2.5 OC (2.4 lO
4.5 wt% equivalent NaCI) al Lalin. and from -1 lo
-4 oC (1 to 6 Wl~o equivalent NaCI) at Forcarei Norte.
Th líes between 140 and 203 oC at Lalin and ranga from
105 to J75 oC in the liquid state at Forcarei Norte.

Type L'l4'2
This typc appean in pegmatite samples from tbe Lalin
field. Lw2 inclusions are observed as fluid inciusion
planes cross-cutting several grains and the V and Lw1
meJusion planes. Tbey ate secondary iD cbaracter. Lw2
inclusions have two pbases at room temperature, aDd the
volumetric fraction ofthe aqueous pbase is aroUDd 9S~o.

Tbey are irreguJar in morphology and variable in siu,
from 1 to 10 JUD. Tt is below -SO oC. thus Lw2 inclu
sions probably coDtain cations such as Ca, Mg, K and
Na in solutjon (Crawford 1981). Tm ~t ranges bctween
-16 and -25 oC (19 to 25 wt% equivalent NaO), and
Th ranges from 100 to 212 oC lo the líquid phase.

The Ls-w lypc occun as primary inclusions in lhe garnel

This stage (E 1) is representcd by fluid ineJusions be·
longing to types Lw-(e). LM'·e and Vw-e appearing as
pnmary indusions in minerals of lhe replaoemenl unils
The mmimum trapping condltlons are gJYen by Th (tolal
homogenizatlon temperature) and Ph (homogenizatlon
pressure), i.e. 31(}-335 oC and 14-18 kbar for the
Lw-(e) (LM'-e) lsochores from Lalín In Forcarei Sur, lhe

and in the carlier ~I cores (Fi~. 6) 80th minerals mlDlmum trappmg condlllons (Th. Ph) are 360 oC and
were ~ken from pnmary erystalhzatlon IOnes of lhe 2.25 kbar. In lhe case of ForcareJ Norte pegmatlles. lhe
pegmatltes. By contrast,. LM·-(C). LM"C and Vw·e lypes" Th of L"".(e) incluslOns IS 315 and 328 oc. and mlnlmum
appcar as prlmary mclusJ(~ns ID be1)'I and quartz laken trapping pressures are 1.9 and 2.25 kbar respectlvel>.
from repl~cemenl UDlts (Flg. 3) or as prlmary mcluslOns The P-T condltions of lrappmg may be constramcd
m Iater mmeral o.vergrowths sueh a~ lhe later ~ryl nms by the mineral assemblage The metascdlmenlS m whleh
around the earher beryl cores wllh Ls~M' mc\uslons lhese pcgmaule fields are emplaced have been Ift'ectcd
(FIl. 6). From mleroscopc exammallon 1I IS not casy to
establish a ehronologica' relalionshlp belwecn V,,·e,
Lw·(e) and L",-c lypes. However. the fael Ihal VI1"( also - - _~ _._0__ oo. __ • --... ......... ,...,

occurs as pseudosecondary mc1usions wllh Ihe Sétme
mlcrolhermometnc characlerislics as Vw-e pnmary ID,

eJulions has allowcd us lO consider the V",-e mcluslon
lrappinl as Iater than that of the L...-(e) Ind L,,·( m·
eJusions but very eJote ID time. LM'. incluslons occur as PlDIrll

pnmar)' inclusions in later metasomatic Mn·rich apllltlC
which in the replacemenl unals repaac:es sorne of lhe
menlioned metasomallc mUierais such as lhe L/I·ft/.
L ..·( and VII'-( inclusJon·bearing quaru

Ve· 11', J'. LII" Ind LII2 appear as ICCOndar) ftuld
tnclusions In lhe clled primar)' and metasomalJC mlner·
als From mlcroscopc cxamination it 1I nOI poISlble lO
establish a chronoloJlCaI relationshlp belwccn Ihese
secondary tndusion types

00 lhe basas of Ihe chronololucal relatlonshlp betwecn
lhe establishcd ftuld mduslon Iypes. severa I sta,c\
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by contact metamorphism due lo lhe parenlal graniles
and lheir associated pegmatites. The thermal metamor
phism is characterized by andalusite and biotite. Taking
lOto account lhe broad Iimils of the biolite slability field.
the minimum temperatures Iie between 380 and 420 oC
(Yardley 1989; Fig. 7). Using the maximum stability
conditions and the Lw-(e) and LM'-e isochores. appro
ximate minimum pressures and temperatures for the
fluid inclusion trapping can be estimated between 2 and
2.5 kbar at 380 oc and between 2.5 and 3.5 kbar at
420 oC for the Lalín and Forcarei Sur fields. In Forcarei
Norte. P-T estimates are around 2.5 and 3 kbar at
380 oC and around 3.5 kbar at 420 oc. These P-T
conditions agree with lhe presencc of andalusile in lhe
metasediments (Fig. 7). However. pressures above the
andalusite stabilily limil (around 4 ± 0.5 kbar. Robie
and Hemmingway 1984) are obtained for isochores thal
represent the Lw-(c) inclusions spatially associated wilh
small inlragranular fractures (Fs-3. Fs-4 and Fn-9). This
anomalous pressure of lrapping agrees wilh lhe previ
ously mentioned fact lhat lhese mclusions have leaked
afler lrapping.

On the olher hand. Vw-e inclusions were lrapped
under lower pressures. The Ph· Th is around 0.3 kbar
and 370-380 oC al Lalin. between 0.2~.5 kbar and
34()...4()() oC at Forcarei Sur. and 0.5-0.75 kbar and 320
360 oC at Forcarei None.

As already menlioned. we consider lhe lrapping of
Lw-(e) and Lw-c lype inclusions to have been before lhe
Vw-e type. but close in time. In this way. the tempera
ture reglme dunng the V"'-e fluid mclusion trapping was
probably similar to lhat of lhe LK'-(e) and Lw-e. lhus lhe
blotite stability criterion can also be used. i.e. temPera
lure between 380 and 420 oc. Taking into account the
homogenization temperatu res of type V"'-e fluid inclu
slons (Th clase to 400 OC). we consider a siluation elose
to lhe upper biotite stability Iimil of around 420 oc.
Therefore. in all lhree pegmatite fields. the eslimate of
Ihe P-T pair for lhe V",-c inclusion Irapping is around
1 kbar (0.~.15 kbar al Lalin; around 0.8 kbar at
Forcarei Sur. and 0.75-1 kbar at Forcarei Norle) al up
to 420 oC (Fig. 1) We can extend lhe consideration to
lhe previousl)' described LII'-(c) and LII··( trapping and
assume a temperature c10se to the upper biotite stability
hmlt. In Ihis way. pressures of 3 ± 0.5 kbar at tem
peratures up to 420 oC are eSlimaled for lhe LII'·(c) and
L",-c flUId inclusion lrapplng.

Thc drop in pressure dunng El from 3 ± 0.5 lo
I kbar al lemperatures aboye 420 oC ma)' be due to the
transition from a predominantl)' Iithoslatic to a hydro
slatlc pressure regime. related lO the developmenl of the
ductile shear zone which affected the Forcarei Sur and
Norle pegmatite ficlds dunng the Dl The inlragranular
fractures. whlch In several cases hOsl flUId incluslons
wilh divergenl composilion and densll)' (eg Fs·3. Fs-4
and Fn-9). ma)' be relaled lO mlOeral deformation dur
mg shear. In the Lalin field. lhe pegmallle bodies have
I01ruded lhrough fauhs developed lO the lasl episode of
the Variscan deformation Thc prollrcsslVe frllclurin@o of

-

lhe pcgmatitc bodles may rcncct the changc Crom pre
dominantly hthostatic to hydroslatic pressure. beglnnmg
wilh small ínlragranular fractures. Larger fractures.
whích cross-cut several cryslals and are related to lype V
inclusions. were developed later.

Stages E2 and E3: late hydrolhermal processes

Slage E2 is characlerized by secondary complex car
bonic and aqueous~rbonicfluid inclusions.

In Forcarei Sur field pegmatites. slage E2 (Fig. 7) is
represented by the Ve-K" inclusions which are charac
terized by low density. The isochores give a minimum
trapping pressure close to the true pressure of 0.5
0.75 kbar. Minimal trapping conditions are around
0.6 kbar and 360 oc.

In Latin field pegmatites. slage E2 is represented by V
type inclusions. These display low density and show a
minimum trapping pressure close lo the true pressure
(Fig. 7). The presen<:le of an aqueous phase in the Ve-(w)
subtype allows us to apply the total homogenization
temperature to lhe representative .¡sochore of Ve~(w.J

subtype inclusions. and the obtaaned Th-Ph pan 15

250 oC and 0.5 kbar. Thus the thermobarometric con
ditions for this stage E2 in Latin pegmatites are around
0.5 kbar and 240-310 oC (from the value range of Ve
(w) subtype homogenization temperatures).

Stage E3 is characlerized by saline-aqueous (Lwaf"
Lwl and Lw2) fluids. Al Forcarel Sur. LM'af' Incluslon
isochores indicate that the Ph- Th lies between 285 and
310 oC and between 0.3 and 0.6 kbar (Fig. 7). At For
carei Norte and Lalin slage E3 is characterized by lower
mínimum temperature and pressure of trapping. be
tween 100 and 200 oC and below 0.1 kbar respectively.
Taking the steep slope of these isochores into account. a
stight temperalure increase produces a hlgh pressure
increase. but there are no data from mineral geother
momelers. These inclusions may have been trapped
when the pegmatite bodies were located at lower depth.

The composilion of lhe diflerent anduSlon types ror each
pegmatlte field enable us lO propase a @oenera\ model of
flUid compositlon evolulion.

The fint flUid (Lr-M·). which mllY be referr~d to as
pegmatilic. is a sIlicate-nch aqueous flUid. The sihcates
present within il are qUlm. alblle and other unidentified
sihcates. It may have evolved through crystalltzation and
cooling of the pegmatite bodjcs to comparatively solule
poor Ilqueous Ruid. This aqueous-rich fluid progreso
slve!>, evolved to a low density volau!e-nch aqueous flUId
wlth low sahnity which was trllpped b~ I.II-(c') élnd LM'-c
anduslons. It IS dlslribuled wldely 10 all sludled pego
mlltltes and its average compasllIon IS ~3 0'01% H20
S mol% CO,"'().5 molo/. CH.·.().2 mol% N 2 and
1.3 mol% Nael. II is trapped h~ mineral .. Crom the



replacemenl unils. There(ore. II I~ relaled lO lhe ~g

malÍle slage when lhe rare-elemenl mmerahzauon
occurred. The volalilc enrichmenl may havc becn due lO
a mixture of magmalic ftuids and flulds from the host
rock.. so the pegmatite was an open system which may
have permitted the mixture of magmat.c and host-rack
derived fluids. The ftuid described. with a pressure dr~p

al relatively constant temperature. increases ¡ts volatale
content (mainly CO2) and decreases .LS salintty and.H2~
contento The average composition of this fluid. wh.ch 15

trapped by Vw-c inclusions. is 86.8 mol% H20.
II mol'l, CO2, 1.5 mol'/e CH., 0.5 mol'l. N.2 a~d

0.36 mol'!, NaCI. The last stage of evolution of lbls fl~d

can be inferred from the Ve-w inclusion type of alblte
pegmatites (rom Forcarei Sur. These i~usio~s i~dicate

the existence of a later aqueous-carbonac flwd CIrcUla
tion with a slight dccrease in tempe~ture and press~re,

probably due to progressive exhumauon of~ boches.
In tbese albite pepnatites. wilb a decrease In temper:a
IUle at constanl pressure, there was a subsequent Clr
culation of a hydrothermal aqueous fluid which altered
the pqmatile bodies. From ~s fluid. larer Mn-nch
apatite wu formed. In the ~11n. field a later stage of
carbonic-aqueous (type V) flUid arculauon must be the
resuJt of heteroaeneous trapping of a relatively high
density volatile phue-nch aqueous hydrothermal ftuid
introduced into tbe pegmatJte lbrough later fractures.
Taking a general evolutlon of thesc boches into account.
a progressive transation from a mapnatlC (pegmaul'c,
stage to hydrolhermal sta¡e must have occurred.

Finally. there was a circulatlon of cool hydrothermal
ftulds (L... I and Lw2) which altered the pegmalite bod.~.

through later fraclures when lhe boches were c10se lO lhe
surface. The low lemperature alteratlons may have
formed low temperature manerals such as hydroxyl
herderite, adularia and bertrandile.

In AEGC pegmatitc fields. the CHe conlenl of lhe
aqueous-carbonic ftuids Increases from !.alín through
ForcareJ Norte to Forcare. Sur Th.s decrease In oxygen
fupe'ly does not sean lO be related to lemperature
vanal.ons because Similar ranges of lemperalure (or lhe
aqueous-carbomc ftuld trapp'"B are recorded 10 lhe
lhree pegmattte fields Moreo\'er. lbere IS no correlatlon
betwecn./02 and mmeralog)' or the degree o( pegmallte
(racuonatlon Slnce lhe stud.ed alblle pqmatttes of
Forcare. Sur and Lalin have slm.lar mlOcraloJY and
degree of fract.onatton. howe\lcr. Forarel Sur has a
lower /02 and uhn a hlghcr one As a posslble expl,,·
naltOn we are rutung forward a vet)' Important IOter·
.etion belween lhe ftulds and the hasl roc~ As
mentloned earlter. the host rock of the sludled Forcarel
Norte and Forcam Sur pepnatJtes are graph.te·nch
schist (the aUlochlhonous sequentt). whereas the Lalin
pepn81ltes studted are hosted by rocks whlCh do nol
have lh.s composllIon (abe allochthonous sequence)
Tberefore. the fluid chem.str) m..y have becn controlled
by .raphlle-ftuid cqUlhbr.l.on. .mplymg • lauree o(
ftuids extern.1 lO lhe pqm'lJtn (surroundtng mela·
morphíc senes) The aqueous-carbonlC ftutds of the

\4.'

Forcarel Sur field are lhe CH..·nchcsl In Ihe~ peg
malÍtes the replaeemenl UOlIS are oflen located al Ihe
border lonc of lhe bodles. and lhe samples for lhls ~Iudy

were taken from those arcas adJacent lO lhe conlacl wllh
the hOSl rack. This agrees wilh graph.te-nch hosl-rock
as a methane sourcc.

The current sludy has shown lhal ftu.d tnciuslOn dala
are usefuJ for establashing lhe composilion and evolullon
of pegmatilic fluids logether w.th the P-T path model
affecting lhe pegmal1te bodies. Thls sludy has revealed
the following major poinls:

l. The magmalic ("pegmalitic") fluid in AEGC peg
matites is preserved in primary fluid incJuslons hosted
by garnct. This fluid is aqueous and silicate-nch,
having many of tbe characteristics of solution-melt
inclusions which were described in Tanco pegmatite
by London (1986). Similar fluid inclusions have also
been found in otber fluid inclusion scudies in peg
matites (Doria el al. 1989; Linnen and WiIliams-Jones
1994).

2. This mentioned magmatic ftuid evolved through
crystalJization and coohng of lhe pegmalite bodies lo
aqueous-carbonic fluids. The salinily of these ftuids is
similar to that of lhe low-salinity aqueous or aqueous
carbonic fluids observed in cassilerite-bearing pego
malites, e.g. La Fregeneda (Mangas and Arribas
1987), lbe Nong Sua apbte-pegmatite complex (lIn
nen and Williams-Jones 1(94) and olber tin-bearing
pegmaliles. e.g. Tanco (London 1986; Thomas and
Spooner 1988). .

3. The volatile enrichmenl ma) be due lO a mlxlure or
magmalic flu.ds and ftuids (rom lhe hosl-rocK. Thus.
these pegmatlles are an open-~y~lem

4. The P-T path model show~ an Importanl drop 10

pressurc (around 2 lebar) at conslanl lemperalure We
attribute il to the chan¡t from hlhostallC to h)dro·
stalíe pressure. whlch '5 ilseJf dIJe lO the dcveJopmcnl
of a duetile shur lOnt and fracture systcm. bolh of
which atrected these bodtes Thl~ lwthermal decom·
pression is indicalcd in olhtr pegmallle bodles. e g
the Nong Sua aphte-pegmal.l( comple. (LlOnen .tnd
W i1liams-Jones Iqq4 1

S Thc dominan! controls of r.fc-clernenl mmcralt141110n
'" the repla~menl UnJU of lhne peemaltle\ scem 10
be Isothermal decomprelSlon and ml\,"~ Wllh

eXlernlll carboOlc flulds

4ckM1..... Ca 1M wort ha. becft filUlnccd ~ lhe ( le'! 1
rrOJeCI GEO 91 1077 (Eduealloul SocIkC Mm..,,. oi 51'\01'01 .Iml

.upponed b) FPI \"~ an MEe fdl<"'Ü\'r lO 1M ftr~l "ulhol ".:
lh.n" lhe~ fOf l~f nKoura,m, W,,"1'on\ ...hlCt, h.. H'

.mpro\1ld ..",.fKalllly lhe contcnl and c"nl) of lhe ral'Cf

4~n" R (1911S1 E"oIuclon ~uolo'K4 ~ ,roqulml<.. <k l.. IIn.
dad alóc10nll ,nfl'flOf '" comp'r,o nwt..motfter' h3",..... l
ItahellCo de: <'.N\ ()n~,.1 (Untd4ld dt Moectwl ~ ~l \.1"",,,
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po&op:aIlCUiD¡ oflbe Pruqueira J'OII""iIe wu out
liDed by Mm1iD-1zInt ~ lIl. (1995. 1996).

Tbe Pnaquein depoIit occ:un bIt"eco opbiolite
~ ofOalicia (0rdeaeI CclaIpIex) ud Portupl
(B~ ud Monis complcuI). 1'beIe complcuI
r..... fnptmll of oceaic auIt tbat wae Ibruat
over Ibe lCbiIt ofdie~ damIiD cImiDa die firIt
ad lOCClDd pbuc ofdle HercyaiD Oropay. Heeaop
DeoaI twHDica paite (Burera el aL 1989) were
empIJced dariDldIe tbird leCkU: pbuc (315:t 10Na:
CIpdeviIa~ViIIeae 1970). Al Fraaqaein.dIepepa
tite bodieI. reIIIed 10die beteropPeoaI twHaica....
........gltrwnwficroctotca.llic-..ad
1IIlri... pbbroic mcb.

MIrtiIl-I.-d el aL (1995) ....... dllldIe daaite
..........pbbIocc.icl-ecl_belaaalOal'ClD
DaDt of peridotitic ud pbbroie roeo from !be
CMidu..... caaplla. TbilIIIIIeItiaa ia lUppCIdDd
bylbe &c:IdllldIepcri_a'ad lDiaR10IicII cbIr
-.iIIiw ofFaaaqueia'l duaite. pbbIo are limiIar
110"otdle die Ordcaca.B~ud MGniI COID
pIaa

u..dariDadle ÍIIIIUIiaD. oflbe1IercJaia.....-.
die ebIiIead barDN""'e pbbIo couId bne -
iD Ibe roof..otdle penhnni"OUlllda two-
IIIÍCI ...... wIúc:h lIOfIDI11y bne a of IIIOCÍ-
lIlDdNmI'ilebodiea. Tbe Fnaqaeira Iite. wbicb
ÍI earicbed iD Be, B • p. CIUIed metIIOIDIcic ....
alion of !be adjaccnt dunite. wilb fOrDlation of
pb10pJpitite aardle pepwite. ad traDolitite bodiCl
ad 1ft ••dqJbyWte rim ca.e 10 die cbdIe. Tbe Ma
ad Cr oflbele rocb ... provided by Ibe daaite. Tbe
'CIditimlo!banlDlDd pbOIpbarua iD Ibe foaaa-
tioa oftDanalliDe lDd ...."", iD Ibe .......
1IIIIic......widapbloaopile.lDlbe ....
110 Ibe ,....IiIe. tbe Be .... _ iD Ibe .,... lDd
fint dnIIoped cbrJIOberyt (""1-......"') ......

kite porpbyrobIutI. iIoIIIed or iulallo"n in tbe pblo
BOPitite,

Tbe bodiea oflf'IIIIitic pepwlilel form • aetwodt of
1IUfOW........i.. lUbYerticaI dibI tbat tread ap
proximatdy cut-wat. Tbe dib JYIIaD cY... 2) ÍI ex
pc.ed for 15-20 lDCIIa'I. Dib tbidr:J!- ,... !na 3
10 440 cm. 1lelic:I ofdaaite IDCIlIy II..-fonaed 10 pblo
..,.,. are CCJIIIIDfXIIy foaad widIiD die JI e.... I~e"

Tbe pepIIItite bodieIlIbow alilllple J!DDIIi.oa widl
IftIp1itic border. B....' ... IR qamz. .....
lIIUICOYiIe ud arce K-feldlplr. wida -..-
liDe lDd zircon • 8C",.-y IDiDcn1I.Ia die ..
of die pep" lite. aIbite ÍI tbe lDIJIt ......
witb qumz iD ......apcII18l_ ..
W"dbiD die JMP""i* bodieI of dlicbe•••
badiaa CID be..WId iD die iD wIIidl •
COIfIe roct ... _ wida'"ot 1ICClba-
raidIl IIICe.1adie.,.. plÍlllll IR
~ of ClOIIIe bIIded wida ....
iaIa...eaIIedn1 cpdI, _ ID die
lICClbIIaidaI &cieI, praet Une abouad.

Tbe .. racb ..... a ct.rI1 defiDed ClCdICt widl
tbe,.....i...IRotalDio ,....
ÍI pbIocopiIIc. lDd ÍI die lIIOIt ....., (CMr
75%. .1090%) iD tilia fiI:ieIcY.,. 2).Tbe~tbick
_ of Ibia roct ia .10 duee ........ ít crapI CIUl
for al leut fi~ ...... Tbe 8C eni lII)' aaiIleralJ IR
cbryIoberyl (""a1euDdriIlej, pbeIIIkite. beryt ("'emer
aId"). tounaaIinc. praet (~.lmadine),apetite
(fluaapIIite, 3.5 wt.% P) lIId DfOOIL

CaryIobeIyl (Pie. 3A(e)) tppeUI • lUbbedraI
parpbynJbIdI iIoIIIed iD die~ or u~
bllapowdaa witbia .-aId. ""'ki4e • 1pIbtC.
....... [Fip. 3A(P), 38) .
ooIor'-pri.-ca,-a.1O 3 CID iD-. -""0+'••__ lII' d....~[F'.. 3A(A)).
...,. ..............,.--ccr,-II wida..

•
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TAIILB1 aAWANDATA AJa)~CDaOSI1'IONCl'TllBIUJID lNC1DIIOIG lmJICI1!D
nmi11EnANQmDAlBOSIT.AJa)~~DATA

~y LWAJ(DATA 8lUOQIGIOIIlIJDM

nra .... le" V.T-..n. n.. ~~ n COa ca. Ha h .r-z.. z.. x.. X-..... VI

...".. ......... ... • nO.40 34 ... mo . IO.S IU UI 1Q.2 . 34 S.I .
JIe4 • ''"'O 21.7 ... J700 . 15.2 14.1 o.D 7J.I . 21.4 J.I .

,... -.Id ~ SO "'.L .4 eS JeL .5.1 7U S.4 o.U as 2.J 1 U 0.'7
.... SO .... 0 14 . Jseo 15to 1.S 0.12 as .... U G.I I

~ --.. lId..1 SO -stA 10.20 IU 4S Jll0 • IU l2.S 0.11 17 1.J U 1 19
IId-I SO ~ lO lU .'7 "1 O 52.1 41.2 U 0.21 l4.S 1.J U G.7 J

90

•

•

io
...."IbO

75
-

10
o ..

lOO10

A 5 B
4-

•• Q3-

• ~2-

1-

40

mole"~

• 1YP>1(phentldte)

D~l (emcnJd) .1YP>2 (emcnJd)

e
·20

O.I-f--..,..---.,r---..,..- ..,........--I

0.3.,..-------------,

~ 0.2

PID.4. A. VoIadJI-.rty(l\')....., COa mole ". 8.CO.~.......fIJO" ". o.w , ...........,.
oC iDdivíduIl fluid iDcIu.iaDl ..... p....... dIpoIiL

TIkiD¡ - ICIOCMII die baIk ClMIpOIiIioa of boda
typeI of iDcluIiaa. die COlCHe" lIzO OOD-

"(Pi&- 4B) Il1o two~ iD~I
iacluIioaI. .,.fina ..., iD~
&Id or ph-'kite, 11l1li ~I luid ID

pbeekite 10.-1 fluid iD iI~
~ iD HaO 11 alialk COJ:aL ne luid
tnpped iD die ....... ocn (type 2)" alIJO .......
lillln-ID~I fluid iD.....bat.....COJ:at.
ratio.
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ANNUAL REPRODUCTIVE PERIODICITY OF THE SEA URCffiN
DIADEMA ANTILLARUM PHILIPPI IN THE CANARY ISLANDS

M. 1. Garrido, R. 1. Haroun and H. A. Lessios

ABSTRAeT
The tropical sea urchin Diadema antillarum is found on both coasts ofthe Atlantic Ocean.

Severa1 studies exist ofthe reproductive cycles ofwestem Atlantic populations, but despite
the extreme abW1dance of the species in the Carwy Islands, nothing is k:nown about its
reproduction in tbis region. We present data on annual reproductive perlodicity of eastern

Atlantic populations. We determined gonadal indices at two locations in the island ofGran
Canaria, Canary lslands. Thougb water in the southem location is warmer, reproductive
cycles are similar. GonadaI content ÍJlCrQses between October and April (or May), then
declines (presumably due 10 spawning) \Ultil September (or October). The spawning season
coincides with the perlod of most rapid temperature rise, bu! the new reproductive cycle is
initiated as ternperalW'e cootinues 10 increase. In additiOD lo tanperature, reproductive cycles
may be related 10 seasonaI increases ofbentbic alga1 productivity.

Intraspecific comparisons ofreproductive cycles ofmarine invertebratcs can aid in isolat
ing environmental factors that promote syncbrony between individuals and influence the
timing of spawning ofeach population. Studies ofconspccific populations oftropical echi
noids have revealed wide variation in annual reproductive periodicity (Pearse and Cameron,
1991). In the Indo-West Pacific, Diadema setosum spawns from June te September in both
Japan (Yoshida, 1952) and the Red Sea (Pearse, 1970), and aIso spawns in the austral SUDl

mer months in the Great Banier Reef (Stephenson, 1934), but it reproduces continuously
throughout the year in the Philippines (Tuason and Goma, 1979) and Singapore (Hori et al.,
1987). Tripneustes gratilla reproduces from November te April in tbe Red Sea (Pearse, 1974,
1983), from September te November in Taiwan (Chen and Chang, 1981), from June te No
vember in the Philippines (Tuason and Gomez, 1979) and from Apri1 te June in New South
Wales, Australia (O'Connor et al., 1978). In the Caribbean. 4'techinus variegatus breeds
between April and lune in Bermuda (Moore et al., 1963), continuously with no discernible
peales in Panama (Lessios, 1985) throughout the year but with peales between May and Au
gust in Florida (Moore et al., 1963; Moore and Lopez, 1972), between October and Oecem
ber in Puerto Rico (Cameron, 1986), and between June and September in Jamaica (Greenway,
1976). Tripnewtes ventricosus breeds continuously in Florida (McPherson, 1965) and in
Panama (Lessios, 1985), but it concentrates its reproduetion te mid-winter and mid-summer
in Puerto Rico (Cameron, 1986), orjust the swnmer in Barbados (Lewis, 1958). EcJainorMtra
lucunter in Barbados spawns once a year in wave-swept areas, but twice a year in proteeted
habitats (Lewis and Stol'e)', 1984). The same species has well-defmed reproductive periods
in Florida (McPherson, 1969) and Puerto Rico (Cameron, 1986), but no discernible peaks in
Panama (Lessios, 1981, 1985). Diadema antillarum is no exception te this variatioo in ID

Dual reproduetive pattem among different populations. It spawns througbout tbe year in tbe
Vu¡in Islands (Randall et al., 1964) and in Panama (Lessios, 1981), from January lO April al

Barbados (Lewis, 1966), ftom October to December in the Florida Keys (Bauer, 1976), and
from April te October al Bennuda (lliffe and Pearse, 1982). We were interested in determin
ing whether populations on tite other side ofthe Atlantic reproduce periodically, and ifso, the
nature of the cycles.
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Fil'ft l. Localitics in Gran Canaria IsIaDd (eutem Atlantic Ocean) where sea urchins were c:oUected.

The island of Gran Canaria is located in the CaDarian Arcbipelago, between Tenerife and
Fuertevemura (Fia. 1). Tbe prevailing trIde wiDdI blow from the DOI1beast; !bey drivc the sea sur
face waten soutbwuds. formiDg tbe CIDaI}' Current. CoucaI water temperaIUI'eI iD Onn CaDIria
from 1981 lo 1985 fluetuated between ISO lDd 2SOC (UiDu. 1988). Tbe oor1berD e:aut iJ subjected
10 hiper tuIbuIeDce lDd more mPiDI oftbe tbeamocliDe; duriDa the wiDtcr lDODIbs it bocomeI
co&cIer 111m the 10..I.m cout. Awrap temperaeureI iD Felxuaa y lIe IOC coIder iD tbe Nortb Iban
iD Ibe SoudL TbcIe eavÍiOlllDeDIa. diff.eoces betweea Nortb liad SoaIb COUII ofeKh iIIad lIe •

COIDIIIOD fea1ure of the eaIire e-ry AIcbipeIIao (AriItepi el al, 1989).
~ .....isbed two colkdina....s.diDa del Nor1e GIl tbe DOI1b COMt ofOnD Caaria,1Dd

Puerto Rico GIl abe lOUth COUI (Fi¡. 1). 22 lo 25 iDdividua1I ofD. tIIfIilúInort ..... Iban 3 cm in
boIizcaIal djlllDf'er W&ft umpIed al depcbs of 4-6 m iD IDQIItbIy ioIcnals from J....-y 1997 lo
MaIdlI998 . CoUedioDs W&ft m8de ach moath 11 abe lime pbue oC the IDOOD, lo awid compli-
<*ioaI... ftom Ibe 1JJa"'IIÍiII eycle, wbic:h iD D. tIIfIilúInort iJ superimpoled GIl tbe &D-

aual eycIe (I1ift'e lDd 1912; LeaioI, 1984, 1988a. 1991). Durinaacb collectioD...1UIface
.........wa witb. MDd cbeamometer.

1Wo di",.,.iOIlI -.e me iD lICb .. urcbin 10 tbe .... 0.1 mm: (1) tbe borizoDIaI
mm ter oflbe _ al"" ,lDd (2) tbe oraHbora1 uia,. tbe diIt.dce ..... tbe ape:l of
die peli¡aoet liadtbe,....,. by abe dne loweItpoiDII oftbe_al abeoral""1'beD &be..
urchiDI W&ft diuected, liad tbe toeal "OIume oC &be .... WII meuured 10 tbe __ 0.1 mi by

ctiIplIw:emeat in lea water. Tbe taIS witb Che IPiDelIUICbecl alooa witb Che removed oral piecc aDd
tbe ........ were labeled liad dried for 24 b al 1100<:. Tben tbey were weiped 10 Che O.Ola·

00a8d CODtad wu aonnalized tbrouP Che caIc:uIatioa oC.... iDcfic'es. We defmed .....
inda iD two ways: (1) u Che ratio ofaoaad volume lo dry body weipt. multip1ied by 100 aDd (2)
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as tbe ratio of gonad volume lo test volume, multiplied by 100. Test volume was calculated as tbat
ofa IOlid created by an ellipse rotated around jts shortest axis, i.e., v- (413) x a2 b. where a js the
radius ofthe ambitus and b is 0.5 ofthe oral-abaral axis.

As migbt be cxpected, there was a tigbt relationship between test volume and test weight
[Volume (in ml) - -5.65 + 2.32 weigbt (in g), r - 0.76, P < 0.00001]. Thus. fluctuations
in gonadal content tbrougb time can be represcnted without altering conclusions as either
volume of gonad per volume of test, or as volume of gonad per weigbt ofsomatic tissue.
80th in Sardina del Norte (Fig. 2) and al Pueno Rico (Fig. 3) the trends deduced by either
method are equivalent. Ganadal content incrcases betwecn October and February as sea
water temperatures decline. ltcontinues lo increase betwecn February and April (in Sardina
del Norte) or May (in Pueno Rico) as the temperature rises. then declines until September
or October as the temperature continues lo risc. The lowest gooadaI conteot ofthe year
does nol coincide with the warmest month. because after October the sea urchins appear
lO start anew cycle ofbuilding up their gonads. even tbougb tbe temperature continues lO

increase until November. The three months (January lO March) sampled in both 1997 and
1998 have similar values ofgonadaJ index between ye&I'S. suggestin¡ that the fluetuations
are, indeed, periodic.

Figw-e 2. Mean and l SD ofgonadal iDdex ofDiDdema a1ltÜla1vm over time at Sardina del Norte .
Gonadal iDdex is ca1culated as ml ofgooad per gram somatic dry weigbt, multiplied by 100 (triaDgles),
or as mi of gonad per mi of test volume, multiplied by lOO (circles). Temperatun (squares) is
plotted on the right y axis.
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Figw-e 3. Mean and 1SO ofgonadal index ofDUuJema alltillarum over time at Pueno Rico. Gonadal
index is calculated as in Fig. 2. Note cbange ofsca1e (relative to Figw-e 2) ofthe temperature axis on
the rigbt.

DISCUSSlON

lbough the Canary Arcbipelago is soutb of Bennuda, it (along with Madeira) is the
least tropical environment in which D. antillarum is found, because ofwater temperature
regimes imposed by currents. 1be differences iD water temperature between tbese aras
are reflected in faUDal composition. Unlike Bermuda, !he Canaries lack bennatypic cor
als. DúJdenul is the onJy genus of tropical sea urchiD extant in the Arcbipelago (Sancbez
and Batel, 1991). The environment is seasonal not just in temperature, but a1so inprimary
productivity and zooplankton concentration (Braun el al., 1985; Aristqui el al., 1989;
Femúdez de Puelles and Garcfa-Braun, 1989). lbus, it is not surprising that popuJatiODS
in both loca1ities we sampled showed well-defmed, sync:broaized rqxocIucti've cycles.
The question is which environmentaJ variable (or combiDation ofYIriabIes) coottols re
procluctive cycles u • proximate or ultimate factor.

Evidence reprdin¡ the effects of temperature on pmetogenic cycles of echinoids is
often uncertain and sometimes conf1icting (review in Peane and Cameron, 1991). How
ever, correlations between the reproductive cycles of natural popuJations and seasonal
temperature t1uctuations teDd lO support tbe possible existence of. link between the two.
Tbis teDtative relation between temperature fluetuations and anoual reproductive cycles
is leen in previous studies of D. antilÚlnlm. On !he Atlantic coast of Panama. wbere
temperalure fluetuations are minimal, this tpeCies sbows little synchronization of the
reproductive cycles of individuals comprising each population (LessiOl. 1981). Limited
data support a similar lack ofa population-wide cycle in the Virgin Islands (Randa)Iet a).,
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1964). In Florida, where temperature fluctuates seasonally, there is clear accumulation of
gonadal material between July and November, with a sharp decrease between November
and December, correlated with decreasing sea water temperatures (Bauer, 1976). In Bar
bados, despite annual temperature fluctuations <1.50 e, Diadema has pronounced repro
duetive cycles, repeated from one year lo the next, with spawning concentrated during the
coldest months ofApril and May (Lewis, 1966). In Bennuda, another seasonal envUon
ment, gonads are being built up as temperature increases, but there are two apparent
spawning periods, one in early summer, the other in late fall, thus complicating any clirect
correlation between temperature and reproduction (Iliire and Pearse, 1982).

Our data indicate that in the Canaries there is a relation between water temperature and
D. antillarum reproduction, but do not clarify whether the reproductive cycles respond lo
temperature per se. The animals appear to begin spaW!ÚDg in April at Sardina del Norte
when the temperature reaches 1~ and in May at Puerto Rico, when the temperature has
reached 200c. In both locations the period of gonada! decline, which presumably signi
fies active spawning, coincides with the period of rapid temperature rise. Gonadal con
tent reaches its minimum in September, when it is 230C in Sardina del Norte and 23.5OC
in Puerto Rico. In both localities, the spawning perlod coincides with the times ofmost
rapid temperature increase, up lo the point that the gonads reach their minimum relative
sizc. However they stop declining in September-Qctober, even thougb the temperature
continues lo rise. Iliire and Pearse (1982) have attrlbuted a similar quiescence ofgonadaI
growtb in D. antiUarum at Bennuda lo direct inhibition by higb temperatures. This may
well be true, but jt also possible that this js an indirect resuJt ofrepeated spawning.lfthe
decline in gonadal index is the result of the inability ofeach animal lo build up nutrients
faster than they are depleted by the release ofgametes, and ifreproduction is triggered by
increasing temperatures, a point will be reached at which gonads are at their mínimum
size, even as temperature continues to increase. Only wben spawning stops, possibly as
the result of a drop in temperature, will gonadal size begin lo increase once again.

Ofcourse, it is also quite possible that there is no direct link between temperature and
reproduction, and that correlation between the two is the unavoidable coincidence of two
independent variables each cycling with an annual period. Other seasonally fluctuating
variables that may regulate reproduction in D. antillarum are pholoperlod, phytop1ankton
blooms, and food availability. Pearse et al. (1986) bave shown experimentally that game
togenesis in Strongylocentrotus purpuratus is under photoperiodic control. McClintoek
and Watts (1990) found a similar effect ofphotoperiod on the annual reproduction of the
tropical species Eucidaris tribu/oides. However, if pholoperiod affects the reproductive
cycles of D. anti:larum, it must do so in different ways on the two sides of the Atlantic.
Even though the latitude ofFlorida Keys and the Canaries only differs by 3°C, the cycles
of DituJema populations ftom the two locations are 2 mo out of phase. Pbytoplankton
blooms bave becn shown to trigger spawning in S. droebachiensis (Starr et al., 1990,
1993). However, the seasonal peak in phytoplankton in the Caoaries is reached in Febru
ary, 2-3 mo before D. antillarum initiates its spawning (Braun et al., 1985; Aristepú el

al., 1989; Femández de Puel1es and García-Braun. 1989). lbus, Diaderrul does not appear
to time its reproduction in a manner that would maximize food for its larvae.

Though photoperiod and plankton blooms seem unlikely proximate or ultimate faetors
of D. antillarum annual reproductive cycles, food availability for the adults may not be
entirely unrelated lo reproduction. Though the species suffered severe mus mortality in
the entire westem Atlantic during 1983-4 (Lessios et al., 1984; Lessios, 1988b), ¡ts popu-
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lations in the Canaries continue to be extreme)y dense. SubtidaJ hard substrata wbere
Diadema is found are bare of rnacroalgae, even though sballower arcas are thickJy cav
ere<! by Cystoseira and other erect algae (Johnston, 1969; Carillo Pérez and Cruz Simó,
1992). It is, therefore, possible that Diadema in the Canaries is food limited. No data cxist
on seasonal changes in benthic primary productivity. It is, however, known that wbere
Diadema is absent, biomass of C. albies-marina increases rapidly between March and
June (Medina and Haroun, 1993). This is likely 10 be due 10 the Spring disruption ofthe
thcrmocline by turbulence that also causes an increase of nutricnts and phytop1ankton
blooms. In arcas where Diadema is present, these algae may be quickJy consumed, so that
there is DO visible inercase in standing crop; yet, they would represent a seasonal pu1Je of
nutrition for Diadema . Such a pulse may be a contributing factor 10 tbe gonadal buildup
we bave seen between March and April. lncreased bentbic primary productivity due lo

turbulence may also account for tbe earlier initiation of reproduction (despite lower tem
peratures) in tbe northern locality, wbich is more exposed 10 tbe trade winds. Of course,
fluetuations in food availability would be a factor in reproduction onJy 10 the cxtent that
reproduetion is neptively aft'ected by inadequate food supply during pan of!he year. It
remajns to be determined wbetbersuch a limitation exists. ExpcrimemaJ studies are oeecbt
10 determine the relative contributions of temperature ud food in the control of
gemetogenesis ofDiadema.

We tbaDk A. Santana for statistical advice, and J. S1W'ez lDCl !be students of Marine Science
Faculty, L. AJou, A. Torres, 1. García, 1. M. Alsína lDd J. C. Suírez for tbeir belp in me fteld and in
the Jabontory.
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Transformación de coladas básicas alcalinas subaéreas en lavas
almohadilladas en ambiente litoral: un ejemplo del Plioceno,
Norte de la isla de Gran Canaria
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ABSTRACT

This nole descrites the transition o( a basic lava flow (4.3-4,75 mrJ belonglng to inirial events
o( Roque Nublo voleanie group to submarine pillow lava flows 111 the northeastern shoreline o(
Gran Canaria island. The hosl litroral environmenl is characlerized b}' a flat shallow shelf
covered by a deeimeler lO meter thiek level of white even laminated marine sediments. The lava
rivers flowed some 20 km from the center of Gran Canaria island towards the sea, and 3 km
inside o( the shallow shelf. The bottom of the pillows level crops out in the range of 75- 740 m
above present sea level, and i: constituted by a 20 m thick level of dominant pillow lava flows,
and minor pillow breccia and hyaloclastite. Jt is characteristic the absence of hyaloclastite delta,
and the pillow tubes are intrusive in the underlying white marine sediments. A number oí
lithofacies (peperitization, in situ hyaloclastite formation, fluidi{¡cation of sediment, erosion and
bufldozin8 o( sediment) are characteristic o( this lower seetion o( piflow pi/e. The piflm'''' shows
evidence o( shallow water column (multiple rind struetureJ, fasl tlow (hollow pi/fowsJ and
moderale degasifiealion of the magma (segregation of phenocrystals towards the g/asS\' rlndsJ
The upper transition o( the pillow pile to pahoehoe flows shows él characterisllC /Ithotacies
conslltuted by metric feeder tubes filled with hyaloclastites generated In situ.

/(ey words: pillow lava, subaerial ro submarine traositlon, feeder tubes (i/led with hyaloc/astites
in sllu, Gran Canaria.

Il"TRODllCCIÓ:\

La llegada de colada~ lávica' a un medio subacuático es
un fenómeno conOCido desde antiguo. en especial en el
casu de 1,la, oceánica, (véase p.e. Jones y Nelson. 1970):

es caracterí..tlca la formaCión de nubes de vapor en la zona
de inleracclón agua-magma. la generación de hialoclastitas
en la.. zona.. de playa y. frecuentemente. un notable incre
mento areal en la zona emergida como se observó en la
erupción del Teneguía en la isla de la Palma en el año 1971
(Afon ..o el al 197~) Por el contrano, la transformación de
colada.. suhaé'rea~ en lava.. almohadilladas en ambiente li
toral e.. mucho mt'nos conocida. dt'bldo esencialmente a
que por moti \ o, olwios se necesll3 estudiar anoramientos
de difícil ¡l\xe,o Los anoramientos de lavas almohadilladas
y su slgnlfl(:ado geneTltI (entrada de nUJo" lávICo.. subaéreos
cana!llado.. por la red nu\ial en una txtenl>3 plalafomla
marin.. dl' hala profundidad) que no, ocupan en esta nO(;l

son conocidos desde hace tiempo (Vuagnat 1960; Afonso
n al. 1969: Lietl y Schmincke. 1975; Schmincke y
Staudigel. 1976: ITGE. 1992l Y aunque incluso han sido
empleados por su t'xcelt'ncia para ilustrar este tipo dt'
IItofaclt's subacuátlcas en obras de amplia difUSión (Araña
y Carracedo. )978. McPhie tI al 1993) nunca han sido
obJeto de estudIO específico.

CONTEXTO GEOLÓGICO

El crecilntenlO suhaéreo de Gran Canaria se realizó
durantt' 3 Ciclos magmáticos conocidos como Ciclo 1
(Mioceno). Ciclo 11 o Roqut' Nublo (Plioceno) y Ciclo 1II
(Pilo-Cuaternario) Entre los Ciclos I y 11 (entre 85 Y5,3
n\.loo aproximadamente) existt' un penodo de inactividad
volcánica (o atendiendo a dalos recientes. habría que deno
minarlo como penodo de aCll\ldad \'olcánica muy residual
-ver Pérel. Torrado l'1 al.. estt' \olumen-) en el que tiene

'.' -



"1 i
í
I
i 326

lugar un fuerte desmantelamiento erosivo de la isla. Coin

cidiendo con este periodo y prolongándose durante el Ciclo

IJ, se forman los depósitos volcan<rsedimentarios de la

Formación Detrítica de Las Palmas -FOLP- (Gabaldón

ef al, J989; ITGE. J992) (Fig. 1), /a cual se divide en tres

miembros: a) Miembro Inferior formado durante este hiato

volcánico y que comprende una serie de depósitos

conglomeráticos (con cantos de naturaleza fonolítica del

CIclo 1) de carácter aluvial: b) Miembro MedIO, que com

prende depósitos marinos de características htora/es fomla

dos al final del hiato volcánico (entre los 5 a 4 m.a., aproxi

madamente), fruto de un periodo transgresivo en el que se

encontraba inmersa Gran Canaria, a los que se asocian los

depósitos de lavas almohadilladas descritos en esta nota, y

c) Miemhro Supenor que incluye una sucesión de depósi

tos aluviales, laháncos y puoclásticos. con ocasionales Ja

vas intercaladas. formados contemporáneamente al Ciclo

11.

La actIvidad \'o!cánica del CIclo IJ se caracteriza por el

desarrollo de un estratovolcán en el centro de la isla y en

cuya evolución se suceden mecanismos eruptivos y mate
riales muy diferentes (Pérez Torrado el al., 1995). Así,

durante los primeros signos de actividad volcánica de este

edificio, tiene lugar una serie de emisiones de lavas básicas

(basaltos alcalinos a basanitas) que, canalizadas a través de

una red de paleobarrancos y formando flujos tipo pahoe

hoe. logran alcanzar los sectores costeros del N y NE de la

isla, ganando al mar una superficie de unos 40 k01~ (Pérez

Torrado ('1 al.. 1995) Yformando una secuencia de estructu
ras de transformaCIón que son el objeto de este estudio.

Estas la\as han sido datadas en unos 4.1 ~-4.3 01.01. (Lietz y
Schlllincke 197~. ITGE 19921 Ysus principales afloramien

tos. refl~Jados en la cartogrilfía oficial C1TGE. 1992). están

ubicados en los harrancos de Tamaraceite y Quintanilla.

barrios de Schaman. Escaleritas y 5al[O el Negro en Las

Pahnils de Gran Canaria. y frente costero entre Las Palmas

de Gran Canana ~ Punta de Arucas (Fig. 1).

CARACTERíSTICAS DE "AS LAVAS ALMOHADI·
LLADAS y lITOFACIES MÁS SIGSIFlCATIVAS

Las la\a.. almohadillada~ reposan. bien sobre un O/vel

,uía maflno hlanco kg .. Barranco de Tamaracellel. bien

~hre lo.. conglomerado.. de c1a..to.. fonolítico.. del Miem·

hro Inferior de la FDLP leg. barrancos de QUJntanilla y
Tamara~elle) o bien directamente sobre materiales volcáni·

co.. fonolítlco.. del CIclo l le.g .. barrio de Sallo del f'egro

en La.. Palma.. ,. Donde lo.. aOoramiento.. presentan un per

fil venical compl~o. por encima del sustrato volcánico. lo!'

con¡!lomertldos y/o el oh'el marino blanco aparecen lo..

pillo"" ~ l'ohre ellos...in aparente !'olucíón de continuidad
en el panorama. la.. lava.. pahoehoe corre..pondientes al
apihlmiento ",u\,·e..j\o ~ rápido ~ diferente.. colada.. métri·
ca... En ..í mi..ma e..ra ..uce..ión indit.:a. 131 como acertada·

ment~ h.1O -.c."i\alado 1", tr..bill"' rr~l.'ed""l1tement.... \'·ilado...

1
tanto el carácter y origen de estos depósitos subacuáticos ~

partir de flUJOS subaéreos como la profundidad del fond(
. 1

manno en la plataforma en el momento de su llegada, dt

orden de unos 20 metros. que es el espesor promedio qu~
muestran las coladas de pillows y la~ hialoclastilas qu!

localmente aparecen a~ociadas Hacia el interior de la isl.l

esta potencia decrece gradualmente. al tiempo que crece 1/
de la~ colada.. pahoehoe que va de unos 10 metros en 11
costa actual ha..ta más de 30 metros en el interior. La COI1

actual de afloranllenlo del nivel basal de las coladas d4

pillo\\'" oscila desde unos 75 metros en los afloramiento1

de la costa hasta unos 140 metros en el Barrio d~

Talllaraceite. I

Por lo que se refiere a las características de Iitofaciel
I

principales de los depósitos. hay que destacar la amplísim~

predominancia de las coladas de lavas almohadilladas so'

bre las hlaloclastllas. así como la inexistencia de un delte

de hialoclastitas sstr Este tipo de deltas caracterizan e

tramo inferior de muchos de los depósitos de pillo", lava;

asociados a la llegada de coladas subaéreas al mar en isla:

oceánicas. llegando a presentar una potencia varias vece!~
superior a la de las mismas la\'as almohadilladas (véast~

Jones y Nelson. 1970. yreferencias en dicho trabajo). slf
ausencia confirma plenamente que la llegada de las colada!j

lávicas se produjo sobre una amplia plalaforma erosiva dt~

carácter planar extensamente desarrollada posiblemente, tai

como sugiere la edad de lo.. pillows. en concomitancia corl

un proce<,o transgresl\'o de carácter eustálico de orden Ola ~
yor (Liell y Schl1llOcke, 1975: Pérez Torrado el al.. 1995)i

Lac; evídencia~ cal1ográfica~ y de campo sugIeren que "i
alimentaCIón de los nUlo~ de plllo",s ..e prodUJO a Iravés d1i

\'ano~ harr:mcos procedentes de sectores centrales de L~

isla. tras recoITIdos del orden de 20 o más kilómetros, dl~

modo qu~ lo que ho:- aparece como un depósilo conlinue~
de coladas de pillo" la\'a~. po.. ihlernente corresponde a Ji

coale ..cenCla de dlferenles apone... Lo.. aportes a partir d.

un barranco se debIeron e.\pandlr radial mente a partir de

pUnJo de con\ergenCla del barranco con la playa. Las di ..

ranna .. perpendiculares a la línea de costa trazada~ por lo

flujo.. de pillo,", ~ son dt'1 orden de tres kilómetros. y el

algunos de I~ aOoramlt'nto<, más ~eptentrionaJes (p,e .. ver

tienles e.. lt' ~. espeCIalmente. oec;te. del barran(O di

Tamaracelle 1~ observa que el frente preservado ~e carac

tenza pOI presenlar un marcado predominio de la
hialoclastltas. con un ,rosero desarrollo de estratificaciól

en fore ..el' dl~puestos en abanico hacia la costa actual. :

e\ enlual myecclón de pillo,", s lo presencia de brechas d
pi 110\\ s ;J¡c;!ado.. en la hialocla"lJtal que interpretamo<, con~

tiw\'e el aOorilmiento dlsla! del ckpósito
'Son \¡maS la.. con~cuencia' que pueden deducirse d

todO'- e'lo.. dato.. macroKóplcoS La primera. el célráctc

er~i\o dfl frenre de la' colada.. de pi 110\\ ~ y su capal.'ld¡1

de ¡,rr'J'tH· de IJ Jánuna superficial de malC'rlare
\I1\,'on..ohd;¡do, 'u~~acentt, En se,undo lu¡!ar. 1.. elevad

I.'''.l d,' ap<,nt' dt' OJJo....uh.aéreo... que rt'rmitió 1.1 llegad.,
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\¿f
Bco, Quintanilla

FORMACiÓN DETRITICA
DE LAS PALMAS

O Miembro Superior

D Miembro Medio

+-pillow-/avas

D Miembro Inferior

~km

OCÉANO ATLÁNTICO

FIC,\ ~ \ I Etqlft'/lW ,tnlrí1!'co (",nd,fi({/(fn d<' frCE. f99~ I de' la Fnr",arilm DnriTica dt' Lm Pallllas' locaJ¡:acióll de 1m {'rmClpnlts

aflnr"III"IJ/OI dt' {',/lnll {mM

rápida ~"pan\i6n d~ ésto~ ~n la plataforma marina sin qu~

apar~nIC01~ntc s~ obturaran lo~ focos d~ alimenlaci6n ~

dieran IU8ar a masas notables de hlaloclastitas y. asociada a
esta ele\'ada tasa d~ apone de la\':I a panir de cauce.. relall
\'amenle e"lrechos. la elevada velocidad de e>.panslóll de
lo~ nllJo", de la\'a\ en 1" plataforma marina Algun ...... erup·
cione ... le<.:lenle ... ~n isla\ oceánicas (pe,. alguna\ d~1 archl
piél;tgo de H'l\\ail: o la del Tene8uía, Afomo C'( al, 197~1

han d~'l11ostrado que depósllos comparables pu~d~n formar·
st" el1 el cur...o dt" erupCione ... que dllriln lan sólo día .. ()
\em.IO;I ...

PI'I lo que ,e r('ften,- ;. 1"... t"\lru(lUra'" mteroa ... y e:l.lcma'"
de lo, pi 110\\ , (y lo, lenteJone, de hre<.:h'l" de pillo", a"'o-

CIados) presentes en el cuerpo principal del depósito. s610
cabe decir que su nqueza exced~ con crece!> los límit~s )
obJetl \'o~ de esta nota Los afloramientos lon8itudinales )
transversales presentes en muchos de los barrancos (p.e., el
de Tamaraceite). permiten disponer de secciones
tndlm~nsionale... completa!> de los cuerpos tubulares entre
lazados de pillo"!>. de dimensiones métncal> y secciones
tram\'ersales plunct"ntlmétricas. Entre las estructuras
diagnósticas queremos resallar la abundancia de pillows
Implosionado" con múltIples anillos vítreos. propios de
mediO" muy poco profundos. la presencia abundante de
pillo", hueco... y \emihuecos con cúpulas estalagtíticas y
ba\e... estilla~mítlca' de la\'a. má.. abundanre~ en Jos secro-

f " I l ~P.
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res proximales respecto a los focos de alimentación a la

salida de los barrancos. que hay que interpretar en el con

texto de alta velocidad de los flujos de piUows. y la presen

cia de evidencias claras (segregación de fenocristales hacia

el borde vítreo) de que las coladas no llegaron excesiva

mente desgasificadas al mar.
Finalmente, queremos resaltar la presencia de dos con

juntos de Jitofacies particularmente significativas en la base

y el techo del paquete de pillows. En la base hay que

destacar el carácter intrusivo, respecto al substrato

sedimentario. de las coladas de pillows, es decir, la intro

ducción de digitaciones tubulares (buzando en dIrección al

mar) en el nivel guía marino blanco. con la consiguiente

peperitización e hialoclastizaci6n de los bordes vítreos de

los pillows y la tluidificación del encaJante sedimentario.

En el techo de la colada hemos podido localizar unas es

tructuras macroscópicas que marcan el tránsito subaéreo

subacuático: consisten en tubos métricos de secci6n elípti

ca (eje mayor dispuesto verticalmente. con relación de ejes

horizontal:vertical 1:3 a I :~). consistentes en un anillo ví

treo externo pluricentimétrico y un relleno hialoclastizado

in SilU, densamente empaquetado. con fragmentos

centimétricos o menores. Proponemos denominar en lo su

cesivo esta estructura tubos alimenta..:iores con anillo vítreo

y rellenos de hialoclastitas formadas in situ (feeder tubes

filled with hyaloclastites in situ).
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Metallogenesis of Zn-Pb Carbonate-Hosted Mineralization in the
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Geologic, Fluid Inclusion, and Stable lsotope Studies
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Inb'oduction
THE Picos de Europa base metal miDiDg d.istrict is 10cIted iD
the IOUtheastem pan of the Picos de Europa structural
proYinoe, in northern Spún. Within dús clist:rict. numerous
depoau were DúDed fOl' Zn ud Pb betweeo the late 18005ana 1989. Tbe cIepoIits are genenlIy small. but the Aliva
míne produced a totaJ of600.000 metric tons oC ore at an ay
erage grade 01 13 peroent Zn and 2 peroent Pb. The Aliva
mine wu also the lOW'Ce of~ and beautiful
ye1low spbalerite oystals ("'blenda "). the type 11
sphaIertie .in tb1a ..... wbIch were found in vugs and Open
Enctures lDd Iened u • reflectMty ltandard for many yean
(Ctssarz. 1932).

PnMous "poIogkmbl~~ oltbese depostts were caro
rted out by c.Ider6a (1806) wbo ltudied the lt'01ogy oC the
area and the distrfbution of the maln mineral oocummoes,
Adhelard (1968) wbo made • prelimbwy Itudy oC the sulfur

I c.on.,...MIIhor: etUI1. climf¡MualleaD..

iIotopes. Arribas (1981) wbo studied tbe distribution oC trace
eIemeots, Loredo ud Guáa Iglesias (1984) wbo anaIyzed
fluid indusioDJ in ,.eDow spWerite, ad VeIuao ud Pes·
quera (1979) wbo mide • study oC the optical propertieJ oC
this miDenl.

1be present study al !he PicoI de Europa Zn-Pb cIepo1its
wu oornmenoed prior lo tbe dosure oí tbe AIM mine. in
arder to obtain geoIogic. miDeraJogical. aad pocbernic-l data
OD tb1a and other depoItts and, Iieooe, iJDprOYe our under
standing oí the geneIis oí this PO!W~ depoIits.

CeoIop: SettiDC
1M Cantabrian lIODe wttbin tbe Hercynian MUJif (abo

known in dús put of Spún u tbe AJturian MuO oC tht"
lberian PentnsWa wu cfe6ned by Loae (1~). ud IU'*'

quentJy subdMded by JulMIt (1871) into tbe foI1owing~
strueturaJ prcMnoes: (1) fald &Dd uppe. (2) central 0DI16uin.
(3) Poop uppe. (4) PiooI de Europa. ud (5) Pisuerga.
Carrtón. Later. MutiDez-Carda (1881) prope*ld that the
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Pisuerga-Carrión province be renamed the Palentine zone,
because its distinctive geologic dw-acteristics distinguish it
from the Cantabrian tone. 11ie mineral deposits dealt with in
this study are located iD the southeastem area of the Picos de
Europa province. dose to the overthnut boundary with the
Palentine zone (Figs.l and 2).

The roclcs in the southeastem sector of the Picos de Eu
ropa are of sedimentary origino no igneous roclcs are presento
The strat:igraphic sequence is largely comprised of Car
boniferous-age sediments (Fig. 3). with both a preorogenie
and a synorogenic sequenoe. The former is made up of the
following carbonate formatioDs: PartiDas (15 m oC biodastic
paclcestone-grainstone) and Genicera (22 m oC nodular
mudstone-wadcestone that oommonly Conos tbe overtbrust
surface of revene faults) of Toumaisian-VlSean age; Bar
caliente (290 m of lamiD!Ited md saDdy Iimestooes aod iD
traformational breocias) and VUdeteja (270 m of wacke
stone-grainston) of SerpuIcbcMan tu Vereyan age. both
forming the so-called -Caliza de Moot.afta-; and Picos de

Europa (360 m of interbedded limestones and shales at the
base overlain by bioclastic massive limestones) of Moscovian
age. An angular unoonformity separates the preorogenie Car
bOniferous carbonate roclcs from the overtying synorogenie
sequeooe oomprised of the Lebefta Formation. The latter
oonsists oC aYer -"O m oC turbidites. represented by black
shales. oooglomerates. sandstones. and calcarenites. with
some calcirudites. of Kasimovian age. Disoordant over Car
boniferous roclcs are Quatenwy sediments. essentiaUy pied
mont breoc:ias and gIaciaJ sediments.

The most noteworthy tectonic Ceature in the southeastem
area of the Picos de Europa province is the existence of
east-west to east-southeast-west-northwest~riented imbri
cate thrust sheets Wlrging tu tbe south (Fag. 2). These were
developed during the upper Carboniferous (lower Stephan
ian B stage). "ñmc;cttng witb the peaJe of the Hercynian
orogeny iD tbe regíoo. Acoordin2 tu Marqufnez (1978) three
stnICturaI units are present iD Ws prcMnce: (1) Frontal. (2)
Tesorero-Agero. aod (3) Lecbugales (Fip. 2 and 4). A fwther
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Fre. 3.~ ol the toutheutem rector oC PlcoI de Europa. Pb-Zn
depaeIta ... the de Europa Fonnation U'e A1IYa, Anclara. UOrdea. Lu
CInmu. La CoIlee1tpe ud Fuente De. 1M Veps de 50tNs ls ID the CIIIza
ele MontaAa (Barc.hente Formaüon; el Ftc. 1).

~~bncda

Pm u.e~ce
.~

LElEAAFM.

PICOS DE
EUROPAFM.

1:::::1 DoIoItoae

~ Sbale
• Ore depolltl

importaDt muctun1 Cealure is a lateH~ subYertical
faUlt system wbicb stribs N 105· lo l.2()O E. 1bese are
strib-slip faults tbat cut the thrusts. and many croa the
bouDdaJy between the Cantabrian and Palentine moes. Folds
coastitute a secooduy structural feature in the Picos de Eu
ropa province. ranging &om~ folds with a 1arle ra
dius oC ewvature. rendering them a1most imperceptible. lo
smaller-scale folds with an irTegular geometJy associated with
the thrust surfaoes. The metuñorphic grade assocíated with
the Hercynian orogeny in the~ is very low. never ex
ceeding the lowest leve! oC~ facies.

The geoIogic cbancteristics of the Palentine mne are quite
different &om those of the Cantabrian zone. The preorogeoic
stratiaraPbic sequeooe in the Palentine zone oonsists of 1.soo
m orSilurian sbales and sandstoPes and Devonian-VlSeID
limestooes. marls. shaIes. and sandstones. The 6nt evidenoe
oC tectoaic actMty in this province is in the lowermost Na
murian (Heredia el al.• 1990). Subsequently. the province be·
baved u a synorogenic buin (Rodriguez-Fem6ndez and
Heredia, 1990). with depositioo oC sediments during diachro
now emplaoement oC the Cour great thrust sheets (Palenti
nos-Va!survio. Esla. Ponga. and Picos de Europa) present in
this pul oC the Cantabrian zone. Prior to emplacement oC the
Picos de Europa thrust sheet. in the Stepbanian 8. more than
6.000 m oC aediment (lutites. shales. sandstones. and some
oonglomerates and limestones). oommonly turbáettic and
with bighly variable thicknesses. were depoated in the buiD.

Permian sediments. disoordant OYer the Carbooiferous.
crop out spondicaUy in the northern~ oC the Pá<lOS de Eu
ropa. in this region. the depositional eñYironment al the hile
oC the Permian sequenoe wu litoral lo marine. changing lo
continental toward the topo

Tectonic evolutWn oftM region

An understanding oC the tectonác evolution oC the regíon is
essentiaJ lo the development oC a model for the Renesis ofore
deposits wtthin the Picos de Europa ~ce. fbe sequ~
ofevents bu been interpreted &oro studies of the Cantabrian
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and Palentine zones and of the Permian-Mesozoic cover in
neighboring areas, and is summarized below.

Hercynían compressíon: Emplacement of the thrust sheets
occurred during the lower Stephanian B, with thrusting of the
Picos de Europa province over the Palentine zone (Ro
dríguez-Femández and Heredia, 1990). The thrusts have an
east-west orientation, with northerly dips that are much more
pronounced in the north than in the south of the Picos de Eu
ropa provínce.

Late and post-Herr;ynian ertension: Extension in the late
Carboniferous-Permian began along subvertical faults strik
ing N lOSO to 1200 E, and in the north ofthe Picos de Europa
province, along sorne of the east-west subvertical thrust
planes. The Permian extension was of particular significance,
resulting in marked changes in thickness of sediments, vol
canism in various areas, and in the Palentine zone, intrusion
of granodiorites. These effects have been related by
Martínez-García and Tejerina (1979) and Martínez-García
(1981) to the development of a Permian ri.ft in the north of
the lberian plateo

Extensíon continued in several phases during the Triassíc,
Jurassíc, and Cretaceous (García-Espína, 1991), with the Picos
de Europa provínce remaining belO'N the Basque-Cantabrian
basin Mesozoic sediments (Alonso and Pulgar, 1995; Alonso
et al., 1996).

Alpine compression: Ooset of Alpine compression began in
the Priabonian (late Eocene; Hines, 1985) with the peak of
Alpine compression occurring in the Oligocene. The Alpine
orogeny produced uplift and emergence of the Paleozoic As
turian Massif and overlying Mesozoic sediments. The erosion
of the most superficial sediments allowed the Hercynian
basement to crop out in the Cantabrian and Palentine zones".

AJpine shortening was achieved by means oC sorne of the
Hercynian east-west thrusts that clip steeply to the north, and
by rejuvenation of sorne of the late Hercynian N lOSO to 1200

E faults that acted as reverse faults (Heredia and Rodríguez
Femández, 1994). The fact that very few of these late Her
cynian faults can be shown to have been involved in the
AJpine shorteníng, suggests that the majority remaíned inac
tive at this time. Even the San Carlos fault (Fíg. 2) associated
with the formation of the Anclara deposits, clearly does not
cut the overlyíng Late Triassic sediments.

Dolomitizatum

Dolostones are common in a1J carbonate formations of the
preorogeníc sequence of th Picos de Europa province but
are rare in the carbonate beds of the Lebeña Formation,
where dolostones are found on1 in fault zones. 10 dolo
stones consist of pal brown to orang or gray erystaIs of
dolomite, ín sorne cases accompanied by whit dolomi
erystaIs accurring as patches or partially or completely ñUing
cavities. The size of the dolomit erystals varíes from 0.02 lo
1.8 mm, with a mean of 1.35 mm, and the whit crystaIs are
lhe largest in all samples. The conlae between th two
types are irregular and sorne coincide with styloütes. The
dolomite crystals are generall free of impurities, but ínter
granular spaces may be occupied by idiomorphie pyrit
andlor dark ~dust,~ inlerpr too as th residue oC leaching
during dolomítization. The form of he crystaIs varíes from

subidiotopic to xenotopie. According lo the terminology of
Síbley and Gregg (1987) the textures of these rocks may be
classiñed as unimodal or polymodal nonplanar, although
sorne planar-s dolostones are present. The dolomitization
process resulted in an increase in porosíty with respeet to the
replaced limestone.

All dolostones of the preorogenic sequence have similar
cheDÚcal compositions. with mean vaIues of 19.31 percent
MgO, 32.73 percent Cao, 45.88 percent CO2, 0.53 percent
FeO + F~03' and 24 ppm Sr, compared to mean values of
the limestones of 0.59 percent MgO, 55.06 percent CaO,
42.31 percent C02> 0.19 percent FeO + F~03' and 332 ppm
Sr (Gómez-Femandez et al., 1993a). '!be data demonstrate
the Fe-poor charact:er of the dolostones, but show an enrich
ment by a factor of three compared to the limestones.

The limeston~olostonecontacts are sharp and d.iscordant
to the stratification. (Fig. 2), with rbo~boids of dolomite com
monIy present as sunultaneous depos1ts on both allocheDÚca1
and orthochemica1 elements of the lí.mestone. The morphol
ogy oC the dolostone bodies ís generally irregular, with rem
nants oC limestone enclosed by dolostone. Beneath shale beds
doloDÚtization ís commonly very extensive laterally, whereas
elsewbere the dolostones form subvertica1 veinlike bodies
around the N lOSO to 1200 E faults. Dolomitization affected
large volumes of rack (36% of the carbonate rocks) in the
lower (Frontal) structural unit beneath the impermeable
shales of the Lebeña Formation, and smaller volumes in the
upper structural units (5.5% in the Tesorero-Agero unit and
1.5% in the Lechugales unit) of the Picos de Europa province
(Gómez-Femández, 1992).

Critería that províde evidence of the epigenetic nature of
the dolomitization processes ínclude the morphology of the
dolostones (irregular and subvertical bodies associated with
faults), sharp lí.mestone'¿oloslone contacts discordant to the
stratification, the dominant textures with moderately large
crystaIs of dolomite, and the low Sr content oC the dolostone
in cornparison with the limestones from wlúch they origí
nated (Veizer and Demovíc. 197~ Jacobson and Usdowsky,
1976; Gómez-Fernández et al., 19933). Since the dolostones
are, in part. associated with the lOSO lo 1200 E faults. and
since these faults cut the thrusts (Rodriguez-Femández and
Heredia, 1990), it follows that dolomitization in the Picos de
Europa provínce took place afler emplacement of the thrust
sbeets.

With respect to the source o( th dolomitizing solutions.
th shales of the Lebeña Formatioo do not re pr ent a sum
cient source of Mg for dolomitization 00 th scal observ d in
the Frontal unit of th Picos d uropa provín . Further
mor , the gr; t r abundance of dolostones in this unít, com
pared lo fuE uPl r struct:un.1 uni ,sugg ts an nding
component to fu n of th dolomi~g nuids, althou~h
this cann un ui demons l . 10 irr guIar
morphology of dol on bodi pro Iy n th na-
tur of nuid circula '00. with nuid van achi v b
means ofr p m nt oflim lon. Th shales ofth na
Formatioo and at th b of lb Picos d u p Formation
would have impeded fluid nl, favoring dolomitiz.ation of
carbonat beds withín th Frontal unil. oly in highly f
tured zones would th nuids M n ahl to 11 eh th
higher structural uni .
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Mineral Deposits

In ~e southeastem part of the Picos de Europa provinee
there 15 a large number of ore deposits and occurrenees of
Zn-Pb (Fe, Cu, Hg. F. As. and Sb). The most important mines
are ~ose of Aliva (Fig. 4.A, B) and Anclara. followed by those
of Liordes and Las Cararnas. and smaller deposits such as
Vegas de Sotres. Fuente De. and La Colladina (Fig. 1). These
deposits are located in the Frontal. Tesorero-Agero, or
~ugales structural units .and in the Barealiente, Valdeteja,
or PICOS de Europa Forrnations (Figs. 1-3). The deposits are
generally relatively small, the most noteworthy being the
Aliva mine. From the late nineteenth century to the early part
of the twentieth, zinc production carne from oxidized miner
als of the supergene zone in the Anclara and Aliva mines, and
from other minor deposits. From the 19505 to 1989, when the
Aliva mine closed, primary sphalerite and galena were ex
tracted (Gómez-Fernández and Arribas, 1994).

The mineral deposits are structurally and litbologícally con
trolled sinee the three phenomena of fracturing. dolomitiza
tion, and mineralization are interrelated.. The deposits are lo
cated close to the princi.pallate Hercynian faults, which strike
N 105° to 120° E, witb lengtbs ranging from hundreds to
thousands of meters and displaeements of several hundred
meters. Most of the orebodies are located on the southem
sides of the faults (e.g., Anclara, LiOI-des, etc.) and are assocí.-

B

Peña Vieja
2.613 m

Glacial Deposi

FIC <4 A. n ral vi w of lhe Ahva mio area. B. Explanatory sketch.

ated with carbonates, particularly dolostones (e.g., Aliva). The
fault ~(>nes are commonly found to be irregularly dolomitized,
and SlOee the mineralization is controlled by the J?resenee of
both dolostones and fractures, its geometIy is largely vein
type (e.g., Anclara, Liordes, etc.). Tbe mineralization is pre
sent as bulges or irr~arbodies paral!el to the fractures, al
though it is not found as continuous planar bodies. The An
dara deposit consists of several subvertical veins striking 120°
E, with widths of less than 20 m, lengtbs up to 200 m, and
depths greater than lOO m. In the Aliva mine two major bod
ies of limestone, unaffected by dolomitization, are separated
by a dolomitized zone associated with a zone of fracturing
(Fig. 5), and the ore is generaIly situated at the limestone
d~lostone contacto In the upper, eastem extremity of the
mIDe, however, where limestone is in direet contact with the
Lebeña Formation, the main ore is found at the contact of the
limestone and shales of that formation.

The main ore zone in tbe Aliva mine extends from 1 640 m
aboYe sea leve}. at the surface, lo 1,467 m, with plan dimen
sions of 200 X 410 m and a maximum thickness of 20 m. The
ore follows a cwved dolomitization front, which has the shape
of an antifonn plunging W in a west-northwest direction
(Gómez-Fernández, 1992). The northeast limb is the better
developed and dips 70° north-northeast, whereas on the
southwest limb the orebody dips subborizontally. Mineralized
zones display gradational contacts witb surrounding dolo
stone and are norrnally characterized by dispersed mineral
ization isolated from tbe main mineralized bodies, whereas
contacts with limestone are sharper. The geometry of the
mineralized bodies suggests tbat mineralization occurred by
carbonate host-rock replacement.

Two types of mineralization (Fig. 6) have been distin
guished in most of the deposits on the basis of appearanee.
texture, paragenesis. and geochemical characteristics (Fig.
7A-F) (Gómez-Fernández et al., 1993b). Type 1 mineraliza
tion (fust phase) consists dominantly of dark brown spha
lerite, galena, and dolomite. On a macroscopic scale, this type
shows granular, laminated. and botryoidal textures, witb al
ternating layers ofbrown and yellow sphalerite (Figs. 7C, BC.
and BE). lt is also present as cavity ffilings. as replaeement
patches, and in hydrothennal dolomitic breccias located close
to the dolostone-limestone contacts (Fig. 7A and B). All these
minerals were deposited in several pulses.

Under the microscope. granular sphalerite occurs as zoned
a~ates containing anhedral graiDS of chalcopyrite, tetra
hedrit (Table 1), pyrite and dolomite (Fig. 80), and calcit
that are occasionally distributed in microfraetures. Electron
micropro analys s confinn that th dark bands oC type 1
sphal rit ar F nriched with to th pal bands
(Fig. 8F), which al' Cu and Sb nriched (Gómez-F mández.
1992). Cal na is pr nt as anhedral grains of various sizes,
also containing inclusions of chalcopyrite and tetrahedrit
( ig. BA., B). pre~ ntiall distributed in layers that occasion
ally cross th phal nt bands. Pyrite can also be found as eu
h dral-subh dral crystals, itb r isolated or in groups.

T II min ralization ( nd ph ) is the mo abun·
danl in th deposits and is charact rized by large crystals
(up to 20 m cross) of th dominant mineral d posited dur
ing this riod of mio ralization, Le., spbal rile, galena, a:nd

ea1cit ( ig. ). T U min ralization is found menting

file:///niien
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higher structural units than those hosting the Aliva and An
clara deposits, was partly eroded and redeposited as detrital
material during the Permian (Saulas, 1985; Barbanson, 1987).
These authors interpret the age of this mineralization as Per
mian and related to the Pennian rifting (Martínez-Gareía,
1983).

Cretaceous-hosted ore depostts: In the Basque-Cantabrian
basin, ankeritic dolostones and limestones ofAptian or Albian
agl (Lower Cretaceous) bost very important Zn-Pb deposits.
These deposits have been interpreted as being sedimentar)'
exhalative (e.g., the Troya mine; Fernández-Martínez and Ve
lasco, 1996), and sedimentary-exhalative or Mississippi Valley
type ( .g., the Reodn mine; Seebold et al, 1989). Pb isotope
studies of both types indicate a crust:.a1 source, rnost probably
th thick sequence of Lower Cretaceous clastic sediments
(Velasco tal., 1996). The origin of these deposits has also
been int rpreted as related to tectonic extension associated
with th fonnation of th Basque-Cantabrian basin during the
opening of th Bay of Bisca (Yusta and Velasco, 1996).

Geoclllemlistlry of Min ralization

In order to characterize the o forming nvironment bet-
ter, num r of g emical studi re undertalo n. Fluid
inclusion tudies re performed on sphal rite, dolomit ,
calcit , and fiuorit samples from th Aliva and Anclara
min Sulfur isoto anal of ulñd and carbon and o 
g n is to anal of carbon t from Aliva and other d 
posi we mad in oro r to d termin th ph ico-ch mical
characl nsti of th min ralizing fluids. To d fin th con
t nts and distribution of th rare earth el ments (RE ), XRF,
ICP-MS, and 1 AA anal w m d of carbonat s from
both th mio ralization and th ho t roe of th Ali mio.

de uropa mininginth
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FIC 10. Morphology, distribution. and types or flUId IOcluSlons In Altva mlOerals A Altgnmen of pseudosecondar)' flUId
IOcluslons LO type 1 spha)enle rmm lhe AlJva mine. B. Growth bands 10 type 11 sphaJen e and clutnbution or pnma'} and
pseudoseoonda.ry flwd incluslons in c1usters and IlOes e Pnmary and secondary flwd lOclUSIOOS 10 c:alole 'ote lh l sorne
or lhe andusions are 10l&lly decrepilaled D. Pseudosecondary flUid ,ncluslons 10 a healed rracture LO Ouonle

room temperatur , wlth the vapor bubble less than 20 per
ceot of the total ioclu~loo olume (Fig. lOA-O). lo additioo.
a smaller oumber of flUId IOcluSIOOS cootaio ooe (HzO L), two
(HzO L + mechaoicall . trapped soltds). or three (HzO L +
+ mechaoicall . trapped solids) phases lo order to aVOld rro
oeous ioterpretatioos. flUId inclusions 10 fluonte. calclte. aod
dolomlt wlllch show d van ble de~r s of flll a room t m·
peraturc du to 1 akage or o 'klO~ down s a coos qu nc: or
postcrystal!l:,.atlon defurma lOO or partlal deer pltatloo dunn~

lhe InlcrothermomfO Tit prcx:ess . w r 00 studl d Flllld 10

c1uslon morpholoK' III h' sdmple S udied Ti s from poi .
hedral tu round or (;ompletely lIT gul r. od IzeS ar g ner·
all' b low 30 J.Lm Th nUld IOclusloos ar . io g o ral.
ahllmtUlt m Ouori ,IOU (;. kit . 00 'iC re In 'iph I nt ami
dolomlt<:

MOT(' tla,lI\ 450 fhllu lIldu I o ha" be 'o tut!l·d and th '
1n1('rotlwrI110Ilwtne re·\III. ar' "umm' n7 '<1 In th T,lhl<':}
aJld FI~IIT(' 1\ EII C'<:l1(' lt'1lIpc:r,1 ure" rn .¡¡ JIre-u m th, Olllll

lnc!u ..iÍOJl\ vaned h(, ' 'en 50 .1lld _55°(; (ce T, :: -:-4 4 .(

fm th PUIl' '-'st 'm 11 20-. ·.I(;I·(;a :12) Tia' (. t('mll -ratUT("
IIIUI<.:<II<' tll<' prc~cn<:<' of nol olll} '<1 ,lOd (;<,2. 111 tlat' <I'JU 011\

SOllltll1ll hllt al. o. po Ibl. 1I11110r .lInolln of () Ilt'r ('.Itlllll'
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TAIIU: 4 &" S. 3UC. and 3M() values (.) o(Various Minera1s (roen Ore Dcposits In rile Southeastem Sedor of Pioo5 De Europa.
Plus l:otope aw-.eterization of rile MineraliDng F1uids

33

Sample no. Minen.! Orebody pS (núneraI) 311(: (mineral) 3a.o (minenI) psI (HtS) 3U(:t(CO.) 311()' (H,o)

R15 (1) Sp 1 AJM 10.2 9.7
R15 (2) Sp I AJiva 10.3 9.8
R15 Gn 1 AJM 9.6 11.8
3N Sp 1 AIM W 12.0
3N Gn 1 AJM 8.7 11.9
214 Spl AIM 11.9 11.4
214 en 1 AIM 10.2 13.4
36 001 AIM 2.5 15.9 0.7 1.6
DTA.PC 00 1 AJM 1.0 15.0 -0.8 0.7
DTA.23 [)04 AIM 2.9 16.2 1.1 1.9
'l7 Spll AIM -2.0 -2.5
'l7 Ca 11 AIM -«.8 -1.6
50 Spll AIM -o.B -1.3
50 Cau AJM ~.l 0.1
54 Spll AJM 1.1 0.6
54 CaD AIM -U 1.4
CTA.11 Ce 11 AIM 1.0 11.5 0.3 0.7
12 Spl e.- ~.B -O
1J Ca I c..... -8.3 -U
YS SpU F__ Di -e.B -7.3
YS CAD F...eeDi -11.8 -13.6.. Spl UanIII U 8.l
-.u SpU UanIII 4.1 3.7
11 Spl A8dIn 1.1 0.6
leA $pU A8dIn -0.4 -0.1
710 $pI V.5abw 1U lU

AIabI.....1foM Ce. ClIIcMa. Do. iWc .,•• era ...... $p.~.I~ 1..... Ir Ph',II. twe 1I.llu......o
•fNS (fIt$)--..~ wIda 1ft • 100 ........ nt l?O-C, cwb· from Ohmoeo _ Il,e (1m); 8ukl iDcIuIIioD ... ore DOt~ for

UardII. Lae.-. v.,. .. 5otNI....____... ore tentntM

"UCXco.>--.. tire rincrz'Q luid&. cnhr..... &aaa 0Iun0t0 (1972, 18)
J'II() .....ol the~.,.,. rn. O'Nell el ni. (UI69) ancI Norduop lIId CInyeaa (u.) ro.- 17O"C
4Doba1te DTA.23 cwIUllt be wtth~ as eMber type 1 or 11 bur Is deuty eutier thnn mIc:iee CTA.21 (type 11)..

intelpreted lIOCOrdiDg to data of Hall and Friedman (1969),
Anderson (1973). Sverjensky (1986), and TayIor (1987) to be
the resolt of bydrothennal alteration. As sbown in Figure 13,
the host Iimestooel baYe a narrow ruge of 3UC values (ll{>"
prox 4--5.5L). wIUcb were very weaJdy modi6ed during earty
dolomitization to slightly lower 6UC vaIues. Tbese roclcs were
then progressively modi6ed to Iower 6UC vaIues tbrough in·
teraction with a h~nnaI fluid.

Sulftda: The 6345 values oC tbe su16des show 10 overall
range f10m 12.9 to -16.8 per mil (Tabie 4), the type 1I.u1fides
being lighter iban tbe type I sulfides in every deposit (Fig.
14).

The near-neutral pH nature of the fluid ís demonstrated by
the diuoIution and precipitation of carbonates. which indio
cates fluetuationl in pH witb time. As pyrite ís found coexist·
ing with sphaIerite in botb type I and'O mineralization. lOs
condiüons mar be calcuIated fmm tbe FeS content of the
spbaIerite~ lo HeIgaoo (1.). Cnig and Scott
(1974), and Butoo.. SIcioMr (1979)./01 al tbe lite of mino
eral depc.itioll appean to have been lIppIOámately the ame
in each~ event (Iog/ot • --i6 lo -C7. Table 2).

CaJcuJated Ps.... val..., UÁ!'I fnctionation data of
Ohmoto and R,..e (1979), for the flUid &orn which tbe Aliva
type I mineralization precipitated vary~n 9.7 and 13.•
per mil. with an llY8np of 11.6 per aúl (Table 4). Corre·
sponding values for Aliva type 11 range froro -2.5 to 1.. per

mil, witb an average of..().6 per mil. Under the T10s -pH con
ditions described aboYe, 3345..... 334SHI5 Cor both type 1and
type 11. Under tbese conditions. the difference in isotopic
oomposition of sul8de minerals between the two types oC
mineralization cannot be explained on the huís oC a constant
~345.... witb changes in ftuid condíbons. On the contraJ)'o it is
evident that tbe 3345 of the fluid was very different during the
two mineralization phases, whereas the oxidation state was
relatively constant.

&nr «JttJa~ ita~

AnaJyses have been made oC the REE distribution in nine
representative samp&es of host límestone and dolostone 10
cated dose to the Aliva mineralization (Table 6), and of the
gangue calcite and dolomite The reswts are shown in the dis·
tribution pattems, nonnaJ.aed to chondrite values (Fig. 15). A
common feature ofibe carbonates ís the emtenoe of negative
anomalíes in Ce (variable C&'Ce. between 0.65 and 0.9).
being digbtJy higber in Iimestones and c::aIcite oement than in
dobtone and dOIomite oements (C6mez·Fernúldez and Ar
riba. lW3). Ce defldendes are a lepcy of the generation oC
the mineralizingsoJutions (Evensen et al., 1978; M()lIer. 1983;
MOller and Morteani, 1983).

Although the populations are too sma11 to justify Rrm con·
clusionl, a11 oC tbe carbonates anaIyzed for REE have
Yb/La.Ybo'Ca ratioI that pIot within or near the neld for



hydrothermal carbonates in the diagram of Parek and MOller
(1977; Gómez-FenW1dez and Arrilias, 1993; Fig. 16). This is
lo be expected for the calcite and dolomite of the mineraliza
tion, but the data for the Iimestone5 and dolostones aIso indi
cate tbat signfficant hydrothennal alteration has taken place,
partiaDy modifying the original distribution of REE. Thw,
the,limited REE data support the isotopic evidence for ínter
action between the mineralizing 8uids and carbonate host
roclcs.

Metallogenetic Interpretation and Discussion

The 834S.... values > 10 per mil exclude a magmatic origin
for the sulfur in type I mineralization, so that the rela¡ively
~t igneow activity in the Palentine zone during the Per
maan bears no relationship with the mineralization. The sul·
fur was most likely derived from sulfate reduction of marine

Tuu S. ue md 11() Values (..) oC AJiva Carbonate HGIl Rocb md
DiJtance fn:lm Ore Coo*'f

Oistance
from

Sample no. Rad Orebody ore (m) suero. SIt()SMOW

e.RIS Umeatone AlM O 34 13.9
D.12 DoIottone A1iYa 0.3 4.2 16.2
D.Pe DoIottone AlIYa 0.5 3.9 22.2
e.coraI Umestone A1iYa 10 2.7 154
D.coraI DoIoItone A1iYa 2.0 3.8 17.1
D.13 Dobtone Ama 20.0 4.1 20.7
DH.31S-77.9 Umestone AliYl 22.1 46 17.4
DH.31S-77.5 Umestont' AlIYl 22.5 4.9 16.8
DH.31S-73.0 Umestone Alivl 27.0 5.2 226
DH.318-72.5 Umestont' A1iYa 27.S 47 200
DH.31S-7U5 Umettone A1iYa 18.5 54 21.9
DH.318-68.5 Umettone A1iYa 30.5 5.5 20.7
DH.318-eS.5 Umettone A1iYa 345 5.2 15.1
DH.318-SU Umestone Aliva 43.5 5.3 14.8
DH.318-C9.0 Umestone A1iYa 510 5.3 164
DH.318-C1.0 Umestone AlM SiO 4.2 IS8
DH.31&-.37.0 Umestone AliYl 630 S.O 20.2
DH.318-35.0 Umestone A1iYa 65.0 5.2 197
DH.318-34.0 Umestone Aliva 86.0 S.O 161
DH.31S-33.5 Uatestone A1lYI e6.5 47 lS.1

water, this term being used in the broad sense lo indude
evolYed marine waters such as fonnation waters, basinaJ
brines, etc. The 6eld and stable isotope data point lo a crusta1
origin of the mineralmng fluids, and possible souroes include
mariDe water oootained in detritaJ sediments of exdusiYely
Carboniferous. (PS... • 15~, Claypool et al., 1980) or
iIotopically heavier water resulting from a combination of
Carboniferous, 1>eYooian, andIor silurian waters. On the
huís of the iJotopic dIta alODe, another possible souroe of the
mineralizing flwas as Permian marine water (&345..,... 1~,
ClaypooJ et al., 1980), since marine sedimentation took place
in tKe northem Picos de Europa during the Permian. How
ever, as discussed below, geologic considerabons do not sup
port this a1temative source.

lnvolvement of an isotopical1y Ii~ter sulfur source is
clearIy required to explain the cálcuIáted &345l1ooid values for
type 11 minenIization. The foetid nature of much of the Iime
stone ín the ara suggests the existence of a high content of
o 'c matter, rich in iIotopically light carbon and sulfur. It
as~y that, as • result of reaction with the host roc1cs, the
mineralizing soIutions became enriched in isotopically Iight
sulfur derived from organic matter and diagenetic pyrite in
the ümestone. 11le dífTereooe in 6345 values between sulfades
of the two types of mineralization is, therefore. interpret~ as
the result of. greater interaction between the type 11 mmer
a1izating fluid and the host rocb. The mineral textures pro
vide supporting evidence for this interpretation in that the7
indicate rapid deposition of the type 1 mineralization (Iaml
nated spha1erites with very smaIJ inclusions of other sulfide
crystals) and slower depositioo of the type 11 mineralization
with development of large crystals.

From the fluid tndusion study it can be concluded that
chloride compleses were responslble for metal transporta
tion. The experimental data of 8arTett and Andenon (1988)
show that Zn and Pb are soluble in aqueous solutions in the
fonn of chloride oomplexes and th.t their solubility increases
with increasing salinity and temperature. The mari~e waters
would have been the source ofchlonde and sorne cahons. and
thelr heating during teetonic pl"OCeSses wou~d have resu~ted
in alteration of the lurroundíng rocb. releastng more catlons
and metals into the aqueous puse. On the other hand. pH
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. _. TAo.U: 6. Distribution of' Majar ancI REE of' Carbonate c.npe Mlnerals
and "ost Roeb in the AliYa Ore Depo:il

SampIe 2 3 4 5 6 7 8 8

SK>t(wt ..) 2.01 0.42 0.07 0.05 0.2 0.13 0.04 0.18 0.08
A1A(wt ..) 0.06 0.16 0.01 0.01 0.05 0.05 0.01 0.15 0.01
FeA(wt") 0.21 0.16 0.05 0.03 051 0.77 O.:n 0.75 0.49
~(wt") 0.2 0.17 0.05 0.05 0.05 0.13 0.02 0.02 0.02
co.(wt") «J.77 43Jl6 43.56 42 43.85 45.2ll 46.21 45.J8 4'-47
MzC)(wt") 0.87 0.78 0..54 051 UI.'76 1831 18.5 18.V? 18.48
CeO (wt") 54.38 55.4 5751 57.65 31.88 32.71 33.lli5 32..3t 32.85
Ca(wt ..) 38.88 39.60 41.15 41.21 Z2.86 23.38 22.2'7 23.10 23.48
Sr (ppm) «TI 236 1«J 214 23 27 46 43 51)

1A(ppm) 15.00 UD 57'-> 25:10 UIO 1.(10 3'-> 1.50 UD
Ce(ppm) 23.00 4.00 @IO.OO 35.00 2.00 2.00 7.00 4.00 5.00
Pr{ppm) 3.70 1.00 14.00 5J1O O.«J 0.40 1.10 OJlO 1'->
Nd{ppm) 11.00 <3.00 45.00 18.00 <3.00 <3.00 4.00 <3.00 3.00
SaI{ppm) 1.80 O.«J 8.00 2JIO O.m O.m 0.80 0.10 1.00
Eu(ppm) 0.53 0.15 UB 1.18 0.10 0.12 0.35 O'" 0.38
Cd(ppm) 2.10 0.80 UO 30m O.m 0.40 1.m l.C1O 1.50
Th(ppm) o.m 0.10 OJlO 0.40 <0.10 <0.10 o.m O.m 0.30
Dy(ppm) 1.80 0.80 5.50 UO 0.40 0.40 1.30 1.10 1J1O
Ho(ppm) 0.43 0.16 1.11 0.54 0.10 0.13 0.30 0.25 O.•
Er(ppm) 1.m 0.50 2.@IO 1.m O.m 0.10 0.80 0.10 1.m
Tm(ppm) 0.10 <0.10 0.30 0'-> <0.10 <0.10 0.10 <0.10 0.10
Yb(ppm) 0.1& O. 1.46 0.7S 0.17 0.14 0.56 0.50 0.73
Lu(ppm) 0.13 O.oc 0.18 0.10 0.02 0.02 0.08 o.m 0.10
Y{ppm) 16.00 6.ClO 37.00 l8.ClO 4.00 3.00 10.00 7.00 16.ClO
EulEu° O.ll3 0.84 0.84 1.18 1.51 1.27 1.(11I O. 0.17
IREE 61.85 10.00 117.14 '1151 4.1'11 4.81 •• 11.06 UI.11
IREE. y 77.85 16.00 164.14 11551 8.1'11 7.81 30. 18.06 35.11

Nota: 1.2. 1imeIlone; 3. 4 • pnpe CIIc:ite; 5. f; • doIoatone; 7. 8 .8.
glUIpe doIomite

ADaIytícaIIDIIthods: INM.: La. Ce. Nd. Sm. Eu. Th. Yb. ud Lu;
ICPMS, Pro Cd, Dy. Ho. Er. ud Tm; XRF ud ICPMS: Y. ICP: SIO••
A1a03 •F~3. COa •~ •MgO. CeO. and Si

increase in acidic solutions reacting with carbonate rocJcs
leads lo deposition of spbalerite and galena (Anderson, 1973;
Sverjensky. 1986). It ls liJcely. then, that an increase in pH was
the major cause of the formation of the Picos de Europa

deposits. but contributing factors may have been decreasing
temperature. pressure. and salinity of the mineralizing fluids
as they reacted with the host roeks.

Absolute dating of the age of mineralization has not been
undertaken. However. timing of the ore-forming process can
be partJy oonstrained by oomparison of the data and observa
tions obtained during this study with the tectonic evoIution of
the region. DoIomitizabon was epigenetic. being geometri
cally related to the N 105° to 120" E directional faults, and
therefore oflate Carboniferous-Permian age or latero The min
eralization commonJy replaoed dolostones, and thus. occurred
later than dolomitization but befare the last compressive
events, because it is defonned. In view ofthe aboYe. and on the
buis of stroetura1 and morphologica1 aitería, the possible age
of the mineralization spans fronl the Carboniferous-Pennian
boundary lo the eod of the compressive events in tbe region.
wbicb probably tooIc plaoe during tbe Miocene (Hines, 1985).

It has also not been possible lo establish with certainty the
mechanism responsible for Oow of the mineralizing fluids lO
ward tbe lites ofore deposition. In a study of numerous Mis
sissippi Va1ley-type ore districts, Leach and Sangster (1993)
discussed the three mechanisms oC fluid flow that bave been
proposed for dús type oC deposit: sedirnent diagenesis and
compaction, tectonic drive during compressional events. and
COIlvecting ceIls iD extensional structuraI settings. The foUow
ing discussion coosiden these mechanisms in relation lo pos
sible ages of the miDeraIization in the southeastem part of the
Picos de Europa provtnce.

Pemúma age: During the Permian postorogenic enension.
the Picos de Europa structural province oonsisted of a Car
boniferous imbricate complex more than 2,800 m thick.
Therefore neitber tectonic drive. related to compression. nor
compaction and diagenesis of the overlying Permian sedi·
ments could have given rise to deposition ofZn-Pb ores in the
deep-seated Carboniferous thrust sheets (Frontal. Tesorero
Agero, and LechugUes tectonic units) which forroed the
basement below.

10 I -r-------------------------,
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FIC. 15. Abunclulcet of' REE In Al.". carbonate pnp mineral. and host rocb nonMIiaed to~ values



METAU.OCDlESIS OF Zn·l'f1 DUOSITS IN SE PICOS DE EUROPA. SPAlN 37

-6
10

..
.. -7

~1O

carbonatites

hydrothenna1
limestones

alpine
veins

• ;#
• .6.. _

-2
10 10.1 10°

YblLaat

FIC. 16. Vari8tioa diI&nm oCYb(A VI. YMA &:Ir AIM miDe c:wtxJa-. md Wds &:Ir c:wtxJa-. oC ort¡iaI (after
PueId1 md MeIer. 1m; al. atomic ntio. Numbered 1qIW'eS: 1. 2. IúneltClllle; 3. 4. pape c.Ic:ite; 5.6. cIoIOItone; 7,
8. 9 • pnp doIomile.

On the other band. crusta1 thinningud increased geotber
mal gradient duriDg the Pennian~ could
ha...e resulted in tite generation of iluids and
ore deposition during the first post-Carboniferous phase of
extension. Aocording to this model. hot brines charged with
metals migrated toward and through the Picos de Europa
structural province by means oC convecti...e circulation. 11le
fluid source would probably ha'o'e been rnainly marine waten
oC CarboniCerous age contained in detrital sediments oC the
PaJentine mne and the Picos de Europa province. altbough.
as discussed aboYe. fluid may also bave been contributed
from other sources.

The numerous layen of metal-rich blaclt shales oC the
PaJentine zone represent the most probable source oC metals.
Other souroes could be the sediments of the Lebe6a Fonna·
tion (Fig. 3) andlor the Precambrian basement underlvíni the
PaJentine mne. but the small voIume of the (onner. 'ancJ the
deep-seated situation and high metamorphic gnde of the lat
ter. do not fayor either as the source oC metals.

Maowic age: Durtng the Mesozoic the Picos de Europa
province was covered by sediments being deposited in the
Basque-Cantabrian buin. "The elassic concept oC expulsion of
fluids by diagenesis and compaction of sedirnents would sug
gest that ore deposition should have taken place nWnIy in the
Mesozoic carbonates. rather than below. Ukewise. the con
cept of tectonic drive related to compression must be rejected

because. al that time. the Picos de Europa province was sub·
jected lo ao extensional tectonic rerPne'

On tbe otber band. tbe possibIe esisteooe during the Meso
zoie of convecting oells related to extension. with deposítion
oC metals in the Picos de Europa province. would require an
explanation as to why suc:h a prooess did nol also operate in
the first (Le.. Permian) pbase oC extension.

Tertiaty age: Tectonic dri...e is the onIy possible fluid flow
mecbanism consistent with the compresive tectonic regime
lCting on the PiCOS de Europa provinoe Crom the Priarbonian
to die Miocene. However. Mesozoic waten from the
Basque-Cantabrian basin and Tertiary waten could not have
been invo1ved in the mineralizing process during Tertiary
compression. since at that time fluid flow would have been in
the opposite direction. i.e.• Crom the upliCted Picos de Europa
strueturaI provinoe toward the surrounding Mesomic and
Tertiary sedimentaly basíns.

Aocording to the aboYe díscussion. the most probable age
of the Zn·Pb deposits of the southeastem part oC the PiCOS de
Europa is Pennian. This reasoning is supported by the obser·
vations carried out in the northem part of the Picos de Eu
ropa structural province by MarUnez-Carda (1983). who de·
scribed Aliva-type Zn·Pb mineralization hosted in fractures
which had ceased to be active by the Triassic. and those in
the eastemmost part of the Picos de Europa province by
Saulas (1985) and Barbanson (1987). who described detrital
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fragments of lo-Pb mineralization in Pennian rocks. This
conclusion also implies that the regional dolomitization,
which preceded lo·Pn mineralization. also took place during
the Pennian.

Conclusions

lOe metallogenie characteristícs of the Zn-Pb deposits 10
cated in the southeastern sector of the Picos de Europa struc
tural provinoe indicate that these deposits can be classified as
Mississippi Valley type (San~er. 1990. 1993; Leach and
Sangster. 1993). The principal features that support such a
clasSification are as follows: (1) the deposits are epigenetic
Zn-Pb mineralization. hosted by platfonn carbonates. and
oontrolled by faults and dolostone-limestone transitions; (2)
the deposits show no mineral zoning; (3) mineral deposition
was accompanted by alte~rocesses. including breccia
tion and diSsolution of bost • (4) tr8pping temperatures
oC tbe mineralizing fluids were between 1700 and 200"C and
salinities were around 15 wt peroent N.el ec:¡uiv. and (5) iJo.
t~ data suggest that the sulfur was derived from sulfate re
duction oC marine water.

lo the Picos de Europa proviDoe. the platfonn carbonate
rocb hosting the deposits underwent throsting prior to the
0DSet oC the mineralizing process. and consequently. the
southeastern Picos de EufC?Pll deposits were Conned under U1

imbricate oomplex more than 1,000 m in thiclcness. without
any apparent relation lo the topograpbic lurface.

A1tbough questions remain oonoerning the age of the min
eralization and the origin and mechanism of flow of the flu
ids. it is oonsidered most lilcely that mineralization took place
during the Pennian. with expulsion of the metal.~
brines related lo extensiona! processes talcing place at~ ena
of the Hereynian orogeny.
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is of particular interest to aquatic and environmental
chemists because. to a large extent. particulate and
colloldal matter regulale metal ion concentrations in
natural media. Biological sunaces. especlally bio
gemc organic particles (phytoplanlcton and biological
debns) in transporting and seltling material. play a
maJor role in the ocean by binding heavy metals and
transferring them through (he water column and to
lhe sedimenls. thereby regulaling the concentration
of dissolved metal ions (Sunda, 1990; Bruland et al ..
1991; González-Dávila. 1995; Volesky and Holan.

'. CorrelpOlllhnllulhor. Tel +34·928-452·914. fu. +34·928·
52·922
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The organic ligands naturally preseat in seawater. on the cell swface groups. and tbose releued by me marine
. pbytop1ankton species. 'TMÚ2Ssiosira weissflogií and PluJeodJJcrylwm IricOf"IUCtIUn. and their physico-cbemical inleraCtiOll
witb copper ions were studied usin¡ differential pulse anocfie stripping voltammetry (OPASV) as a fwK:tion of pH.

: temperIture. salinity and biorrws. The .cid-base propcrtics were eharacterizcd from titration curves of diatom suspeasions
witb proton. 1ñree pK. values were detennined for each diatom. all of which were similar. Titration curves with copper
alJowed us to determine the specifie adsorption oC copper in a heterogeneous adsorption modelo An it.erative method that
combines bolh Scatchard and Van den Berg-Ruzie approaches was used in order to detennine the complexing capacity and

~ the binding constants. High-affinit~ surface groups of both algae have similar affiníty for eopper but the concentration of
1!bese groups is 45% per cell higher for P. tricomutum as eompared to T. weíssj1ogii. The low-affinity groups in T
~ weissflog;i (9.37> have higher stability eonstants than those in the P tricomutum (9.0>. After 36 h equilibrium. a Iigand

CORCentration of 18.6 X 10- 16 M cell- I P. tricomutum and 25.0 x 10- 16 M cell- I T. weissflogii with a conditional
aability constant of lag K' - 9.8 and log K' - 10.0. respectively. was exuded into the original seawater. In the presence of

.1eId. high specificilY was observed for the lowest stability constanl Iigands for copper. while the highest stabiliry constanl
ligands were affecled more by the presence of lead in solution. The Iigands of T. weissflogii were less affected. CJ 2000
Elsevier Science BY AlI righlS reserved,

, .Kryword1: adsorptlon. compleulion: copper: dialoms; seawaler
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I¡~ iological surfaces contain various functional
~

I &roups. e.g.. amino acid. carboxylic. hydroxy car-
; .~ylic and hydroxy groups. which may inleract
I llb H" ions and metal ions. The dislribution of

. enúcal species between the solid and liquid phases

http://www.else
http://vier.nl/locwe/marchein


162 M. GOIIlAI~z·DálJila ~, al. / Mari"~ ChemlSlry 70120(0) J6J - J70

1995). As a whole, the chemical properties of heavy
metals with respect 10 their interaetion with sus
pended panicles, sedimeots and aquatic organisms
are strongly affected by the cbemicaJ forms in which
dissolved metals exist in seawater (Brand el al.•
1983; Sunda. 1m; Knauer el al.. 1997). Although
we are beginning 10 understand more aboul the
organic complexation of some metals. especially
copper (Van den Berg, 1984; Kramer. 1986; Coale
and BrulaDd. 1988). more studies are needed to
understaDd the toxicity. bioavailabílity. geochemical
reactivity and the organic interactions in natural me
dia.

In this work., we have examined the binding of
copper to the surface lDd to the ligands produced by
living algae. specificalJy 10 understand tbe signifi
canee of both processes in seawater. Two dialOms
were used in our studies: '11u:úlusiosira weissflogii
tbat appears in esnwiDe arcas. and Phaeod4ctylwn
tric017Ultllm that appears in inratidal arcas. Anodic
stripping voltammetry (ASV) wim blank subttaction
was used 10 measure equilibrium partitiooing be
tween surfaccs anct solutions 10 determine ¡mace
complex formatioo equilibrium constants (~ves
et al., 1987; Gonúlez-Dbila el al.• 1995). In arder
to gel a better understanding of the adsorption pro
cess and the effcct of dissolved extraeellular ligands.
the effcct of pH. temperature. salinity, algal biomass
and the presence of lead (a highJy toxic elemenl thal
has becn found 10 be complexed with organic lig
ands; Capodaglio et aJ., 1990) have becn studied.

2. ExperimeDtaI

Cultures oC Che diatoms P. tricornutwn ccmp 631
and T weissflogU ccmp 1051 were obtained from the
Provasoli-Guillard Natiooal Center Cor Culture of
Marine Pbytoplankton. Bigelow laboratory for
Oceanic Sciences. ME. Tbey were cultured in con·
tinuous culture using a standard nutrient medium f/2
(Guillard md Ryther. 1962). Natural seawater (5 
36.78 ) used Cor the prepara1Íon of the medium and
for most of tbe SlUdies was collccted northwesl of
Gran Canaria island (Tbe Canary lslands) 11 the
European Sration for Time Series in the Ocean.
Canary Islands (ESTOC) ud liso I mile off the
coasl from - 10 m depth. Axenic cultures were

maintained al 292 ± l K, under 12-h ljgbl and 27
JLmol of photon m -2 s - I (photon flux density) in a
growth chamber. All chemicais were of reagenl-grade
or the highesl obtainable grade.

The culture medium of algae in stationary phase
was harvested and centrifuged al 4000 rpm for 15
min, then washed four times with 0.45 JLm filtered
natural seawater and resuspended in fresh seawater.
The sample was theD stored jn the refrigerator until
used. always within 24 h. Tbe concentration was
determined previous 10 the study by optica1 counting
with a hemacytometer ando where necessary, algae
dry weights were determined by filtering the algal
suspension tbrough 0.45 JLm cenulase nitrate mem
brane filters (Millipore acid-washed filters) and dry
ing al IIO"C. 1be fmal cell concentration in our
studies was k.ept al aboul 1 10 3 x 10' cells 1- I .

2.1. Acid-base titrations

1be algae from lhe culture media were cen
trifuged al 4000 rpm for 15 mio in 100 mJ
poIypropylene beakers. Dead cells (fonnaldehyde
treated) were washed four times with a sterile 0.7 M
NaCI solution to remove exudates and debris. fj.

nally. the algae were resuspended in 25 mi of de
aerated 0.7 m NaCI. The pH was measured in a
titration system similar 10 tbal used in our earlier
studies (González-Dávila et al., 1995>. AIgae con
centrations were 4 g dry weighl )- 1• The 10tal proton
exchange capacity was determined by titrating the
alga with an excess of 0.1 M He!.

2.2. Complexation 01 coppu

The cullured algae were harvested by cenuifugl'
tion. washed. and resuspended in a 0.45 JLm filtered
seawaler. For each sample. a shon reaction time (15
min) detennined by kinetic measurements was used
for the adsorption studies. AH lhe samples were
equilibrated al a given pH. temperalure and salinity
being studied. Tbe cell solution was then filtered
through 3 JLm (HA Millipore acid-washed) fillers.
and spht inlo lwO fractions 1ñe firsl fraction was
aCldified with concentrated HCI lO pH 2 and mi·
crowave·trealed (CEM·MOS·8ID; 630 W. 30 min)
to determine the total dlssolved copper The second
fractlon was used ducclly In order lO delermlDe the
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Fig. l. Acid-bue tintioll cums of cae.d P. tric'onwftuft and T
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Values of pK:. - 9.12 ± 0.02, pK~ - 6.68 ± 0.03
and pK~ - 3.77 ±0.02 weI'e obtaiDed as tbe result
of different titratioas of P. tric01'lUlt&Url. Values of
pK:1 - 9.14 ± 0.02, pK~ - 6.72 ± 0.03 and pK:3
- 3.96 ± 0.02 were detmniDed for T. weiss/logíí.
The p K. values under 4 are related to tenninal
carboxyl groups in proteins, while the p K. values
around 9 are related to o-amino groups of as
paragine, glycine, alanine, leucine (pK between 8
and 9.5). The pKa2 values around 6.7 can be related
to the presence of primary amino groups, probably
due to the presence of chitin (pK~ - 6.8; Gonzalez
Dávila and Millero, 1990).

The binding of trace metals on the cell surface
groups is the first step necessary for the uptake of
metals into the cell. Fig. 2 sbows the uptake lcinetics
of 7.02 x 10-1 M Cu<n) on 2.03 X lO' cells 1- I P.
tricomlllllm, including tbe study of the behavior of
labile and complexed Cu(n> in solution. For P.
tricomlltllm and T. weissflogii (data not shown). the
inorganie dissolved copper sharply decreases during
the first 15 min until its concentration reaches less
than 2.5 and 5 nM, respectively. for both algae. After
this first step. both the uptake and labile Cu(IO
concentrations decrease linearly with the square root
of time (inset in Fig 1), • characteristic result of •
diffusion-eontrolled process (Crank. 1976). The up
take of Cu(ll) for both algae is quite similar (50% of
the initial value) OrgaOlcally complexed dissolved

labile copper (Gon~ves et al., 1987). Copper bound
to the surfaces of algae was calculated from the
difference between total added copper (including that
initially present in the seawater) and total dissolved
copper. OrganicalJy complexed dissolved copper in
the adsorption studies was calculated by the differ
ence between the total dissolved and the labile cop
pero The concentration of copper in the samples was
determined by using differential pulse anodic strip
ping voltammetty (DPASV). In voltammetric analy
sis, it must be asswned that organic ligands with a
weak affmity for tbe metal are included in the labile
fraction (Coale and Bruland, 1988; Gonúlez-Dávila
el al., 1995). 1bose ligands of very strong metal
affinity that are fully tittated initially do Dot equili
brate with' the added metal ud have no contribution
lo the estimatioD of the metal affinity oC the organic
complexes in solution. This concept is mown as the
anaIytical window and refers lO the metal affinity
nnge of the measurement (Van den Berg and Donat,
1992; Van den Berg el al.. 1990).

Measurements were perfonned using PAR 303
static drop mercury electrode with the PAR model
348B polarograpbic analyzer system connected to a
computer. The reduction potential was -0.6 V, the
rale was 2 mV s- I , the pulse height was 50 mV. and

1
, the deposition time was 10 min. The sensitivity of

the method determined in acidic media was 0.8 nA
nM - I min - I (Gon~ves et al .. 1987).

I For the seawater comp1exation studies in the pres
ence of algae, a cell solution was left in equilibrium
for 36 h. then fLItered using 3 JLm filters, and finally.
trace metals were added to the solution, whereafter.

, it was left to equilibrate ovemight.

!I 3. Results and disc:ussion

Fig. 1 shows the acid-base titration curves for the
diatoms. P. tricomlltum and T. w~íssflogíí. in 0.7 m
NaCI solution. The shape of the titration curves
indicates that the surfaces contain a large variety of
weaker acid-base groups. The model used for the
description of oxide surfaces (Stumm and Morgan.
1981; Keifer et al.. 1997), was applied between
pH - 3 and pH - lO to evaluate the data. The intnn
sic aeldity constants pK:, . pK:2 and pK:) were
Obtained from the plot of p K vs. surface charge Q
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4.0 ~--------------...., yields separate linear regions. This indicates that
more than one type of ligands can be estimated. The
most usual model is to consider two kinds of binding
sites. This model provides a goad tit of the result
data in spite of me simplistic assumption on which it
is based. lt is charIcteriz.ed by a low concentration of
ligands with a high conditional stability constant
([L 1] and K:-') and a higher concentration of lig
ands with a lower binding strength ([L 2 ] and KfDd).
Due to the weU-mown heterogeneity of the com
plexing material. the estimation of log K' is an
averaged value oC lbe stability constant of natural
ligands inside the anaIytical window. The modeled
values of K; and total ligand concentration obtained
are DOl indepeDdeDl oC each other for the same type
of ligand and dependent OD the deteetion window
associated witb lbe method used. Another aspect 10

be considered is the different metal ion loading
cooditions preseat in the differenl studies that can
produce a gradual change of log K' (Bume el al.•
1990). In our work. we wiU present and compare
complexing dala obcained URder different metal ion
loadings. These differences were a1ways lower than
one arder oC magnitude. ando consequently. the error
associated to the estimation of log K' is lower than
the analytical error.

Values for the complexing parameters in a single
ligand model are estimated through the use of a
nonlinear tit of the Langmuir isotherm. similar to me
one proposed by Gerringa et al. (995). In order to
determine the concentrations of the separate ligand
classes and their respective condítional stability con·
stants. a new iterative method has been developed. lt
a1lows one to determine independendy the complex·
ing capacily of both class of hgands when the two-site
model is employed (Laglera el al .. submitted). lbis
method is characteriz.ed by using the Scatehard plot
for the delemunatJon of II and the Van den Berg
and Ruzlc plOl COI' L, In our case. me lotal ligand
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copper is arouod 4S-~ oC the initial value. Only
1'1l oC me iDitial Cu<U) Cor P. tricontlltum and 5'1l
for T. wiuflo,ü is praeDt as inorganic dissolved
copper. wbicb corresponds 10 a pCu of 10.2 and
9.84. rapec:liwly. We can observe from Fig. 2 that
inorganicaUy complexed copper is taken up by a1gae.
while the orpnically complexed dissolved copper
did nOl cbange.

When pbylOp1anlaon cells are in equilibrium with
seawater. copper binding on the cell surface groups
takes place. The copper also binds with organic
ligands preseat not only in lbe solution but also
excreted 01' uuded by the cells. Metal complexing
ligand concentratians and conditional stability con
stants were calculated by titration using lbe methods
oC Van den Betg and Kramer (1979) and Ruzic
(1982). If me transformation results are linear. it is
assumed lbat the natural chelalors are within a single
clus of ligands. with one representative conditional
stability constIIlt. When the analytical teehnique is
used over a wide spectrat wtndow. a Iinearizing plot
as proposed by ScalChard or Van den Berg-Ruzic

TabIc I
CompIeUlÍOCl ....-.en fOIl natural _water (coIumns 1-)) and after 36 h eqwbbnum pcnod WlIb cIaaIom, (coIumns 6-6)

EaperimeIaJ CClIIdiCiou' pH, - 102 oc. - 25.7.2.06 x 10' celll- I P rn~ Pd 2.2 x 10' edll- T -wfI0111

tOO ± 2 7"1 ± 002 119 ± 002 P. rnco",..,_ 166 ± 6 797 ± 004 9)1 ± 004
T wmsflolll 16::! ± 2 a 161001 957 :t 001

•t
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isotberm for two P. tricorrullllm concentratiODS,
wbere tbe praeoce of al Ieast two types of ligaods is
obIervecl. 1be four puameta'S defining tbe syaem
uve beea evaluated by usin¡ our iterative mdbod
tbat iDcIepeMeody delermiDes che compIexing CIpIC
ity of boch types of lipDd. 1be data lIe preIeDted in
Tibie 2 lDd !be fittin¡ liDes in Fil. 4 conapoad to
the model output. This mode1 removes \he problems
associated with both the linearization of the VID den
Berg-Ruzic plot al low concentrations (negative val
ues may appear al very low concentratioDS and low
statistic weighting for che initia1 data) and wilb the
lineariz.ation of Scatdwd plot al high concentrations
(concentration of points due to che experimental
enon al bigh copper <:oo<:entrations) (Apte el al.•
1988; VID den Ser¡ and Donat, 1992; Ruzic. 1996;
Miller and Bnaland, 1997). The dala in Tibie 2 show
tbal che high-affinity suñace groups of both algle
presenl similar affiDily for copper. bul che concentra
tian oC these JI"OUps is 45'" per ce11 higher for P.
tricomllhlm than for T. weusflo,ii.

The constants we have determined from che titra
tion data are conditional lO che pH and seawater
composition considered. By usin& che &cid-base
titration curves for boCh d.iatoms discussed previ
ously and coosiderin¡ che competicion between pro
lon and copper for \he sarDe binding sites. intrinsic
adsorption COOStants. K: have been computed. ~Y
allow us 10 determine che condicional adsorptíon
conltant al other va1ues of pH and are shown in

Fil· ... ScIldIIrd líDeIriurioD ollbe ....pcioa Docbcnl for IWD

T. ~U ccIJ ClClDI:.-IIicw. 11Ie c:.wa .....espoIId wiIh
model ....

•

ca •o

n' .•,...........

4

• UJ ..' ... L·'
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o ..
D

•
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Fil· 3. AdsorptiOl1 ilOChenns of CuCO) 011 two T. _/1I/lol1/ cell
concentnbons in rcawaler al pH, - 1.02.

10,..----------------,

concentration eL (nM) and conditional stabilily con
stanl K~r. are shown in Table I for the original
seawater and after both algae were left during 36 h
in equilibrium. An inorganic side reaction coefficienl
(a) for Cu(D) of 25.7 al pH - 8.02 (MilIero and
Hawke. 1992; Santana-Casiano el al•• 1995) was
used. Jl can be clearly observed that tbe addition of
cells increases boCh the total ligand c:onc:entration
and tbe conditional stability constants of seawater.
revealing tbal these algae excrete ligands wilb higber
stability constanl than those initially presenl in the
seawater. If tbe addition of algae inaeues the ligand
concentration by 40 nM for P. tricomutrlm and the
constanl rises by approximately 0.5 unítl. tbe ex
creted ligaDds should have a COIIditional stability
constanl of 9.8. For tbe T. weissfto,U, !be COIlStanl of
the new ligaDds should be U'OUDd lO. 1bis orpni
cally complexed dissolved copper will compete witb
the copper adsorbed to the .uñace poups. In order
to cbancterize the speciIIion of copper iD naIUn1
seawater, adIorption on the cell mace poups sbould
be coasidered.

Fil. 3 shows tbe adsorption iJOCbenns of two T.
weissflo,ü cell c:oocentratioos in seawaser al pH I 

8.02. The complexation of copper witb the algal
suñaces wu interpreted using tbe Langmuir equa
tion al constant pH, assuming that tbe adsorption of
Cu oc:curs in two types of suñace poups, within lbe
range of Cu concentration used, coosideríng lbal
charge effects are negligible al constant pH. Fig. 4
presents the Scatchard linearization of the adsorption

I
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10.10±0.12
10.13±0.12
10.67 ± 0.11
10.67 ± 0.12

-10.0

1.98 ±0.02
9.01 ±0.02
9.37 ±0.01
9.37 ± 0.01

21.4±0.5
22.2 ±0.3
26.1 ±0.2
2.6.7 ± 0.3

9.51:t 0.01

9.31 ± 0.04

(I990) fOUDd tbIl lead is orglDically complexed iD
natural WIlerS, lDd tbis complexatiOD can aft'ect ¡ts
bebaviar iD mariDe systems. 1be 2.06 x 10' cells 1- 1

P. rrictmuItJIm lDd 2.21 x 10' cells 1- 1 T. weí.u
JIogü were bpt iD equilibrium fOl' 36 h. removed
ud che complexiDg c:apacity of che solucion deter
miDed. 1be raults IR lbowD iD Tibie 4. 1be bi¡b
specific:ity of !be lipDds paeDt iD !be ori¡iDal
seawater lDd tboIe exudared by alpe for c:opper caD

be cIearIy obIerwd. A sligbt iDaeue iD tbe com
plexiD¡ capacity is obIerwd in bodl alpe. 1bis can
be CODIidered 10 be witbiD !be expaimma1 error.
but caD also be considered a l)'DeI'IisIic effec:t of
lead fOl' copper (Tmg el al. 1991). In arder 10 ltUdy
!he effect of Pb(D) 0Il !be adsorptiOD of copper by
me two diaroms studied. 100 nM of lead wu also
Idded togetber wim an iDcreasing CU<n) conc::eDtta
tion over a period of 1S mino 1bis 100 nM of lead
Idded 10 P. trico".""",. and T. weWjlo,ii witb
coocentrItiOllJ of 1.42 x 107 cells )-1 and 2.12 X 107

c::ells 1- I respeelively. is two 10 three times tbe
adsorpcive Clplcity of !be algae (33 ud 60 aMo
respectively). The resWts presenled in Fie. S fOl' P.
triconumun and in Tibie S. ·considering bocb bomo-

11.94 ± 0.15
11.79 ±0.16
12.04 ±0.16
12.05 ±0.13

10.2S ± 0.11
10.25 ± 0.12
10.12 ± 0.12
10.13 ± 0.11

10.12 ± 0.05
10.67 ±O.OI
10.74 ±0.04
10.15 ±0.06

9.13 ±0.02
9.11 ±0.03
9.52 ±0.03
9.52 ±0.02

1.2 ± 0.1
1.2 ± 0.2
2.1 ± 0.1
2.7 ±0.3
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1.42 20.5 :t 0.5
2.53 22.2 ±0.1
1.23 21.1 :t 0.4
2.12 27.1 ± 0.7

166

P. trico".",.",. 1.42
2.53

T. -iufIoIü 1.23
2.12

Tibie 2
Adsorptioa c:harIc:II:risb iD • becc:rop:Deous modeJ far che lUl'face JRlUPI of P. rrico"..".. IIICI T. _Us/IDIii 11 pHI - 1.02
It abo iIlc:1udes che iaaiJIIic adIorpc:ioa .........". XlJ • valid far _1 pH vahIe. pX,. ,,'c.,_,•• (pH - 1.02) - 9.11. pXr.•'1"/1_,11
(pi{ - 1.02) - 9.30.

1'.1rÍQNf ....

TlWe3
AdIorpcioa pIr1IIDIIICn COGIideria& • boaIoIllIIeOUl -.ce. Cll'P'lihoaallO • pHI - 1.02
nc .... two coa... __ die ............ c:.pICily ot ... ...., lIIediuID .,. )6 la equi1jbrwIIl WIdl 2.06 )( 10' cd 1- I 1'. 1rÍCWIUI....

.. 2.21 x 10' ceIIl- 1 T~ .. die ""'•• 11 CO'IIpIaÚII CIpICÍCY for'" eudMeI~ by 1beIe .....

Tibie 2 (Gonz.Qez-Dbila el al.• 1995). 1be values
fOl' abe appareDl lcidity CODStaDtS al pH - 8.02 lDd
NaCl 0.7 M. IR lo, K: - 9.11 aDd loa K: - 9.30
fOl' P. tricOI7llllJllrl aDd T. wdssjIogü. respec:tively.

Table 3 preseats che cooditioaal stability CODItaIlts
determiDed c:oDJidering oaly ooe láDd of IÍte 011 che
ceIl surface vía a non1jnMr fit of che titrIbon data.
1beIe coastIDts CID be used 10 compare adIorption
of c:oppeI' OD ceIl surface JI'OUPI lDd ccapIeuIion
by diatom emdates (aee Tibie 1). Ñ abowD Ibove.
che compiexing caplCitiel of !be exudares from bodl
diIloms bave bi¡ber affiDity far ccpper lbID che
_ace poapI (four times bigber far P. trlcomlllJllft
lDd tbree times far T. weiRflogü surface p-oups).
Por a relatively constaD! alpl concentration. Che
greater me coocentrItiOll of Che exudation. !be leuer
!he amouDt of copper dw will be sorbed OD Che c::eU
surface poups.

In a compIex medium such u seawater. numerous
tnc::e metals will be presento interldiDg witb Che
dissoIved ud surface orgllÚC liguda iD che praeace
of algae. In arder 10 study !he specificity of tbeIe
liglDds fOl' copper. sorne sbJdies were carried out iD
Che presenc::e of lOO aM Pb(ll). Capodaglio el al.
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1'. triconulftrM ÍD Ibe preIIIMle 01 100 11M PbOJ). Tbe eurws
conupood wida lIIOdel 0IdplIC (daaId anea ••*. 11 die lIIOdel
output ial Ibe Ib.-ot of 1eId) ....: I .....jr iIodIenIU for die
1dIoc1lti0ll of 0a(U)
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concentratioo decreases al I pH higher than S due lO

the formation of organic complexes with the natura1
ligands in 101ution. In tbe presf:ooe of algJe, DO

adsorptíon of Cu(1I) is observed al low pH values. At
pH higher than 4 for P. triconuaum (data not showo)
and 4.s fOl' 1. weissjlogü, Idaorption OD swface
groups and COmplex.atiOD widllipnds are observed.
After pH - 7, tbese processes IR not affected by tbe
pH. 1. weissflogii has a different composition of
surface groups relative to the dissolved lígands. and
the maximum IdsorptiOD reacbed is al. a bigbcr pH
Iban for complexaliOll with dissolved ligands.

In a seawater medium. majar caIioas (Na+• CaZ +•

MgZ+, etc.) wiU c:ompde for Che lime biDdin& lites
as trace metals (Crist el al.• 1990; Tippi.ng. 1993;
Schiewer and Volesky, 1997). Under tbe lime exper
imental cooditiODS as fOl' Che pH 1IUdies. we lbIdied
tbe effect of salinity in tbe nace 12-37. Tbe copper
complexed fncdOD WI5 not affec:Ied by dilution of
natural seawater wich deioaized Q-water. However,
two upects must be coasidered in our experimental
designo Finto wbal Che ori¡iDal _water iJ diluted,
tbe IIDOUIlt of natural orpnie lipDds in seawater is
also diluted. SecoDd. dilutioo may inaease tbe
amount of organic lipnds capable of complexing
copper by diluting tbe complexing major ions. These
opposing faetors may explain tbe observed bebavior.
For the adsorption, ID i.ncrease is found in Che amounl

Cl <aM) k»c ~~ AIp Cl (DM) loe XC_l'

146±6 9.31±0.04 P.~ 152±6 9.35±0.06
162±2 9.57±0.01 r. wdu/IDIii 172±6 9.50±0.06

geoeous and becerogeoeous models, sbow tbat P.
triconuaum decreues its IdIorptive caplCÍty in che
preIeDce of lead. UsiDg tbe bderogeDeous model. tbe
biabeat a1Iiaity lipDda reduce tbeir c:omplexiDg ca
plCÍty by 3S., lDd tbe lowest CODditioDal ltability
CODItIDt 1igaDds reduce tbeir cooceatraDOD by lS.,.
Tbe loweat ltIbiIity COIIItIDt lipDda are more ae1ec
tive for <:oppa' lbIIl tbe biJbest 0DeI iD !be preseDCe

of 1eId. Por 1. weiujIogli, tbe redudiOD of tbe
IdIoIpcive caplCity iD tbe bomogeoeous apprOIICh is
oaIy 10'J,. wbeIeu iD tbe bderogeDeous Iyst.em. tbe
decreue obIened iD tbe IdIorpCive caplCity a¡rees
beUer widl tbe bi¡bea emJI' iD tbe experimeDtal data.
Table S depicu tbe bigb apec:ificity of che lowest
Itability CODItIDt lipDds for c:opper iD che presence
of 1eacl. The bigbest ltability constaDt ligands are
more affected by tbe preaeDCe of lead in 101ution. P.
trico,,",,"," ceUs bave less Dumbers of groups capa·
ble of ldsoItriDg copper. theae groups being less
specific for copper iD Che praeoce of lcld tbat in che
case of tbe 1. weisljlogii.

The compleutioa of lrIce metals widl both lig
lDds in 101utiOD lDd on Che ceU surface is affected by
tbe pbYlicocbemical variab1el of che 101ution, che
PH. iODie streDgtb or Che salinity of tbe seawater
101ution and temperalure. The pH effect on Idsorp
tiOD is sboWD in Fag. 6. wbere 62 nM Cu(II) was
Idded 10 1.2 X lO' ceU 1- I 1. weisljlogii in tbe pH
nnge 3-8.4. There are 1-2 UDits oC pH range where
tbe adsorptioo incrases &om approximately ()tl, to
lrOUDd I~. The pH affects aU che processes which
take place, i.e. cbemical speciation, due to the proto
nation and deprotooation of both che dislOlved species
and the surflee sites. The compleutioo oC trice
metals is an interchange reactiOD wbere both the
outgoing and incomina poups are affected by the
pH. In Fig. 6, we uve included che effect of pH 00

Cu(D) speciation in tbe ableDce of aliJe. The labile

Tibie 4

COIDpIriIoa of Qa(D) ......,n1ÓClll flII'IIDC*I'I iD IeaWl&er aftcr
36 b equilibrium widl 2.06 X lO' ceIl 1- 1 P. tr'ÍQmIIIIIIlII ud
2.21 X lO' cd11- 1 T. wlsl/k1lU iD tbe -...ce (coIuamIlud 2)
ad iD tbe....-.ce (CllllaaIs 4ud S) of lOO DM Pb(II)

..
lit
~

•...
1

: I
llIt
18
llIt.,
"~
11)

It
lit

"It
"••..
1)

lit., ,·,.r...
11)

••
"""ji
••
ti
ti

"""..
•
""ti
"",



Alp HeIaOJeDeOUS modeI Homoceocous model

r_"1 X 1016 Iog K M•1 r.u .2 x 1016 loe K IU r_ X 1016 Iog KM

TabIe 5
CompIrisoa of eu<O) adsorptioa pII'IIDda'$ bodI iD • betaoceoeous lDd bcJmo&moous model iD die preseac:e o( 1.42 x lO' ceU 1- I P.
triconllltWft lDd 2.12 X lO' ceU 1- 1 T. wisl/W,¡¡ in tbe abseDce lDd iD die preICIICC of 100 nM o( Pb(ID

P. Iriconu#lllft - Pb 1.2 ± 0.6 10.75 ± 0.24 21.8 ± 0.5 9.00 ± 0.02 21.4 ± 0.7 9.12 ± O.OS
+Pb 0.S±0.2 10.52±0.2 IS.7±0.6 9.08±0.03 IS.l±0.6 9.IS±0.03

T.wWfIoIü -Pb 2.7±O.3 1O.7S±0.06 26.S±0.3 9.37±0.01 27.9±0.14 9.52±0.01
+ Pb 1.6 ± 2.0 10.89 ± 0.6 26.3 ± 0.6 9.43 ± 0.03 25.3 ± O.S 9.59 ± 0.03

kinetic studies <Fag. 1). IUggests that iDorganic cap
per aloae is adsorbed 10 1be surface ce1l. It is possi
ble tba1 c:omplcxed c:opper iDaeases with tempera
turc. However. we do BOl observe this bebavior in
our experimeDts probably due 10 1be greater amount
of ligaDds being excreted by algae. due to tbe tem
perature stress. For T. weissflogii. an inercase in
temperature produces a decrease in both tbe labile
and adsorbed CODCeIlIrIIion. wbereas tbe complexed
lDd total ctissoIved c:opper CODCeIlIrIIion increases. In
this case. complexatioa is promoced by increasing
temperature. wbicb reduces the iDorganic copper 10

getber wilb tbe c:opper previousIy adsorbed. 1be
specific adsorptioo energy. E. detennined according
to González-Dávila et al. (I995). gives 6.69 ± 0.28
kJ mol- I for P. tricomutlUPl and - 4.25 ± 0.17 kJ
mol- I for T. weissflogii. 1be positive specific ad
sorptiOD eoergy of Cu2

+ may be interpreted as me
heat of bydration of Cu(U). wbicb is bigher than its
heat of adsorption.
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of COpper bound lo cell surface groups as salinity
decreases. 1be stability constants determined for the
different salinity studies allow us to determine the
linear regressioDS between both parameters for the
two algae:

logKH* - 10.164 - O.l6Sv'S;

r2
- 0.993; P. tricOmutllm.

10gKH* - 10.607 - 0.17Sv'S;

r 2
- 0.999; T. weissflogii.

Wben tbe experiments are canied out at different
temperatures from 6°C 10 450C in seawater for P.
triCOmutll1n (Fig. 7). we found increased adsorptioo
and a decrease in inorganic complexed copper at
bigber temperatures. The organically complexed cop
per is not affected. This finding. together with the
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Fil. 6. Elfece o( pH on che CU<O) speciation ÍII che praaICC o(
1.19 x 10' ceU 1- I T. wiss/lo,¡¡ hocal CU<O)~
6.27 x 10- 1 M)

I/f (I"IC)

Fal 7. Elfec:t o( lempenhIre 011 dle Cu(n> lpecaalion in the
preICDCC ol 14 x 10' ceU 1- I P. tneom",_ in seawater (aoll1
cu(m conceatnlJOII. 698 x 10 -1 M)
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ASV has been sbown lo be a useful method when
determining adsorption properties on biological sur
faces. Heterogeneous surfaces with ligand concentra
tioos of 2-8 nM for the bighest stability constants
ligands (log K' - 10.7 ± 0.1) and 20-30 nM for the
lowest stability constant ligands (log K' = 9.1 ± 0.2)

· bave been established Cor Cu on both diatoms. The
values of the adsorptive capacities for T. weissflogii
are the bigbest However, the determination oC the

· seawater complexing capacity by ASV only allows
us lO use a homogeneous model, even if more than

.' one type of Iigand is present. Accordingly, alter 36 h
equilibrium, a ligand concentration of 18.6 X 10- 16

M cell- I P. tricomutum and 25.0 X 10- 16 M cell- I

1. weissflogii (conditional stability constant of log
~ K' - 9.8 ud log K' - 10.0, respectively) is exude<!
~ , inlO the original seawater. The exudated compounds
" . bave more affinity for copper thID the cell surface

groups, when the inorganie concentrations are kept at
levels below lOxie values (Brand et al., 1983). The
excretion of organie Iigands with different properties
from the surface groups can also be affected by the
pH. The maximum complexation is reaehed around l
pH unit lower than in adsorption.

'-f When the lead concentration of twice the maxí
'-: mum adsorptive capacity oí the surface groups is
~ added, high-affinity Iigands on cell surface groups
~ for copper in both algae are found to be less specific
.. tban low-affinity ligands. The specificíty oí the T.
~ weissflogii surface ligands that reveal affinity for
: copper is higber than that shown for P. tricornutum.

lit We are unable lo defme the exact nature oí this type
~ oC complexing ligands. However, the results under
" Une the importance of complexation with organic
.. Iigands for elements such as copper, which are in
.. volved in naturally occWTÍng biological processes.
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Evidence of external digestion of crustaceans In
Octopus vulgaris paralarvae

Vicente Hernández-García, Ana Y. Martín & José J. Castro

Deparlamenlo de Biolo~ia, Cnivl'rsidad de Las Palmas de Gran Canaria, Apartado SSO. Las Palmas de Gran Canana,

Canarv hlands, Spain E-maIL ana,martlntGt biologla,ulpgces

This paper reports, lor lhe firsl lime, lhe exislence 01 eXlernal digesllon 01 decapad larva(' bv lhe common OCIOpUS. Dc/opuI

vu/garzJ (Mollusca: Cephalopoda!. paralarvae. Zoeae 01 lhree crab species were cXlcrnallv digesled. lcavtng a wholc and

emply cxoskelelon, The allack sequcnce on lhese prey IS also describcd, and dlvided into lhe samc lhrcc phases :allcntion,

posilioning and seizurc) already known lor Stpla halchlings,

The common OClOpUS. Dc/opuJ vu/garu (Cuvier, 1797), is

probably lhe beSI known cephalopod. bUI knowledge 01 lhls

species is slill very limued (Mangold. 1983; Vecchione, 1994i
Sampling of planklomc individuals in the sea is infrequent. and

lheir lrophlC relalionshlps have nol been described, merely

hypolhesized (Man~old & Bolelzky. 1971 ~Ixon. 1985; Boucher

Rodoni el al.. 1987i. Currenllv. onlv lwo successlul rearing

experimenu have been reporled up lo lhe benlhic phase (ltaml

el aL, 1963; Villanueva, 1995) so informallon 00 the lype of prey

whieh supporls survj"al is partieularly limiled

Juveniles and aduhs demonslrale eXlernal digeslion when

feediog 00 crabs i~ixon, 1984; Nixon & Maogold. ]996)
Feeding slarls wilh lhe admllllslrallon 01 a paralysing agenl.

eephalolOXIn . :"'ixon, 198i .. Immedialelv aller caplure 01 lhe

prey. lhe onopus squlrts enzyme .. s' onto 11 111 order lO break lhe

muscle - skell-lal allachments, Ihus allowrng lor easv extracllon

of the edlble contents from lhc cruSlacean e'xoskeleton, This

process is well doeumenled in adulr o. vu/gar/l, bUl has nol been

described In lhe paralarvae, alrhough It has been reponed in

Vecehione r199\· for Lolrl!O t'u(l!arl\ hatchling, preying on small

shrimps The aim 01 lhis paper IS 111 de" rihe ,he' firsl evidence 01

eXlernal digeslion of rrab lan'ae h\ OClOJll!' para\arvae reared
in the laboraton

Male and lema le ()elOpUJ llU/gGl/l "ere laplllred along lhe casI

eoast of Gran Canaria Island :28 'ii':", lj :n'\\' I during aUlumn

01 1996 ano spring o( 199i. Ammal~ were' housed in a 12,000 I
tan" wllh open ~eawater flow SpawlllnL: fl"mak~ depoSlled and

mcubaleo Ihe- eg!/; r1u~te-r< In plasll<" hurro", localed Illside' 1hl'

tank. The e-mbryomc dl"\'elopml'nl '''01.. hl't \\I'e'n 2i and 30 o al

19 -22"(: temp,.ralurl' rilnge'. Once h.lldll'o dH' paralana,' Wl"fl'

lransferred lo 12-1 !ransparl"1lI COlIl.IIIH'f' \\lIh opl'n seawaln

Row Paralan'ile' dCIlSII\ was \',Hlahk I"'I\"TII H alld 100 para

lan'al' \ The boltolll was slpholled 0;111\ JII ordC'r lo r1ean,

removc and COUI1\ lhe deild IlldlVldll.ll, I'he dlummallOIl was a

nalllral pholopcrlod Ihruugholll Ihe' "hok '·'I'C'rllnt'nl.

(kIOPll\ p'H.lI"n·a" we're kd "" h "'( ('111 h hal("iH'd l()(';le

"hlilJlle'd (rom O\lge'roll' temal," 01 ,('\ I"l,d ( 1.11 I '1'1'("1(" ("lIi1l'l1ec1

In fl)('kx shore's. The 'P""e" 1I11hl.l'c! ","(' l'I/I/¡ ..~rnlJ\ll\ rtltlrmt>rtllu.

,¡'-"hrll"iu" liB7 , l' Ir(///I/·fr.l,,\ (;1"1... , IH ',11 ami l:rll.l/ln I',rrurnlf!

Fonskal. liij The maxlmal knL:lh 01 Ihe /l)e'ae was 2 mm.

approximale'lv lhl' mantk i<'n~th of i\ fl'(TIII" haldwd \l.\ralaf\i\

TIll' paralaf\a(' rr"<¡II('IlI" ",am 1l(';1I Ihl" '"rLl«, lIeXI lo Ih..

he'sl dllllllllliHl'O \\ail, O( t111' IM,k. "h". ,1" ZOI',II' '\\'1(' al,,,

lOn( e'lllraleC! In ge'llcral. l'ar"lan';l\' cild 11'" II'lIal" ;lIlack lh,

hr'l /'1 ... .< lhl'\' rOlllld, ,,," 1'1'1'''1'''' '\\lIl1l1l11'~ M'olllld "·\'l·I.tI

before attacking one The immmC'nce 01 an allack can be

predieled. bC'eause the paralarva modifies ilS swimmiog

behaviour, Wheo a prey IS seleeted. lhe hatchhng swims with

shorter movC'ments than usual. and k('e'ps near lO the rarget prevo

Then, the whole bodv IS dlreeted slralghl lowards lhe zoca. io an

arrow-like posilion. wlth arms joined and poinling at the prey AlI

lhls lime, lhe paralar\'a is almost Immobde, sometimC's rOlaling

around lhe prev, probablv looking for a beuer pos11 IOn from which

lo atlaek, The atlaek occurs at dlsrances of from 1-2 cm. and is

very fast. The zoca IS handled with alllhe arms, and lhe paralarva

eontinues swimmiog while fttdlOg. Somellmes, lhe first atlaek

fails. and lhen lhe paralarva mo\'es awav from its prev and repeats

t he atlack 0,)- 2 ~ later W(' hav~ obser\'ed up lO Ihree successi\'t

allacks 00 a single zoca wllhoUI am Sll!m 01 escape- behanour on

the part Ollht prn

A change in lh~ chromatophorc pallern usuallv happens

belween lhl" second and thlrd phasl" 01 the atlack sequence,

During lhe altenlion phase lhe paralanae malOlains lhe chro

matophores cOOlraned. so that a nearlv IranspareOl appearance

is aehieved. However. during lhe posilionmg phase and ior in

lhe allaek movemenl lowards lhe pre\', lhe dorsal chromalO

phores covenng lhe central zone- of Ihe mande the arms chro

marophores and lhose sllualed betwl"en and ano\'C' the eyes are

expanded. leadmg 10 an arrow likl" appearanrl" on the paralan'a

bodv, Afler selzure of th(' zoca, lhe chromalophores are

contrarted agam. and lhe lransparent appearance is recovered

The zoeae- 01 lhl" crab spe-cies use-d wl're dark coloured. so a

recenlly eaplured zoca could easll\ be- ~"I'n as a dark spot

among lh(' arms of Ihc paralanoa HOW('\'e'I, Ihe' prcy become~

\I'SS visible- ","h time. UOlil1l IS 100al" lIl\'lsihlc "'hl"n lhl" para

larvac fiOlsh f('edlOg, the' hard\v \'islblr rrmam' (all tn"ards lhl"

hallom of lhc lanks. OOs('rvallon 01 thesc re'mallls under lhe

sle'rromicroscopc mdicates lhal the-\ are' complcleh' emplv

!ramparenl exocskell"tons The eXlraCllnn 01' Ihe zoca edihle
conte'nt leilv('~ a moh like carapac(', Wllh allarl\('d apptndages,

as lhe' onlv rl'maim Tllls l' Ihe' rcason for the rrogre~~i\'(' ¡",'isi

hilll\ ollhe' 70e'a amnng lhe' arm' l'nlike' Ihe aouh onnpu" lhe

paralarvae dIO nol dlSmeml)('1 Ihe ZOl'a(', huI <"en so, all Ihe

app{'ndage" ",('fe' emptv of l\l'sh
The altdck on ;, pre'\ can hc scparal(,o m\ll Ihe' same Ihr('e

phases alread\ rl"poncd ftlr Stf'la offirtrlal/l halchlrngs Boucher

Rodom CI ill . 198i: :"'Ixon & Miln!/;old, 1991; In lhe- allenlion

phase', Ihe' paralarn sc\('('t~ the' prc\ Thls phase' e-an he- r('cog

I1Izcd "ecallse' the hatchling r('duccs lIs sJll"e'd, as re'poncd b\
\'dlano<"ol el al I'Nli 111 lhe' 1Ie'\( pltas(" pmlllo/llng, Ihe

file:///illanuev.i
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r~llIl1at("<1 11) 1h.. c1w1 11H'ldllf(". 1; ,,, lit (1"".,1 \ tll d .. tClll1IIH'

hu" othrr prc\ .Ir.. I 1I!!:(· ... tn! \1.1 I.d)4lr..tllll\ 1"'IH'IIJlll"OI'" 111

ordn lo 1.:eI IIItorm,,"ol1 011 11,.. \l.II. ,,1 p"lnlll.'¡ ¡Jln 111 11 ...

dlgeslJve traeLS 01 ....mplcd paralar\iH'

Thls rcsearch was supponcd h\ Ihe \'u (··Cor1"'lrrt.1 d.. Pesc;)
01' Ihr Canan Islands (;o\Trnm..m. Ir, ....hnm we "'''llld hkc lo

cxpress our Itrallludc .4.15<). \OoC would hk.. lo Ihank :\11\\
Catahna Caoallero·Méndez and 10 lhc p<'rvJllnrl oí Ihc 1I\\IIlU!O
de Algologla Aphcada for all IhcH hclp. and spellal" \(1

Professor Guillermo Garria Rcma

Firure 1. 'A ¡ In lh~ all~nllon phase. lhe paratar- a .... Iert< lis prc,
18, Posllion!ng phas~ an arro'" Iik~ f>O'ltlon and a rh..ngc In
ehromatophore pall~m indieale the ,mmlncne.. of Ihc allark. le
after seizur~ of lhe prey. lh~ paralarva r~lurns lO 11' usual Iransparen!
coloranon.

body is direcled al lhe zoca, wnh lhe arm lips pomting LOwards

the prey In this posnion, the stretched bodv of rhe hatchlrng

and the zoca form a stratght line. So, lhe ~rvallon of lh~

prey by the paralarva dunng lhe poslllomng phase probablv

implies a binocular fiution m lhls earlv Sla~e. as suggested

prevlOusly (scc Nixon &1 Mangold. 1<;96,. Selzure of rhe prev

always taltes place vla a forward reachmg movemeOl I \'illanueva

el al., 1996), and the allaclt IS dlrected LOwards lhe zoca~

cephalothocax. Thc failure of an allao ma) be due LO vanous

reasons: the crab zocae ha~ long dorsal .panes. lhal mayo

damage the paraJarva on contacto and also lhe adhcrence of the

suelters on ¡he prey mar no! be suffiClcnrlv effiClcnr In a finl

attaclt. leading the harchling ro repear rhe selzure

At hatching, the paralarvae arms bear rhr~c large suekers.

and lheir beaks have tooth hile serrallon :"Ixon & Mangold.

1996). 80th faets may help them 10 keep lhr prev hrmh

allached lO the oral zone, allowlDl! the admanlstratton of the

digeslive enzyme(s, ando possibiy, the paralvsm~ IOxm

Boucaud-Camou &1 Raper ,199; found a medlum aCllVIlY of

N.acetylglycosamimrlase In lhe postenor salivan glands of

OctO/'II.J paralarvae. Thev suggesled a cnnophaRK role for rhis
enzyme in lhese glands Howrver. another posslbie fllncllon for

lhe N·acerylglycosamlmdase could Ix re1aled \lJ lht' eXlernal

dlgestton of crab zocae. slnee lhu enzvme can ael (onseeullvely

10 chitinase, hydrolYSlOg Ihe dlmers aOO trllnen of :".aeelvlgly

cosamlDe Idl by lhe aetion of lhlS lare enzymc on chllln

:Gnslcy &1 BoyIe. 1990· 111 aduh OClOpU~ O /'1I./~orlJ and
EluiolU ClrrltoS4, hole·boranR oí c",,, ..delons h.n bccn reponed by

vanous aUlhors (see for eumple :"IXOII. I<.:lK; "INi Bovlc. 1990

when feedlOR on craOs. The meehanasms of holr·INlrtllll an° Mili
unknown. bUl Gnsk) &. Boylr 1990 loun<l d hlgh IhlllOaSl'
acttvll)' 10 Eleaoru salava. ahhough no :" ...crt\II:IHO,allllllldasc

a([I\'JI\ was dclecled.
Moreovcr. at lh.. stage. lhe Ixak~ h..ve nol H·..dH'O Ihe lIeCel·

sary dcltrcc of dcvclopmcnt 1" break falrl> hilro ,Irllnurt"' e.l.:.

rrUSld(Call cxoskclcLOIIS' The heak laek, a 1'<11111('<1 IIp .tlld (tu

de~r!'e of darkenlOR ..1 lhe cllllJlI 100ph.., Ih"l t1wr,' " 110 ¡(U'al
hardemng :\11 of liJesc laClon h.t\(· 0111 Impon"llI Im!'.l1 I on lite

cholCc of rhc dlC't ano 011 Ihe rclilled ""'<flll~ IN'hd' lour

Hcrnandcl.Garcia &1 Platlto...skl. 111 preS\;
Thc external dlgc~lJon of prC\ ... ill m,,"'c 1"1' '1IId\ 01 trophl<

relalJonstllp!' of U /J"'~'IJ ¡uralar,a.· ('\'CII mOHo <ltllu uh 111 Ihr

\Ca \'"ual IdenlJhcalJOllo{ Iht pr('y whl(1. (OIlSlllut.. IIIC' 1I •• lur,,1

dlcl Ola) be- Impo!oSlhlc Thu\. (rU"lileeilll' ...""Id IK 1II1d('f·
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Water Masses and Circulation in the Surface Layers
of the Caribbean at 66°W
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Universidad de Las Palmas de Gran Canaria, Canary lslands, Spain

Terrence M. Joyce
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Abstract.
A meridional hydrographic section was made in August
September 1997 at 66°W from the coast of Venezuela
to Woocls Hole aboard the R/V Knorr. In this report,
we concentrate on near surface measurements in the
Caribbean. The data show two distinct water masses
witb different origíns. From approximately 14°N to
Puerto Rico, Caribbean Surface Water and Subtropi
cal UnderWater with tbeir source in the North Atlantic
are found, as previously observed. From Venezuela
to approximately 13°N, a less saline water mus with
ita source in the Tropics and South Atlantic is found.
Within the southern portion of the section, two dif
ferent velocity patterns are observed, namely, an east
ward fiow with a subsurface maximum near the coast of
Venezuela, and a surface íntensified westward jet with
velocities of 130 cm 5- 1 in midbasin.

1. lntroduction

The westward fiowíng North Equatorial Current
(NEC) i5 the southernmost current of the North At
lantic Subtropical Gyre. It is fed by the Canary Cur
rent, which separates from the African coast at ap
proximately 20oN, and the recirculation of the west·
ern branches of the Azores Current. The NEC spans
the entire North Atlantic. Part of its flow enters the
Caribbean through narrow paasages 1Wilson and Johns,
19971 and continues westward as the Caribbean Cur
rento The Subtropical-Tropical Gyre boundary has a
seaaonal shift at ita northernmost position in summer
IMa~er and Weilber, 1993] and allows water from the
South Atlantic to enter the Caribbean.

One important water mass in the Caribbean is the
North Atlantic Subtropical UnderWater (SUW) which
originates in the central tropical Atlantic. It is found
beneath the surCace water oC the Caribbean at the salin
ity maximum [Wü.st, 1964; Ktnard et al., 1974; Met·

cal/, 19761. The formation of fresh surface water above
the SUW i.s a complex process affected by rainfall.

Copynaht 2000 by thc American Geophysica1 Unlon

Pipe, numbef I999GLO I1230
0094·1276I0OI1 999GLOl1 23OS0S00

runoff and upwelling. An intermediate water mus ex
isting in the Caribbean is the Antarctic Intermediate
Water (AAIW) as seen in Momson and Nowlin [1982]
and Jo~~ et al. 119991. Thus, the Caribbean contains
water of both North and South Atlantic origino

In tbis study we analyze near surface hydrographic,
Vessel-Mounted Acoustic Doppler Current Profiles
(VMADCP), thermosalinograph, and remote sensing
data in the Caribbean for tbe purpose of describing the
water masses and circulation in 5urface layers of the
Caribbean.

2. Data

In August-September 199i, a meridional section at
66°'W from Venezuela lo Cape Cod (MA. USA) was
carried out as part of the World Ocean Circulation

Figure l. Locations of the CTD atations in this
studv shown as solid dots. We have a1so plotted the
VMÁDCP velocitv at 20 m depth. Notice the nar
ro... and strong jet with velociti_ of 130 cm s-1 al aJ?
proximately 13°N. For reference. the 1700 m lsobath IS

shown.
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lea than 35.5. Wü"t 119641 called this water Caribbean
Surface Water and it i5 thought that it is a mixture
of North Atlantic surface waters, Amazon river water,
and local fresbwater runoff from South America. In
tbe middle of the section, we observe a regíon of mini
mum salinity «34.5) also shown in Figure 3 near the
22 kg m-3 potential density isopycnal. The origin of
this low salinity water is the Orinoco river, as discussed
latero

The next deeper water mass is the Subtropical Under
Water (SUW) 1Wüst, 1964; Momson and Nowlin, 19821
characterized by the saliDity maximum (~37). This
water mass, formed in the central tropical Atlantic
where evaporabon exceeds precipitation, sinks along
0',=25.4 kg m-3 , at an approximate depth of 150 m
(Figure 2c). This water mass is found in the north
ern half of the section, &om approximately 14°N lO

Puerto Rico (Figure 2b), forming patehes as previously
observed by Morr'Uon and Nowlin 11982J. The 9/S di
agram (Figure 3) shows three different salinity values
tor tbis isopycnal: 37.2 corresponding to an area clase
lo Puerto Rico, 37 corresponding lO tbe rest of tbe
northern half of tbe section and 36.8 ne&r the Venezue
1an coast. Altbough the velocity structure (Figure 2a)
sbows a strong mesoscale variability along the whole
section, we notice tbat these three different locations
correspond lo tbree different velocity patterns. Tbe
Dortbern portion of tbe entire section close lo Puerto
Rico has a strong westward velocity (~20 cm S-I), the
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Experiment (WOCE) Programo The measurements
we will show consist of underway thermosalinograph
and Vessel-Mounted Acoustic Doppler Current Profiles
(VMADCP) data, hydrographic station data collected
in the Caribbean, &om Venezuela lo Puerto Rico (Fig
ure 1), and remote sensing data.

The station data consist of 22 CTD casts following
the methodology described in the WHP technical oper
ations manual [loyee, 1994] . The horizontal resolution
of the casts is 3-75 km depending on the botlom lopog
raphy. SaliDity data from the thermosalinograph were
compared lo salt aamples. An offset value of 0.31 was
found and added lo the data. Temperature values from
the thermosalinograph proved lo be within acceptable
ranges when compared lo surface CTD measurements
given the spatial variability. The VMADCP data were
collected using a ISO KHz narrow band sensor. Naviga
tion was provided by a P-cocle GPS and gyro heading
was adjusted using a four antenna, Ashteeh GPS uDit.

3. Results and Conclusions

To identify water masses, associated depths and cir
culation pattems, we will sbow vertical sections of
VMADCP, sallnity, potential density, and potential tem
perature (Figure 2), and potential temperature/salinity
diagrama (Figure 3).

In the upper layer «50 m, Figure 2b), the northern
balf of the section has fresh water with salinity values

Figure 2. Section of a) VMADCP velocity (cm 5- 1) (positive eastward). b¡ salinity. c) potential denaity. and
d) potential temperature for the surface waters «300 m) for the Caribbean Station positions are at the topo
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130 cm S-I at approximately 13°N (Figure 1). To furo
ther examine this structure, we show the East-West
and North-South VMADCP velocity at three different
depths (20, SO, and 140 m), the sea surface salinity, and
sea surface temperature, these two last meuurements
from an underway thermosalinograph (Figure 4). Here,
the Bast-West VMADCP velocity (Figure 4a) shows the
strongest ve10city at 13°N, and &Iso a strong shear from
20 to 140 m depth. The sea surface salinity (Figure 4c)
shows a mínimum value between 13°N and 14°N. There
fore, the velocity jet is found at the southem boundary
of the low salinity feature. Figure 4b shows that there is
not any indication of a flow transporting tbis fe&ture to
the north and &Iso that a v~ < Ountil lsoN producing
a confluence or convergence of water which explains the
sharp salinity gradient at the northem boundary of the
low salinity structure.

In an attempt to understa.nd the origin of this struc
ture, we have used remote IIensing satellite images. Sea
Surface 1'emperature images from the Advanced Very
High Resolution Radiometer (AVHRR) were not very
useful because they only showed the southem bound
ary of the structure, which was alao seen in the sea
surface temperature data from the thermosalinograph
(Figure 4d). Another type of satellite data available

Figure 4. a) Bast-West VMADCP velocity for three
different depths (20, SO, and 140 m), b) North-South
VMADCP velocity for the same three different depths
(20, 80. and 140 m), e) the sea surface salinity, and
d) the sea surface temperature, these two last measu~e

ments taken from an underway thermosalinograph wlth
a sampling depth oC approximately 5 m.
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Figure 3. Potential temperature/salinity diagrams for
the surface waters «300 m) of the Caribbean.

central portion has a low and almost uDiform westward
ve10city (~10 cm S-I) and the flow is eutward near
Venezuela. The flow cloee to Puerto Rico is probably
from the Anegada-Jungfem passage because data to the
immediate nortb of Puerto Rico (data not shown here)
have similarly high salinity values of SUW.

At 150 m depth, a denser water mass is found from
Venezuela to approximately 13°N where the isotherms
and the isohalines depict a strong slope (Figure 2b, 2c,
2d). Tbis water maas apparently has its origin in the
South Atlantic and is part of the freshest branch of the
9/S diagram for 9 < 20°C. With respect to the winds,
the COADS data from da Silva and LevitUl [1994] in
dicate that the zero wind stress curl position has a
seasonal meridional shift with its northemmost posi
tion in summer, at about 14 °N. This seasona! shift is
about 10 of latitude in the Caribbean and about 100
in the open Atlantic ocean (see also Mayer and Weis·
ber [19931). Tbis results in a season&1 variability in the
Subtropical-Tropical Gyre boundary, which demarks a
wind-driven connection between the Tropies and the
Caribbean. What is surprising is that within this trop
ical gyre and the zone of upwelled dense water having
a South Atlantic character, an eutward current flow
ing against the mean wind is observed with a subsur
face velocity ma.ximum (Figure 2a). This has not been
documented in the Caribbean before although a similar
flow was previously found by WilIon and Johns [19971
at the Grenada Paaaage where a strong, possible sea
sonal, time-dependence is suggested. Based on only our
data, tbis eastward flow does not have an obvious ex
planation. It could be a loca1ized mesoscale event or
evidence of a Caribbean coastal undercurrent which is
part of a return flow of tropical/South Atlantic waters
entering the Caribbean.

Another significant velocity feature observed in this
section is a strong westward jet with velocities of
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to us were the ocean color images from the SeaWifs
satellite. SeaWifs measures the visible radiation com
in¡ from the ocean in aeveralapectlal banda from which
the chlorophyU concentration may be estimated.

Although tbis aatellite was 1&unched one month 1ater
than our cruiae, it has been U8eful lor our purpoeea. Fig
ure 5 ahowa the binned chlorophyU e image from Sep
tember 22 to 29, 1997. Hele, a chlorophyU plume Itart
in¡ at the Orinooo river outflow is clearly aeen. Acoord
in¡ to MuJ.ler.Kerger et aL 11989J, who has processed
and aoalyaed the whole archive of Coastal Zone Color
Scanner (CZCS) data in the Caribbean, the plume
formed at the Orinooo River is preeent during Auguat
through November every year. lt is over 100 km wide
and ftowa inlo tbe Caribbean Sea drifting northwest
&Croas the Caribbean, reacbing Puerto Rico around Oc
tober. On tbis oocaaion, the 0riD0c0 plwne paaees
through our leCtion repreeented by the white Cl'08IeI in
the image. Altbough the hydro¡raphic data and Sea·
Wifa imace are one month apart, it leeJDS that the in
flow transporting the Orinooo Plume &om ita lOurce
converges at 64°W with the eutward outftow of the
Caribbean. Thia carrifJII the 0riD000 plume to the DOrth
until the region where the prevailing weatward flow ia
found. Thua thia westward jet may be a wind-driven

-.,.A.....,

Flpre 5. Weekly binned phytop1ankton pipnent im·
&le for tile Caribbean recion from September 22 to 29,
1997. Tbe white CI'C*eS ve tbe Itation pe-itioDl for
tbe crw.e.

phenomenon which is time dependent and tied lo the
Orinooo plumeo There is no evidence in the available
surfaoe drifter (D. Fratantoni, personal communication.
2(00) data tbat tbis jet is a permanent feature of the
Caribbean circulation.
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Abstract Biomass (as dry weight and protein content),
gut fluorescence. electron transfer system (ETS) and
aspartate transcarbamylase (ATC) activities were stud
led in different size fractions (200-500. 500-1000 11m and
1-14 mm) in the Bransfield Strait (Antarctic Peninsula)
d~ring January 1993. Ver)' low values of zooplankton
blomass were observed in a1l the size classes studied.
About 56% of total biomass was due to the large size
fractlOn (1-14 mm) while the smallest one (200-500 ~m)

accounted for about 26%. Gut fluorescence values
mcreased in relation to the size class considered. as
e~pected. being the dilferences from the smaller to the
~Ighe~t size fraetions of orders of magnitude. Calculated
mgesllon rales showed that about 60-80% of total
zoopl~nkton ingestion « 14 mm) was due to the smaller
orgams.ms. Higher average values and higher variability
of s~fic ~TS aetivity was observed in the smaller size
fractlon whtle no differences between slze classes were
observed for the specific ATC activity. Biomass. gut
fluore~nce. ETS and ATC aetivities were not signifi
cantly dlfferent between the Bellingshausen and Weddell
waters. although higher standard deviation was nor·
mally found at lhe former area. Wilh lhe restrietlons of
usmg lhe aboye indices to estimate physiologlcal rates.
potenllal grazmg of mesozooplankton « 14 mm) ae
eountedfor a rather low portlon ( < 10%) of the pnmary
productlon The mdex of growth showed high values.
suggesung no food hmitation of mesozooplanklon.
Therefore. other processes sueh as predation should
account for the very low biomass found and for the fate
of a large ponion of primary produetion.

S Her!\ández·León (8) e Almelda A. Portillll·Hahnefeld
M Gomez, l. Montero
Facult..d de CJencliu del M.. r.
Universidad de La~ P..lmll~ de Gc.. P O Bo~ S~O
Las Palmas de GC. Canllr) Ishtnd~. SPillO ..
e·ml.l: IllnUI'O hernandez·leon(1I blololl!lllUll"lI!C e~
Fu ... 34·28-4S4490

Introduction

Studies on zooplankton communities seek to find the
influence of the physical environment on the presencej
absence of organisms. as we1l as their role in the energy
flo~ through their biomass. Most of the feeding, meta
bohc and growth estimations in Antarctic waters have
~n done at random stations representing polar con
dltlons but not the particular eharaeteristics of the
dilferent water masses. Average values obtained have
been used to estimale the role of zooplanktonie organ'
isms in the general food web of the Soulhern Ocean
ecosystem. However, high variabihty in biomass and
physiological parameters In relation to the physical
environment is probably one of the most prominent
features of Antarctie waters.

A first aim of this work was to access values of bio
mass and feeding. respiration and growth in size-frac·
tionated looplankton in a reglOn of high biological
variabihty. In order to map areas of important spatial
variability as those of Antarclic waters, it is of impor·
tance to oblaih a suffieient number of data whieh will
aHow the assessment of mesoscale panerns Typieal
physiological measurements seem to be of low resolution
In those oceanographle surveys In this sense. the gUI
fluorescence and the enzymatle approach could olfer an
imporlanl number of data about potentlal feeding. res·
pirallOn and growlh. Prevlous measurements of enzy
malle ¡ndlces in Antarctlc waters (Dergeron et.1. 1985;
Schalk 1990; Dnts el al. 1993) provided an important
source of ,"formallon about the funetioning of these
cold envlronmenlS However. lIS potential utilily in
mapping mesoscale features has not becn of widespread
use. probably because of the lack of confidence between
such measurements and lhe true metabolie rates How·
ever. there IS sorne agreement in the faet lhat the enz)'·
matie methodology produces good estimations of
melabolism when the enzvme is not Iimiled by inlracel
lular substrlltes (Herna~del·León and Gómez 1996:
Packard et al. 1996: Hernandez·León and Torres 1997)



680

When the organisms are substrate Iimited in nature. the
application of the enzymatlc methodology glves rise
to an underestimation of the physiological rate under
consideratlOn. Hence. for our purposes of assesstng
zooplankton metabollsm. this methodology will glve a
base IIne of carOOn used by the organisms.

Using gut f1uorescence (Mackas and Bohrer 1976).
electron transfer system (ETS) (Packard 1971) and as
partate transcarbamylase (ATe) activities (Bergeron and
Buestel 1979). we were able to study potential feeding.
metabolic activity and growth in different size fraclions
of zooplankton in a region of high vanability in physlcal
structure and primary productlon. as well as in the dis
tribution of phytoplankton and zooplankton biomass.
However. not all the variability in zooplankton biomass
is explained as an effect of the physlcal envlronmenl. In a
previous work. Hernández-León et al. (1999) observed
very low values of mesozooplankton blOmass in the
Bransfield Strait during late spring. Because of the very
low control of zooplankton on primary production
( < 3%) and because of the Impossibility of assessing the
growth of organisms during sampling. it was postulated
that food quality and/or predation by krill are factors
that can explain tbe low biomass found. Krill are able to
predate on copepods (Price et al. 1988; Atkinson and
Snyder 1997) and they positively select mesozooplank
ton (Granéli et al. 1993). Recently. Atkinson et al.
(J999) also showed that areas of persistently high krill
abundance were characterized by exceptionally few
copepods. Moreover. an inverse relationship between
krill and non-krill zooplankton has been observed in
Antarctic waters (Hosie 1994; Voronina et al. 1994),
sugesting a top-down efl'ect of krill on copepods.
However. the question ofwhether this could be the efl'ect
of competition or pre<lation. or bath. reroains. The in
dices used in this study allow the estimation of the degree
of zooplankton feeding and theír grazing impacto as well
as whether their specific activities are typical of actively
growing populations. Whether or not tbe organisms
were potentially growíng in this environment provides an
insiJbt into the imponance of growth or predation in
explaining the biomass values observed.

•".rWI" .......
The 8rans6c1d Strait wu sampled on board R.V " Hespérides"
betweea 19 Jaa&aary and I Fcbnlary 1991 ZoopIanltlon bauls WCft
done usial • WP·2 doublc nct cquipped with a 200-"", mesh
(UNESCO 1961) from 200 m (or S-IO m from lhe bouom al lhe
sh.llowcr stations) lO lhe suñacc (FI', 1). In a prcYlOUS crulsc 10

1991. wc uied lO ... a WP·2 nct equipped W1lh a I()()."'" mab bUI 11
wu impoiSiblc lO wuh out lhr "file pbytoplanltlon In lhe I()()' 10
200-"", sizr fraetion. As thac Iar,e C'ClIs inlcrferred an lhe btomass.
ETS and ATC IIClIvilY de\crmlnalíons. wc opted lO use lhe coarsc
nel (200 "",) Samplcs WCft Ihcn sm-fraclionated Inlo lhe 2OO-SOO.
SOO-IOOO jam and \-14 mm Sllr c1asscs. lhe 200- 10 soo-"m fracllon
bcin, washcd OUI of phytoplank ton by allowin, lhe IlImplc lO be In iI

waler lilrcam ovcr lhe 200-"", mnh unlillafJC .,emlsh malerlal WilS

nol Vliu.tlly obscrwd. Dunn, the aulSC. hi,h dcnsiucs of SólIJb WCrt

found al lhe dlfTerml ,,1¡fIlOn, ..11 ilround lhe BrilnltielcJ Slr.JlI

Because of advection. Slolons of 5lllps (511lp chains asexually pro·
duced from buds) wcre collceted by winch cable dunng deseenl and
aseen I of Ihe vertu:.ally lowed nel. as observed m the uppc:r I.ner
from Ihe shlp dcek Therefore. ""hile Ihe WP·2 nel ""as ascendml.!. 11
collecled all Ihe slolons Irappcd m Ihe cable. glvmg me 10 an
overesllmallon of 5lllp blomass Thls problem was somellmes '0

Importanl Ihal samples from SO~ fe"" Slallons nceded to be reJected
for blOmass and physloloJlC41I ~asurc:ments bc:causc: of the Im
posslbllll)' ofcollecling lhe smallcr organasrns. As an example. m one
stallon (SI 61) the WP·2 5llmpler reachcd Ihe sea surface wllh Ihe nel
tillc:d wllh salps from the cod-cnd to ncar thc moulh nn,. Therefore.
blomass of 5lllps could nol be assesscd in Ihcsc vertical hauls

Blomass was measured as proletn contenl usmg the method
proposc:d by Lowr)" el al. (1951) and bovlne serum albumme (BSA)
as Ihe slandard The melhod ofPelerson (1983) was used when \'er~

small samples were oblaanc:d In SO~ stallons addlllonal samples
were obtamc:d 10 order lO compare baomass m lerms of dry wel(!ht
and prOleln contenl Dry welgbl ""as measured al Ihe laboralory
UStng Ihe procedure dcscnbed by Lovegrove (966) Samples were
drled for 24 h and laler WCIghled m a mlcrobalance Some samples
were counted and dned m order lo delermlne average values of
welgbl pc:r mdividual In lhe dlfferml SIZt fractions

Gut f1uorescenc:c was rncasured ID orpnisms p1cked off Ihe
mesh and placed In a lesl lube Wllh 10 mI of 9(>-10 accIone Each
5llmple was Immedialely slored al -20 OC for 24 h Afler this
f1uorescenC'C of the 5llmplcs was mcaswed before and after aCldl
ticauon Wllh IwO drops of 10°/0 Ha with a ftuorornctcr (Turner
Dcsian model 10), previousl)' calibraled with pure chlorophyll
(Yenlsch and Menzel 1963) ChlorophylJ and phacop.gmenls of
each sample were calculated USlDg cquatloDS for an vilro f1uonrnctry
(Slrickland and Parsons \972) s"¡hll)' modi6ed lO

Chlorophyll = K· (Fo - F.il"

Pheopigmenls = K· (R F. - Foil"

where K is Ihe machme cahbrallon conslan.. Fo and F. are Ihe
f1uorescencc rcadmgs before and after acidlficallon. R IS Ihe
aCldification Coefficienl aOO " 15 lhe numbcr of organasms

The elcelron lransfer system was mcuured usin, Ihe melhod of
Kenner and Ahmed (975) Dctalls of lhe specific proc:cdure are
,iven In Hcmándcz·León aOO Gómcz (1996) and Gorncz el al
(1996). Thc assay of upanatc lranscarbamylasc activuy was done
In accordance wilh lhe rncthod of Bramck and Mossé (1966). bUI
assayed uSlna lhe procedu~ IJ~ b)' BcrJCfon and Alaysc·Danel
(1981) In usaYlnl the aetlVlly of ltus enzyme. a subsample of lhe
first homoJCn&lc was Incubated. takJnl Into ICCounl lhe consad·
erallons proposed by Alaysc·Daocl (1980) for lbe dctcmtlnauon of
the inlua' veloclIY of tbc rcaction Thc bomopnazcd samples wcre
Incubated for a mlnimum of thrtt time pcriods and always for I S.
30 and 60 nun lO obtaan bncar rclalJonSlupl ATC is exprcsscd 10

nanomolcs of carbamylupanatc (CA) synthaized pcr mInute

1.....

Hydrography

The mesoscalt variability during January 1993 has been
described by Garcia et al (1994) and Basterretxea and
Ariste,uJ (999). They found the front between the
Bellingshausen and Weddell waters to be charactenzed
by the isohalYM of 341 psu at S m depth (stippled hne
In the figures). Thls front has been described USIO'

hydrographlc data b~ 5e\feral aulhors (Grelowski et al
1986. NJller et al 1991; ROjas el al 1996). as well as
from satelhte mffilred Ima,ery (Fip el al. 1998). Garciil
el al (1994) also found e\"Jde~ of meandering and
IntenS( me"o"'-"4Ilc \'an¡abJIIlY al the frontal are:1 (dlpolt
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5alirity a 5 m (PSU)

Fi¡. I • Locallon o( statlons m the 8ransfield Stralt (Antarcllc
Penmsulal dunng January and Februar) 1993. b temperature (In OC);

e salinuy (psu) and d mtegrated chlorophyll (mg . m- 2 ) DasMd lint in
• IS the 2OO-m lsobath

mushroom-Iike eddies) using remole sensmg. Basler
relxea and Arislegui (1999) dislinguished the strail 1010

four eharaeleristle lones: (1) Weddell water lone. eold
( < 0.6 oC) and sally (> 34.1 psu. see Fig. 1b. e). (2)
Gerlaehe. and (3) Belhngshausen water lones includmg
modilied Belhngshausen waler from the Gerlaehe Strall
and from the 8ellingshausen Sea enlermg 1010 the slrall
belween Smllh and Snow lslands. (4) Bransfield waler
zone wilh eharaeleristlcs of Weddell water at depth and
a mixture of waters of differenl ongin near the surfaee
In order lo compare with previous sludies in Ihe area
(Hernández- León el al. 1999). we dlvlded the area 1010

Iwo well-delined lones: (1) the Belhngshausen water.
whlch mcludes waler from the Gerlaehe Strail and Ihe
proper Belhngshausen waler enlenng from the wesl 1010

lhe 8ransfield Slrat\' and (2) the Weddell waler whleh
is observed lo Ihe soulheasl area of lhe slrall The
boundary between bOlh water masses IS glven by Ihe
34.1 Isohalyne (see aboye) Chlorophyll {/ (Fig. Id) and
pnmary produellon values were always higher in lhe
8ellingshausen waler (Basterrelxea and Arislegui 1999)

These biologieal charaeteristies were dífferent to the one
described in lhe same area by Aristegui and Montero
(1995) and Hernández-León el al. (1999) for December
1991. who found hlgher phytoplankIon and looplank·
ton biomass related to lhe Weddell waler Basterrtlxea
and AristegUl (1999) concluded. however. Ihat phyto
planklon blooms in lhe 8ransfield Slrall are advected
from lhe nearb~ Gerlache or 8elhngshausen Sea. fo\
lowmg Ihe mam eastward surfaee eurrenls.

Zooplanklon hlomas~

Ver\' low values were found m the Bransfield Slrail
during January (Table 1) Sile-frae\lonated biomass
presenled Ihe lower values in the 500- to IOOO-~m slze
c1ass whale Ihe large fraetion showed Ihe hlghesl pro
portlon 01' lolal blOmass. beJOg 5:\°'0 In terms of dr~
welghl and S6°n as proteJOs The smaller orgaOlsms were
also Importanl components of Ihe commuOlty. repre
senting 26% in lerms of proteJO and 30% as dry welghl

The largesl \alues of blomass lo lhe small and large
slze fraellons of zooplankton were observed lo lhe so
called Bransfield curren\. whlch ftows from the Gerlaehe
Slrall and Belhngshausen Sea Ihrough Ihe soulh of Ihe
Soulh Shelland Islands (Flg 21 However. due lo Ihe



682

Tabk I Average values of blOmass (mg m"'). speclfic electron
transfer syslem 11.1\0, mg -1 prolem h-l. ETS) and speclfic
aspartale Iranscarbamy!ase (nmol carbamyl aspartale mg- l pro
lein . mm-l. ATC) Blomass values m /mlrlh co/umn are glven as

the sum of the three fractlons IIo'hlle speclfic aCIIVIlles are gl\'en as
the average actlvlly Numbers of samples are g¡ven In paren/he.H·.!
TOla! blomass as dry welghl IS nOI glven because of the comcldence
of few samples of Ihe same SIZC fractlon lscc le"'ll

200--500 ~m soo-- 1000 ~m 1-14 mm TOlal or average

Dry welghl 32.25 ~ 3063 (23) 861 ~ 590 (17) 7422 ~ 1317(26)
Protem 1612 :: 1140 (48) 1093 ~ 623 (52) 3447 :t 57 74 {481 6431 :t 5956 (44)
ETS 538 ~ 488 (51) 221 ± 176 (50) 281 ± 1.58 (47) 352 :: 237 (521
ATC 4.76 :± 478 (25) 622 :± 514 (26) 463 ± 438 (32) 490 ± 353 (42)

Fil, 2 Zooplanlclon b,omass
(mg prolem . m-2) In the a 200
lo 500-jUn. b 500- to 1000- jUn.
and e 1- lo l4-mm Slle fraetions
In the Bransñeld Slrall
(Antaretlc Peninsula) The
frontal zone between tbe Bel
linlshausen and Weddell waters
is ddined by the isohalynes of
34.1 psu (see text) ~3.oo

~.OO
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very high variabihty in the biomass values found. there
were no significant differences in biomass (ANOV A.
P > 0.05) between the Bellingshausen and Weddell
water masses. Zooplankton distribution in the 500- to
IOOO-~ size fraction showed lower values but also with
a high variability. Total biomass displayed the pattern
observed in the small and large size fractions with a high
biomass variability (Fig. 3).

Gut fluorescence and enzymatic activities

As expected. average values of gut fluorescence per
individual showed increased values in relation to animal

~3.00 ~IOO -59.00 -57.00

mg prat . rrf2

<20
O 20-40

O 40-60

O >60

F"1&.3 Total btomass (mg protetn m':) of < 14-mm mesozooplank.
ton In the Bransfield Strall The frontal zone between the Belhngs.
hausen and Weddell water; I~ defined h~ the lsohalyn~ of 341 psu
(dm/rt'd fine)

Ta" 2 Spcclfic and communl\~ tngesllon rates obtalned from gut
ftuoresccn~ per individual t nl! plgment~ tnd' 'l. pubhshed gut
clearance rat~ and tndlvldu¡¡1 welghl of Antarcllc orgamsms
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size (Table 2) Differences among species were of orders
of magnitude. salps betng the organisms with the largest
amounts of pigments. Differences between the Bellings
hausen and Weddell waters were not slgnificant for
the different size fractlons and species. except salps
(ANOVA, P < 0.05) The 500- to IOOO-l.1m size c1ass. as
well as Euphausla superba. dlsplayed a large number of
higher values in the western area of the Strait (Fig. 4).
coinclding with the high levels of chlorophyll entering
the Bransfield Strait from the Belhngshausen Sea
(Fig. la). However. differences in gut fluorescence 10

both water masses rematned inslgnificant.
The electron transfer syslem showed higher and sig

nificant (ANOVA. P < 0.05) average values in the
smaller size fraction (Table 1). In contrast, aspartate
transcarbamylase aClivlly showed no significant differ
ences between the size c1asses studied No significant
differences were observed in the ETS activity between
the Bellingshausen and Weddell waters. although higher
variability and values were found 10 the Bellingshausen
water (Fig. 5). This was also true for the ATC activity.
Despite the high variability in ATC values. the average
values of specific activit)' glven 10 Table I are rather
high. with numerous stations showtng values above 6
ATC units (Fig. 6).

The biomass obtained was al lhe lower end of values
cited 10 the Iiterature of polar areas (Conover and
Huntley 1991) This could result from the sor! out of all
of the ver)' large plankton (Iarge euphausilds and large
salps) due to the 14-mm mesh used as the upper Iimit in
our biomass measurements. However. Bovsen-Ennen
et al. (\ 991) found values of 0.8- 3.6 g dry ~eight . m-:
for organisms < 14.5 mm 10 the Weddell Sea. Atkinson
et al. (\996) found values of 8.4 g dry welght m-2 and
Ward et al. (\ 995) values of 13 g dry weighl . m-: in
South Georgia. In contrast. the very low blomass values

Zooplankton bod~ carbon was assumed t(l be 45% of dry welghl
(Atkmson 1996) Numbers o( SlImples are glven In por('",/rt'Jt''\

GUI ftuoreloCence Gut clear Ing~tlOn rateO Welghl InlleMlon Communlt\ mgesllon
~ d . I
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M('(r,dio g('rlac/,t" 1997 t 14 11 t 131 049' 979 81·qq' O 12~ 15 }
Rhlflcalanu.' K'Ra.1 15 n t l' 36 (251 0:'3--{)95d • 362-1493 SQ4d OOl~ 04 045--655
EUl'hou.lla suprrha 91 44 ~ 146' ('0) O 13{) 4:,1, ~ 11.89 ,1\ 41 4'51 ' 000' 001
Salpa Ihnml'lOfII 5617 t 2941'1/2') 025' 1404 25 1480 2250' 075 I 14

Total 14 19-20.29
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Fil." Mesoscale variablhty of
gut fluorescence In a small and
b medlum Slle fractions e Gut
fluorescence of Euphowlo SlIp
nba The dosh~d I",~ represents
the frontal zone as in Flg 3
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found during January 1993 were of the same magOltude
as the one found by Hemández-león et al. (1999) duro
ing December 1991 (0.087 I dry weight· m- 2). and
comparable to the values obl1lined by Robins et al.
(/995) in lhe Belhngshausen Sea (0.05-0.53. dry
weight . m- 2

• assuming tbat carbon is 40% of dry
weight). However. although biomass values were low
during December 1991 and January 1993 (present
study). its dlstribution In the 8ransfield Strait differed in
both months as shown by shghtly higher blomass in the

Weddell water 10 ~mbcr. and large values and a high
vanabílity lO the Belhngshausen water lO January. These
differenccs lO the dlstribution were lO agreement Wlth the
values of chlorophyll. pnmary productlon and micro
plankton « 200 J.UY11 ETS actlvll)' In both samplings
(Aristegul and Montero 1995. 8asterretxea and Ariste
lui 1999) The hlgher \'anablht~ of blomass In the
Belhngshausen water Ismall and large fraetions) also
corresponded lO a hlgher viinabthty of speclfic ETS.
'IVlOg some conslslenC) lO Ihe observed dlfferences 10
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phytoplankton biomass and productivity between the
two Water masses. The presence of such differences could
be related to local physical features such as meltlOg in
shelf waters of lhe Anlarclic Peninsula. or lhe differenl
llming in lhe developmenl of the bloom. This facI could
give rise lO biologlcal differences 10 waters advecled
from southern areas of the Bransfield Slrail. as is lhe
case in the Bellingshausen and modified Bellingshausen
waters of lhe Gerlache Strail. Moreover. the meandering
of the fronl belween lhe Bransfield currenl and lhe
Weddell waler (García et al 1994). as well as lhe higher

variability 10 blomass or specific acti\'lties. could. be
examples of the complex hydrology and biologlcal
processes in lhe 8ransfield walers. Differences 10 aCUvlly
due lO dlel dlfferences 10 feedlOg and metabohc acllvlI~

could also explalO Ihe hlgh vanablhly \O gUl fluorescence
(Atkmson el al 1992a. 1996) and enzymallC é1CUVIUes 10

lhe more producllve walers of lhe Bransfield current
Anolher source of vanability 10 gut fluorescence could
be relaled lo feedtng on non,plgmenled food. There IS a
growing body of hterature suggesllng lhal mlcrozoo
planklon is a major componenl 10 lhe dlel of copepods
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Fig. 6 Mesoscale vanabilit) of
asparlale lranscarbamylase
actívJly (ATe) In lhe a small.
b medlum. and e lar~e slze
fracllons The dQsh~d ''''1'
represenls the frontal zone as In

Flg 3

-6200,

o
-6300 ¡ f

-6300

-6200 '

-6300 •

.... 00:

-6300

D
¿

-6100

-6100

·~9 00

,".00

.~7.oo

a

.•" 00

mml e-A' mg prot -l min-'
<2

o 2-4

o 4-6

O >6

(Oam el al. J993; Roman and Gauzens J997). Because
of the fael that there were no signlfieant differences 10

biomass and indices of pbysioloJical rates between both
waler masses. we will assess rhe gruing impael of lOO

planlcton in all the areas studied.
Differences were also observed in tbe importance of

biomass in the different síze eJasses studied between
December (Hemández-león el al. 1999) and January.
While in December about SO·/. of blomass was observed
IO'be in the smalkr sile fraetíon studied (200-500 j.lm).
in Januar)' Ibis fractíon was less Important (26%). with
the larle siu fraelion the beuer represented (56-/.). TbI5
result eould reftect tbe interannual variabilily bUI also
lhe progresslon of lhe differenl populallons from spnn8
ro summer. This would imply lhal or,anlSms have

growlh rales whJeh mJghl reaeh hlgh values dunng Ihe
produelive season Average values of spectfie ATC ae
tivit)' did nol 5how any statlstíeal di.fference belween the
SIU c/asse5 sludled bul, In general. lhey were ralher high.
In this sense. Antaretie looplanlcton during tbe eruise
dlsplayed valoes from tbe very low lO lbe hl¡besl specifie
ATC aetlvities lhat zooplanklon can reach in nalure
(Hemández-León el al 1995). Althou¡b tbere is evi
dencc of 1000 relallonshíps between ATe aetivily and
,rowlh rales ID differm1 organisms (Bergeron and
Alayse-Danel 1981; Rergeron 1982). the samc relalion
ship In crustaceans 15 nOI cJear (Alayse·Dancl 1980;
Hemández·León el al. I99S) Tbis IS because ATC ae
livllY reftects lhe penod of anlenSlVe ccll muluphcalion
(KoUCla and 8oucaud·Camou 1992) whlCh. In lhose
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organisms, is relaled lo lhe moulling process and nol lO
slruelural growlh. However. because bOlh processes
are in faet eoupled in nature. this enzyme can be used
to dislinguish organisms lhal are aelively growing.
Hemández-León el al. (1995) found that the rallo be·
lween growlh and ATC suffers lhe same variabilily as
the olher physiological ratesjenzyme aetivity ralios ob
served in the literalure (e.g. respirationjETS or gluta
male dehydrogenasejammonia exerelion). Thus. with
the restrietions of using lhose indices and using the
growthjATC obtained by Hemández-León et al. (1995)
of 0.033 and a QIO of 2. we found a general growth rate
of 0.04 day-'. Few estimates of growth rates for the
Southem Ocean can be found in the literature. Sehnack
(1985) and Sehnaek et al. (1985) gave values from less
than 0.01 to 0.09 day-I. Lopez el al. (1993). using the
egg produelion method, observed values of growth rates
in lhe range 0.01-0.07 day-I for Ca/anoides acutus.
Values of <0.1 day-I estimated for Anlaretie waters
seem lo be normal for polar organisms. as stated by
Conover and Huntley (1991). wilh a general value of
0.045 day-I at O oC (Huntley and Lopez 1992). How
ever. the range of growth rates values given aboye is in
fact a wide range. as it represents differences in moulting
rates of about 6 to more than 40 days. Il is known from
recenl models (Huntley et al. 1994) that Antarctte 00

pepods can have quite ditferenl stage durations related
lo the specifieities of their life-cycles (e.g. the so-called
pulse mOUlling). Atkinson and Shreeve (1995) found late
naupliar slages of calanoid species at the beginning of
December. Atkinson (1991), analysing hislorical dala of
Antaretle zooplanklon. argued thal the growlh of early
copepodites of C. acutus during November/December
must be very rapid due to the appearance of stages cm
and CIV in about 1 month. Reeently, Shreeve and Ward
(1998) reported mean values of growth of 0.14 day-I for
C. acutus and of 0.05 day-I for Rhinca/anus gigas around
South Georgia in summer ("'3 OC), supporting the idea
of a rapid growth related to food qualily. The wide
range of developmenlal rales also suggests the depen
dence of polar organisms on lhe environmenlal oondi
tions (mainly on lemperalure and food), whleh eould
produce quile large differenc,"~ in growth rates and
survival. In lhis sense, our values of ATC aCllvlly re
ftecled thls variability with ralher hlgh values of specific
aetivit)'. This faet suggests lhat organisms were aelively
growlOg during January 1993. having calculated a gen·
eral stage duration of about 10 days (Hunlley and Lopez
1992). allowing eopepodltes lo reaeh slage CV during
summer.
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Feeding rates ealculated from gUl fluorescenee and
published gut clearance rates (Table 2) showed the
higher values 10 lhe small slze fraellOn and very variable
results in lhe large size c1ass. The latter fraetlon is
composed of organisms as differenl 10 length as cope
pods and euphausiids wlth a different oonsumption 10

terms of body carbon per day (from 0.003 to 0.15 day-').
Therefore. dependlOg on lhe dominance of differenl
groups. the oommunily feeding rales are going to vary al
least by 1 order of magnilude. Taking into accounl lhe
community ingestion rales (Table 2) of lhe three size
classes « 14 mm). lhe impact of grazing on primary
produclion (423-3913 mgC . m-2 . day-I. Basterrelxea
and Arislegui 1999) during the cruise varied belween 0.4
and 4.8% based on 24·h grazing (e.g. no diel pattem). 11
is worth not1Og lhat 57-82% of ingestion was due to the
small size fraellon. However. assuming a oonservative
respiration/ETS ralio of 0.5 (Hemández-León and
Gómez 1996). a growth/ATC ratio ofO.033 (Hemández
León et al. 1995) and an asstmilation efficlency of 70%.
we found thal oommunity ingeslion accounted for
7.66 mge . m-2 . day-' (see Table 3). whieh produces a
grazing impaet from 0.2 to 1.8% of primary produelion.
The higher impael obtained using the gut fluorescence
values and published gut evaeuation rates is probably
due to the fael thal we assumed lhat. for the higher value
(4.8%). all lhe biomass found in lhe large size fraelion
was lhe eopepod Metridia ger/achei. However. if bio
mass m lhe large size fraelion is dominaled by small
euphausilds. then lhe grazing Impact (0.4%) IS 10 the
range of lhe percenlage calculaled from the indices of
metabolism and growlh. In an) case. despile lhe un·
certalOties of using indices lO assess feeding. metabolism
and growlh. lhe grazing impact of mesozooplankton in
the Bransfield Slrait esttmated in both ways seems to be
low « 5%). Moreover. an upward calculalion of in
geslion assuming a 99% of pigmenl destructlon in the
gUl (Conover et al. 1986) would produce a grazing im·
pact lower lhan 10% for lhe < 14-mm orgaOlsms This is
m agreemenl wllh prevtous works in Anlarctie walers
(see Alkinson 'and Shreeve 1995: Lopez and Huntley
1995; Dublschar and Balhmann 1997: Swadling et al.
1997) and conslderablv lower than values observed b)
Ward et al. (1995) for"copepods and small euphal,;siids
10 a hlgh-blomass scenario near South Georgia (25-56%
of pnmary produellon).

GUl fluorescence was also measured in salps
(Table 1) However. we were unable lO calculate the
blOmass of lhese ¡arge organtsms with lhe WP-2 net 10

vertical hauls (see Matenals and methods). Thls and the

T.b1~ -' Resplrallon and
growlh rates obtalned from
eleClron transfer system and
aspUl¡¡te lrlmscarbamylue ae
tlVl\le~ uSIOg the phYSlologlcal¡
enlvmatlC aCIIVI\ v rallos of lhe
Il\eilllurc (see lex'o
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escapement of large krill from our net are important
shortcomings in our estlmations of grazing in the
Bransfield Strait. However. usmg maximum average
biomass of salps of 183.5 and 563 mgC . m-2 around
the Bransfield Strail (Huntley el aL 1989: Nishikawa
el aL 1995. respectively) and our calculated ingestion
rates (Table 2). we obtained a grazing impact on
primary production in the range of 1.1-49.5% with an
average value of 22%. assuming the hi~hest average
value of salp biomass (183.5 mgC . m-). Although
maximum biomass of salps (556 and 671 mgC . m-2

)

cited in Nishikawa el al. (1995). Huntley et al. (1989)
and Schnack-Schiel and Mujica (1994) could account
for a large portion (> 100%) of pnmary production
(see Dubischar and Bathmann 1997: Perissinotto and
Pakhomov 1998). the highly patchy distribution ofthese
organisms seems to produce lower average values.
Salps in the austral polar provmce are reported to
consume only < 1% of primary production in poor salp
years and about 19% in years of high abundance
(Longhurst 1998). Similar calculations were made with
the maximum average biomass of euphausiids
(1381.1 mgC . m-2) given by Nishikawa et al. (J995).
The results showed a grazing impact by these organisms
in the range of 0.4-3.3% (average 1.5'/0) of primary
production. which is in agrecment with the work of
Pakhomov and Perissinotto (1996). who found that
E. crysla//orophias ingested a small fraction of primary
production (0.02-1.12%). In E. su/Hrba. Pakhomov
et al. (1997) found a range of 9.6-59.2% (average
30.5%). Perissinotto et al. (1997) 0.5-50.8% (average
12.4%) and Hemández-León et al. (1999) calculated
8.1%. In this sense. it is generally considered that a
small portion « 10%) of the primary production is
consumed by krill (Holm-Hansen and Huntley 1984).
However. dense swanns of E. cryslo/lorophÚlS can
remove 13.6-96.5% of daJly primary production
(Pakhomovand Perissinotto 1996). Therefore. excepting
the high biomass scenarios of swarrns. the average val
ues in the waters around the Bransfield Strait showed a
characteristic low control of zooplankton grazing on the
pnmary production. ThJs faet suggests lhal zooplank
Ion is not food bmited ID these waters. However. in
gestion rates are not only driven by food quantily but
also by food qualily (e.¡. Jónasdóttir et al. 1995;
MeKinnon 1996). With the limitalions of the use of
enzymatic indices. we estimated that zooplankton was
actively growing as observed from the ralher high ATC
aclivily values (see aboye). indicating lhal food quahly
should nol be a limiting factor as expecled from the
abundance of dialoms and prolozoa in Antaretic wa
terso Moreover. the small sile fraclion also showed high
in¡estion rates accounting for about 6()....80% of lotal
IDgestion.

However. the relalively low biomass of mesozoo
plankton in the Bransfield Strait has been juslified in
Ihe hleralure because of lhe abundance of krill ID such
walers (Marr 1962: Smilh and Schnack·Schiel 1990)

The large differences in blOmass found 10 relallon lO Ihe
values reviewed by Boysen-Ennen el aL (199 J) could
support lhe imporlance of krill in Ihe presence of such a
low biomass. Zooplanklon blOmass IOcreases toward the
open sea ando in general. loward Ihe polar fronl (Foxton
1956: Jazdzewski el aL 1982: Boysen-Ennen el aL 1991:
Robins el aL 1995) and il has also been observed thal
high standing slocks of phytoplanklon did nol coincide
wilh high zooplanklon biomass (EI-Sayed 1984).
Moreover. an inverse relalionship belween krill and
non-krill zooplankton has been observed near the con
tinent (Hosie 1994; Voronina el al. 1994). Krill are able
to predate on copepods. as observed from gut conlents
(Hopkins et al. 1993: Nishino and Kawamura 1994) and
feeding rate experiments (Price el al. 1988: Atkinson and
Snyder 1997). It is also known lhat euphausiids selecl
mesozooplankton in the presence of both zooplankton
and phytoplanklon (Granéli el al. 1993). Atkmson et al.
(1999) also observed reduced copepod abundance coin
ciding wilh high krill biomass and also suggesled that
copepod numbers in Antarclic walers can be conlrolled
by a combination of competition and predalion by krill.
Competitive exdusion was proposed on Ihe basis thal
krill can remove phytoplanklon. affecting therefore
copepod recruitment. However. our results as well as
those of otber autbon ciled aboye stress the low impact
of zooplankton « 14 mm! on primary production. in
e1uding high zooplanklon biomass scenanos (Ward
et al. 1995). Therefore. if zooplanklon IS nol food lim·
ited. because on average aboul 50% of pnmary pro
duction is nol consumed and orgamsms are aClively
growing. lhe explanalion for the low biomass of meso
zooplanklon (especia11y large eopepods) around Ihe
Antaretic Peninsula (Robins el al. 1995: Hernández
León el al. 1999: presenl work) should be relaled lO
predation by krill or perhaps salps. The effect of swarms
ando especially. superswarrns should give some msighl
inlo the low abundances and biomass of mesozoo
plankton found in Antaretic waten near lhe eontinenl.
Superswarrns of ISO km 2 (Macaulay el al. 1984). ex·
lending over 2.8-11 km (Hlggmbottom and Hosie 1989;
Murray et al. (995) or even 21.6 km (see Slegel and
Kalinowski 1994) have been observed around the Anl
arctic Peninsula. The top-down etrect polenlially exened
due lO selective feeding by krill on mesozooplankton
might be sludlCd because 11 would explain how phylo
planklon sinking (Bodungen el al. 1986) and mainly
mieroplanklon respirallon (Ariste,ul el aL 1996) may
accounl for a large ponIon of lhe fate of pnmary pro
duction.

Acba:wIe"••_ Wt ltuank M Oare... J Arislqul and G
BasterrtlllU ror lhe: (TO. c:hlorophyll and pnmary prodUC:llon
cPu Tht aUlhon would also hkt lO lhank R Penulnotto and
S Sc:hfUlCk·Sc:h~ ror Ilmr c:omrnmu on lhe: manuscnpl and c:on·
structlvt c:nuClsm Th".-or1 .-al SUPPOf1ed by proJCCI "Oc:can·
o,raflll dlnotmlal y prodUCtIVlcúd m ti Ellrecho dt Bransl1tld
duranlt el vtrano ,u"wll. 199'" (('IeYT 1 We lIfe libo IIlMbled 10

lhe: C:fe~ and technlc;¡al assl"anc:c oC lhe: R\' "H~rtnde)"
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1. latroduction

Lana'i is one of tbe islands of me Hawaiian archi·
pelago that has been poorly studied from a geologícal
viewpoinl. Salient studies in tenns of classic general
geology were produced by Wentwonh (1925) and
Stems (1940) and the relevant review papers about
tbe geology of tbe Hawaiian Islands are by Macdonald
et al. (1983), Walker (1990) and Hazle" and Hynd·
man (1996). The geochronology of tbe island of

Paleomagnetic study of the ages of lavas on the island of
Lanai'i, Hawai'i
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Abstract

A detailed paleomagnetic study of tholeiitic basaltic of eight sites drilled from Kaumalapau Harbor, Manele Bay and
Maunalei Gulch areas was conducted to investigate the volcanic evolution of the island of Lana·i. Stepwise altemating field
(AF) demapetizations accompanied by investigations of roek magnetic propenies such as low·field susceptibility versus
temperature (k-T) and saturation isothennal remanent magnetization (SIRM) iodicale tbat the cbaracteristic remanent magne
tizaúon (ChRM) is primarily carried by Ti-poor magnetite. Demagnetizaúon experiments have identified eight mean ftow
directions characterized by negative polarities. Our paleomagnetic results. a10ng with the radiometric age detenninations of the
lavas in question indicate that the tholeiitic flows that formed the Lanai volcano were erupted very rapidJy and only during the
Matuyama Polarity Chron (0.780-2.58 Ma) and not during the Brunhes Chron (0-0.78 Ma), as reponed previously for the K
Ar date<! lavas in the Maunalei Gulch. e 2000 Elsevier Science B.v. Al! rigbts reserved.

Kqwords: lJland of Lana'i; allemaliD¡ field dema¡netization; mapetic susceptibility meuurements

Lana'i was studied by Bonhommet et al. (1917) and
Naughton et al. (1980).

Geologic and geomorphologic observations by
Wentwonh (1925) and Stems (1940) show that tbe
volcanic rocks of me island of Lana'¡ have a probable
age between the Pliocene and early Pleistocene, and
tbat Lana' i should be younger than me island of Molo
ka'i, similar in age to me west part of Maui. and older
than the east part of Maui and J(aho'olawe. In addi·
lion. these sels of islands form a large single shield
volcano called Maui Nui. JacDon et al. (1972)
predieted an age of 1.25 Ma for Lana'i talcing inlo

• Corrapondin¡ author. Fu: + 1-808-9S6-3188. account me hypothesis tbat tbe volcanoes of the
E·mail tMId,~ss: herrerotlhoelLhawait.edu (E. Herrero- Hawaiian islands become progressively older from

Berven). . .
I Permanenl address: Depanemento de Física-Geolo¡ía. Univer. Hawai'i lO Kaua·i. Potassium-argon detennmauons

sidad de Las Palmu, Gran Canaria. Spain. of rocks from Lana' i were carried out by Bonhommet
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el al. (1977) and Naughton el al. (1980). However.
their published radiometric ages were different. The
first authors obtained ages ranging from 1.20 ( :: 0.17)
to 1.46 ( ::0.25) Ma, whereas the second author' s ages
were between 0.70 (::0.03) and 0.91 (::0.07) Ma.

In lhe recenl past. sorne authors have studíed major
submarine landslides produced by colJapses of pan!>
of the Hawaiian volcanoes. The island of Lana'¡
produced the Clark landshde that shows a direction
of motion towards the southwest and two toes of
debris accumulations (hummocky areas) that extend
over dlstances of about 80 km from their sources
(Moore el al.. 1989). Considering the importance of
these destructive processes that have afl"ected the
oceanic voJcanic isJands ir is importanl ro know the
age of the materials thar make up the islands aOO
the timing of the catastrophic events that triggered the

giant landslides that ended up at the bouom of the ocean.
Another importanr aspect of this study is to know rhe
volcanic evolution of rhe island of Lana'i lo further
understaOO its volcanic growth.

Taking inro account rhe conrroversy derived from
the radiometric ages for the lavas of Lana'i we have
conducted a paleomagnetic study with the main objec
t¡ve of c1arifying the geochronology. We have
sampled the same lava flows that were previously
radiometrically dated by K-Ar methods, along with
other lavas that were not dated by (he original authors.

2. Brier geoIogy of Lana'¡

The island of Lana' i is situated at me center of the
eight major islands of (he Hawaiian archipelago. It is
the sixth largest in size with a length of approximately
27 km aOO a width of 20 km. It covers an area of 363
square kilometers with a maximum aJtitude of 1207 m
at Lana' i Hale when taking into account the topogra
phy and bathymerry of the islands of Lana'l, Maui,
Kaho' olawe, Moloka' i, and three submarine volea
noes, all of which make up a single volcanic edlfice
called the Maui Volcanic Complex.

The geology of Lana'i was studied by Wentworth
( 1925); but it was Stems (1940) who made the most
detailed mapping and a comprehensive geologic study
of this island. He stated that lana'i was an extinct
shleld volcano modified later by ermion and detlned
hve geomorphic areas: ( I ) the central baslO (Palawal

and Mikl basins in the south-center of the island); (2)
the canyon counlry (east side of the island between
Maunaleí and Kawaiu); (3) the northwest rift zone
(about 6 miles northwest of Palawai Basin); (4) the
southwest rifl zone (3 miles long extending south
westward from the Palawai Basin); and (5) the faulted
south rifl lone (southeasl from Palawai Basin) The
central basin is characterized by subsided structures
partially filled with volcanic and sedimentar) maleri
als. Stems (/940) and later Macdonald el al. (1983)
interpreted the Palawai Basin as an old summíl
caldera of the Lana'i volcano 4 km lO diameler, and
the Miki Basin as a pit crater 1.5 km in dlameter.
Thus, the island of Lana'i is a shield volcano buíh
by eruptions at the summil and aJong three Island
rift zones. The principal rift zone uends northwest
ward as a broad ridge. and is responsible for the
conspícuous elongation of the island in that direction
(NW-SE and SW). A less conspícuous bulge on the
southem side of the isJand is the re~ult of lava building
on the southwest rift lone. The summit of the shield
collapsed to form a caldera from which a shallo"'
graben, bordered by en echeIon step faults. extends
south to southwest toward Manele Bay. Numerous
díkes exposed in the sea cliff indicate that thls Manele
graben lies aJong another rift lone. Recently, sorne
geoJogists (Moore et aJ .• 1989) believed thal these
structures were assocíated with normal fauhs presenl
in the south-central pan of (he island lhat are c1osel)
Iinked to the Clark landslide, and that the presenl
shape of the isJand corresporKb to the northeaSI
flank of an ancient bigger volcano (Paleo Lana' i).
This is one of (he many reasons why It is imponant
to study the growth of these voleanlC edifices, since
other landslides that had originated on the nelghbor
islands might have had similar triggering rnechanisms
lO that of the is/and of Lana '1.

The associated eruplions of ¡he lana' i rifts
produced lavas and spatter eones and piles of pahoe
hoe and 'a'a ftows with ,entle dips (between 2 and
18°). There is evidence that 10 between lava nows
there was no visual proo( of any development of
bole~. indicating that the magmatic eruptions were
relatively continuou!\ Some of the ancient cones can
be ~en from the c1iff.. (Kahunolu. Manele, etc.) and
from the gulche.. c¡uch a.... Maunalel. whereac¡ (he more
recenl one!\ are located on the southea....t and southwesl
ftank .. o( lhe ",Iand
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There are few petrographic and geochemical
studies of Lana·i. Macdonald (19401 made a micro
scopic study of si x speci mens from Lana'\ and cites
pioneering petrologic sludles performed by Powers
(1920). Washington (19231 and Wentworth (1925).
Bonhommet el al. (19771 described Ihe petrographic
analysis of the sil'. samples used for the geochronolo
gic determinations. In general terms these authors
have pointed out that the subaerial rocks of Lana'¡
are mamly tholeiitic basalls ranglng from olivine
tholeiites to olivine-r1ch oceaniles, The lava ftows
show mamly phenochrysts and mlcrophenocrysts of
olivine. hyperslhene. augile. pyroxene and plagIO
clase. The groundmass conlains plaglOclase. pyroxene
{augile. hypersthene and plgeonite l. equanl Fe-Ti
oxides {ilmenite-magnetilel and apalite. According
to Bonhommel et al. (1977l from Ihe geochemical
view poin!. Ihe samples sludied are Iholeiiles. AlI
contain normative quanz and hyperslhene and resem
ble. compositionally. tholeittes from Ihe Mauna Loa

volcano. Thus. in summary. one can sa)' thal Ihese
tholeiites from the Lana' \ volcano represent the
shield-building st.1ge and that this volcano did nol
develop the dedining stage with the formatlon of
the alkalic cap as is the case with other Hawaiian
volcanoes.

3. Paleomagnetism of tbe Island of Lana 'i

Paleomagnetíc studles of the Island of Lana'\ are
almosl nonexistent One of the goals of this work IS to
repon on the results oblained from a series of paleo
magnellc samplmgs performed on tholeiitic basalts of
the Island We collected oriented paleomagnetic
samples from elghl sites Flve of these sites were
drilled 10 the Maunalei gulch: IWO sites were sampled
10 the Kaumalapau Harbar area and one site was

sampled in the Manele Bay area.
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4. Field and laboratory methods

The Maunalei gulch where the sampling of the five
sites took place (see Fig, 1) provides an excellent
exposure for our paleomagnetic sampling. allowing
near continuous sampling of eruptive sequences on a
Row by tlow basis from the bonom of the valley up lO
lhe topo Samples for paleomagnelic and rock magnelic
experiments were taken from within massive flow
interiors lO avoid lhe effects of reheating by subse
quent tlows which would resel the paleomagnetic
directions.

Between 5 and 10 25-mm diameler cores were
collected from each lava tlow for paleomagnetic
analyses. AIl cores were drilled in the field with a
portable gasoline-powered drill and were oriented in
situ using an integrated sun compass and an inclin
omeler. Natural remanenl magnetization (NRM) was
measured using a 2G Superconducting Rock Magnet
ometer and a JR5A Spinner Magnetometer. AH lhe
specimens were progressively stepwise demagnelized
using a three-axis tumbling altemating field (AF)
demagnetizer. AF experiments were perfonned in a
series of sleps from 2.5 lO 100 mI Overall. AF
demagnetlzalion was very efficient in removing
secondary víscous overprinls that were acquired
during the past -800.000 years (see for example LA

01 lA) and during storage of the samples. The char
aClerislic components were isolaled between 20 and
100 mT. which indicates that the primary component
is carried by magnelile. The characlerislic direction of
each sample was obtained by leasl-square analyses of
al least 10 successive directions (Fig. 2). The mean
Row directions were calculated by averaging at leasl
five directions per lava tlow. The within-Row disper
sions did not exceed IOc in most of the cases.

Two addilional rock magnetic experiments were
perfonned on the samples. Magnetic propenies were
analyzed to identify the magnetic carriers of the NRM
and 10 determine their magnetic characteristic proper
lies as a check on the reliability of the paleomagnetic
record. The firsl of lhese additional rock magnetic
experiments we performed was a magnetic mineral
ogy study on samples taken from each one of the sites
driHed for our magnetostratigraphic study. The
experiment was carried OUl to determine Curie points.
The temperature dependence of initlal magnetic
susceptibility was measured using low-field suscept
ibilily measurements (k-T) on at least one sample per
sile. About eight samples were progressively heated
up to generally 650°C and subsequently cooled down
using a KLY2-CS3 apparatus (e.g Hrouda. 1994 and
Hrouda et al.. 19771 located at the SOEST-HIGP
Paleomagnetlc laboralory. Several lypical samples

Table I

Ro"," mean dll'eellons and poles for lavas of lhe Island of Lana',. Deellnallon and Inelln'lIoo 10 de¡!ree~. 1\. preCl'lon parameler, 095 eirele of
95% eonfidenee. R. len'lh of veClor, PaleCl Lalllude and Paleo Lon¡!IIUde of Vlnual Paleoma~nell' Pole- 1VGPq lO de~rees delenmned b~
Fisher SlallSIIC~ IFisher. 195J)

Oecl Inel 11' 095 R PLaI PLon~

Sile '1 Maunale. Gu\ch Well Shah '2 1791 -241! J74 48 ' 992 -I!~ 08 20948

Drilled al Ponal
Sile '2 Maunal~1 Guld bollom nI Well

Shart '2 I ~ I 7 -I~ () l' I 8 J , 970 -60 ft(l :'7~22

Slle '3 Dnlled on lhe Nonhw,"" ,Iope 1457 - 4~ O 11"0 :: 7 1\N9 - 511:'3 ,O~ n
of Maunalel Gulch hall "'a~ In
lop

SUe 114 Drilled al Ihe enlranee o( Well 16Q9 ~ .l2 ~ 71 14li 2 c,PI -~ '8 :'11131

Shafl • I on lhe Nonhwe'l "de
Sile '5 Lana', Hale ahove Well Shllfl 1747 -6~ !i 128M II :W9 -6ft 16 136J

'2. head of Valley
SUe I/fl Kaumalapau Hamor 1494 -5'-111 :2~ l' 4 t> ¡1ft: - 'ii 49 "69li

SUe '7 Kaumalapau Hamor RCIi.d cut 22119 ··:'1 Q Itll ~7 :: '-II!!! -4~ :'~ 1166'

(O 5 mIles 'mm Harbml
SUe '1( Manele 81). ROlId eUI (1 () mlle~ 179.9 - 20 i .Q4 :: l' ~ CWI -7'-140 :'1'-IRl!

from ..c:a,horel
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different sites lone m Lhe Maunalei Gulch. lhe second
one from Kaumalapau Harbor and the thlrd from a
Kaumalapau roadcut¡ lhat acqulre an SIRM. wllh
most of the remanence betng gained between 0.5
and 1.0 Tesla after which the curves stan to level
off These results also indlcate that the domman!
magnetic carner in the samples is magnetite.

FIl. 5 (a) Mean Ro", dlrectlonS. wirh rheir respecrive clrcle\ 01
confidence. o( eighl lava:. (rom Lana'!; (b) Vinual Geomalnellc
Poles IVGPs) o( eighl 13\'3\ (rom lhe isJand o( Lana',

of susceptibility versus II.:-T) are given in Fig. 3.
Mos! of the samples ex.hibll m sorne cases irreversible
thennornagnetic behavior such as LA 003-1 and LA
008-2 where there is production of magnetite during
heating. In most cases lhere is no reversibility and
likely ox.idatíon of magnetíte into hematite during
heating. In other cases there is a simple thennomag
netie behavíor characterized by nearly reversible /c- T
curves with a single HopkmSOll peak and a sharp
decrease in susceptibility indieating me reachmg of
Curie point in me range of 560-58O"C. which 15 charo
acteristie of nearly pure magnetite (Fig. 3)

Tñe second addnionaJ rack magnetic expenmen!
perfonned on lhe samples was saturalion lsolhermal
remanent magnelization (SIRM) in a slrong field
followed by AF demagnelizalion o( the same SpeCI
mens. These demagnetizatíon experimenu show tha!
lhis is a soft magnellzalían removed by aboul 15 mT
in aH cases. This resuh is ellpected wilh IRM that
involves multidomain grains.

Fig. 4 shows three Iypical samples (rom three
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5. Resul15 and discussion

The re!>ulls of the paleomagnetic analyses for all
elght slles IOvolved in Lhe stud) are ltsted 10 Table I
The mean flo\\, directions of each site have been
plotted in Fig. 5. Tñese results inelude the mean decll
nation and inchnatlon wlth their respectIve statistical
parameter~ as well as the calculation of the Vrnua!
Geomagneuc Poles (VGPS¡ for Lhe Individual lavas
As mentioned earlier. Lhese paleomagnetlc results
were obtalOed wiLh the malO purpose of determtntng
the magnetic polarities of the lavas and companng Lhe
polarity results wiLh (he radiomelrically dated samples
obtained by the only two studies thal have determined
ages of the lava~ in Lana'l (Bonhommet et al.. 1977:
Naughton el al.. 19801.

The firsl set of radiometric ages of SIX samples was
obtained by Bonhommet et al. (1977) by' mean!> of K
Ar analysl!>. The samples were collected from three
general area., The first slte was located on Wes!
Lana'l and corresponds to ~mple OX68 that Ylelded
an age of 1.46 :! 0.25 Ma. The second sample OX71.
carne (rom the ManeJe Bay area (pan o( the Soulh Rift
Zone); the age obwned \\,as 1.35 :! 0.05 Ma. From
the same area but on the road to Lana'l Ctt) sample
OX073 was dated al 1.20 :! 0.17 Ma. Three additional
samples were from lhe area known as Kaumalapau
Harbor Tñey are: OX075. ale 1.42:! O 13 Ma.
OX078. age 1.28:! 0.08 Ma and OX079. age
1.21 :! 0.06 Ma The overall weighted mean age
obtatned by (he aulhors was 1.30 :! 0.06 Ma.

The K- Ar ages determmed by Naughton et al
(1980) for rocks (ram the MaunaJei Gulch were
obtained in an effort lO fill lhe pps left by previous
datlng work Our "tes J-4 were drilled in lhe same
locatlons where Naughlon el al. (1980) determtned the
ages o( lhe lavas in the Maunalei Gukh. The authon.
o( that radlometric work sampled lhree different local·
ities. One in Well Sha(t 2 (Site L1) yáelded an age of
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0.86 =0.55 Ma. A site near Well Shaft 2 (Site L2)
gave an age of 0.71 =1.27 Ma. The third site. located
at the bollom of Well Shaft 1 (L3) gave an age of
0.76 =0.66 Ma. The overall mean for the three sites
was 0.81 =0.66 Ma.

Our paleomagnetic determinations presented in
Table 1 correspond in sorne cases to the si1es where
Bonhommet et al. (1977) and Naughton el al. (1980)
eollected their samples for the radiometric age deter
minations. For instance. our Site 2 eorresponds to site
L1 of Naughton et al. (1980) drilled at the pump room
in Maunalei Well Shaft 2. located at 225 m above sea
level in Maunalei Gulch. Our Site 3 is stratigraphi
cally equivalent to Site L2 of Naughton et al. (1980)
collected from a prominent ledge on the southweSl
wall of Maunalei Gulch directly upslope from the
portal of Maunalei Well Shaft 2. approx'imalely
300 m above sea level. The Naughton et al. (1980)
Site L3 corresponds to our 5ite 4 drilled at Maunalei
5hafl l. and is located approx'imately 2 m above sea
level in Maunalei Gulch. This sample was approxi·
mately 30 m higher stratigraphically than L2. Our
paleomagnetie 5ite 5 is al a location Imown as Lana' 1

Hale with an approximate elevatlon of 1.143 m which
corresponds to the highest elevation of the paleomag
netic sites (see Table 1).

With respect to the sites studied bv Bonhommel el
al. (1977). our paleomagnetie 5ue (, drilled slightly
above the shore line (about 2 m in elevatton) at
Kaumalapau Harbor corresponds to the samples
collected at the same harbor. i.e. OX75. 78 and 79
by Bonhommel et al. (1977). Our paleomagnetic
5ue 8 located on Ihe roadcul of highway 440 approxl
mately 0.5 miles from the shorehne and with an eleva·
tion of 68 m IS equivalent to Bonhommet el al. sites
OX69 and 71 (see Table 1).

The firsl paper on the K-Ar dating (Bonhommel el
al. 1977) of SIX sample~ from the lavas 01' Lana'.
Ylelded a weighted mean of 1.30 =0.06 Ma and Ihe
authon, of thal sludy argue that the calculated age~ 01
the six samples are not slgnificantly differenl from one
another al the 95~ level of confidence. The reason
why the authors of the study interpreted their results lO

thal way was because 01 the rapldity with whlch the
lholeillic part of the Hawaiian shield volcanoes wa~

constructed as is the case of other HawaÍlan \'olcanoe~

such as the Wai'anae volcano in O'ahu (e.g. Jackson
el al .. 1972: Ooell and Dalrymple. 1973: Herrero-

Bervera and Valet. 1999~ Herrero-Bervera and Coe.
1999).

The second and most recent K-Ar study of the
island of Lana' i was done in an effort to sample
from within the vo1canic pile from sections represent
ing the active phase of mountain building (Naughton
el al.. 1980). This was done in the Maunalei Gulch in
the northeastem canyon district of the island. and
within well shafts inside the gulch. The samples
collected m the gulch were also tholeiitie basalts bUl
the argon measurements gave relatively small
amounts of the radlogenic component with conse
quently large uncertamties in the calculated ages.
The authors of this lateSI radiometric age determina
tions pointed out that it was disturbing that there was
such a significant difference between the dates found
in their study (0.71-0.86 Ma. mean 0.81 Ma) and
those reponed by Bonhommet et al. (19771 (1.20
1.46 Ma. mean 1.30 Ma L

As a conclusion of the second radlometric etrort 1l

has been reponed thal the possibllity ex.lsts that the
area sampled in the Maunalel Gulch IS. in fael.
younger than that sampled by the first K-Ar dating.
Naughton el al. (19801 argue that its youth is
suggested by the anomaly of a lo.... coastline on the
northeasl. wlOdward slde of Lana' 1 that. contral) lO
expectattons. has been hule affected by wave erosiono
whereas the southwest slde IS eaten away by such
erosion to form spectacular cltffs. IOdicatlve of longer
exposure to this actton. The same authors indicated
thal the well shafts 10 Maunalel Gulch were tunneled
lOto reglOns of hlgh dlke denslly lO order to tap the
aquifer These dikes presumabl~ were feeders for later
erupllons m the area. and mlght have fed ftows from
whlch the specimens for the sccond K-Ar study were
obtamed A ditrerenl mlerprelatlon could be inferred
because 1I IS the general OpIOIon that the Maunalel
dlke!. represent an earller nfl zone froro whlch later
shlfled lo Ihe southwesl (Macdonald and Abbot. 1970.

P ~411

6. Conclusions

The malO charactemtlcl> Ihat emerge from the
paleomagnetlc stud) 01 the elght lava ftows located
in d.fferenl place!. wllhlO the Island of Lana'l and the
compamon wlth lhe pola!-~Ium-argondeterrninatlons
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of lheir corresponding flows can be summarized as
follows:

( I ) Altemaling field (AF) demagnelization experi
menls of each one of lhe lava flows successfully
removed the secondary magnetizaríons of low coer
civity, isolating a stable univeclorial componenl of
magnetization interprelable as reliable recorders of
the Earth's magnetic field al the time of the emplace
ment of the lavas under sludy.

(2) The AF experiments along with the low-field
susceplibility versus lemperalure (1<.- T) and lhe
saluration Isothermal Remanenl Magnetizaríon
(SIRM) tests indicate thal Ti-poor magnelile deter
mines the magnetization.

(3) The characteristic componenl of all samples
from all sites reveals a negative polarity (see Fig. 5
and Table 1).

(4) The ages obtained from the coastal areas.
namely, Kaumalapau and Manele Bay (Bonhommel
et al.. 1977) are consistent with the reversed polarily
of the studied samples.

(5) 1be negalive magnetic polarities of me samples
from (he MaunaIei GuJch are inconsislent with lhe
ages obtained by Naughton el al. (1980) and by
Cande and Kent (1995), which would place thero
within the Brunhes Chron.

(6) Site LI shouJd correspond with a negative
polarily (within the Matuyama Chron) since the
reported age (0.86 =0.55 Ma) is oJder lhan the last
reversal. Therefore lhis is the only lava flow from
Naughton et aJ. (J980) that agrees with lhe paleomag

netic results.
(7) The presenl results indicate that the lavas in the

tholeiilic shield phase of the volcanic edifice were

erupted very rapidly.
(8) Despite uncenainty in the ages, lhe uniforrn

presence of reversed polarilies suggest that lhe
shield·building stage of lhe Lana'i volcano would
have not exceeded 680,000 years (from 1.46 to
0.78 Ma).
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ABSTRACf

lbe separation selectivity of eigbteen pbenolic derivatives in micellar high

performance liquid chromatography was studied as a funetion of parameters on

which it depends: smfactant and organic modifier cooceDtrabOD. lbe surfactant

used in this study was cetyltrimelbylammonium bromide, and as organic

modifier metbanol. An iterative regression optimization strategy for tbese two

parameters has been used. lbe equation that best explains tbe experimental
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results is l/k' == A +BJ.l + C+ + D~ .We propase die use of this model in

conjunctiOll witb tbe appropriate factorial desigo lo prediet tbe solute retention

bebaviour in miccllar liquid cbromatognIphy witb hibrid elucnts.

Mice1Jar liquid chromatograpby (MLC) has been reprded as a powerfuJ

altemative 10 the conveotiooal reverse-pbase cbromatography witb hydro

orpoic e1uent (RPLC). siDce its first reported by ArmsIroag md Hemyl.

The popuIarity of tbis mode of scparatioo bu iDcnascd becallsc of scveraI

UBique advataBes such as tbe simuJtaneous 5Cp11'8tÍ0Il of iODie and non-iome

compounds. nIpid grBdicnt capability. possibility of direct injcctiOll oC

pbysiological Ouíds. grBdicnt compatibility wi1h electrocl1emical detectors.

cnhana-d luminescencc detectioa, etc.u.

PedIIps tbc main drawback of this 1CpII'atÍ0Il tec:bniquc is its reduccd

efficicncy compared 10 conventiooal rnased-pbase S)'Stems. SeveraJ workers

have examincd tbe reason behind the poor efficiency and tbe methods for

improving ¡lo espccially tbe influencc oC additions oC sma1J amounts oC shon·

cbain alcoboIs
7
'
1l

. lbe most commoo reasooing is that die additiOll of alcobols

reduces tbe loading of tbe surflctant in tbc stationary pbasc and tbis leads lo

improvemeDIS in tbe mus b'aDsfer lDd wettiDa of tbe stationary pbase' .

Khaledi ud co-workersI2
•
1
• studied tbc dJec:ts of orpnic solvenl on

retentiOllIDd selce:tivity of polclDd ioaic IOluaes in MLC. More recently, tbey

studied che role of organic modifiers and miccDes c:omrolling solvenl sttength.
lDd sclce:tivity in MLC1So1

'.

In MLC !be mentioo of salutes usuaUy cIecreues wiIb inaasing micclle

coocentratioD aDd amounl of orpmc modifier iD !be mobiJe pbasc. With

tnlditioDaJ RPLC. tbe coac:enttatioo of OIJIIIÍC modifier is mainJy used lo adjust

tbc solvem sttm&tb; its effcet 00 selcctivity is DOt prooounccd. A sequentiaJ

optimiDrioo lUale&Y is used in RPLC u soIvem sttm&tb is adjusted first. tbeo
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selcctivity is optimized. In MLC the nature and concentration oC the swfactant

and the type and concentration oC organic modifier havc a pronounced etTect on

seleetivity as wel1 as on the mobile phase strengthl2.IS.J7. Due to the interactive

nature oC these Cactors a simultaneous variation oí tbc concentration oC swfactant

and modifier is required lo optimize the chromatographic separation. In othcrs

words, they can not be optimized independent oí one another.

SolDe autbors havc explored the possibilities oC predieting the solute

retention in MLC with hybrid eluents with varying concentrations oC swfactant

and organie modifier. Tbe studies are based in the construction of empirie

moclels that describe the retention oC solutes as function oC these pararneters

using a minimum number oC initial experíments11-23.

lbe objective of this report is to providc more data for a better

understanding of solute retention mechanisrn in MLC with hybrid eluents. And

lo fi.Dd, if it is possible, ID equation to describe it which sbould allow In easy

way lo predict the retention of a solute with a minimum efTort. In this study we

havc used the retention data oí eighteen phenolic compounds of environrnental

interesr4-2S, in the mieeJlar mobile phasc with ditTerent concentrations oC

cetyltrimetbylammonium bromide (CTAB) modified with ditTerent percentages

oí methanol.

EXPERIMENTAL

Apparahll

TIte ehromatograph consisted of a Waters pump 510 fitted with a Watcrs

injcctor model Rheodyne 7725 i With a 20 mi SImple loop and a Waten 996

Photodiodc Anay Detector. The system and tbc data management were

controUed by MiJlenium software from Waters (Waters Chromatografia S.A.

Barcelona, Spaín).

The stationary-phase column was a W&ter Nova-Pack e11. 3.9 x )50 mm

i.d. 4~ particle diarneter.
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The aJialytical column and the mobile phase reservoir were water-jacketed

and tbennostated al 50 ± IOC with a circulating batb.

Reageaa

The surfactant cetyltrimethylammonium bromide (CTAB) for

electrophoresis was obtained from A1drich Chemical Co. (St. Louis, MO, USA)

and used as received. Methanol (MeOH) was Merck (Darmstadt, Germany)

gradeHPLC.

The eigbteeD phenolic compounds used are Iisted in Table l. They were

obtaincd from f1ub Chemika (Buchs, Switze:rtad) and were used as received.

Numbers identify the compounds in tables and figures.

Pncedare

The surfIctIDt sohltion was prepared by dissolving Che required IIDOUDt of

doubly distiIled, deionized water containing Che cIesired medumol conte:nt, and

the solution was~ througb a 0.45 J.IDl ayloa mcmbrane filter (Whatman).

The mobile phase W8S degassed in an ultrasonic bath prior lo use. Stock

solutioas ofpbaIolic compoundS were prepared in metbanol and diluted with the

same solvent Meo necessary.

The void volume of tbe system was measured by multiple injections of

water or methanol~ it was found lo be 1.1 mi and W8S used fOl' all k' calculatiODS.

The k' values were measured at 50 ± lOC; injections of 20 ~ I were made with a

mobile phase flow oC 1m1Imin.

Data ............

Multiple linear rqressioa anaJysis was carried out wi1b SSPS and surface

.md coatoar map pIots wi1h GoldcD Surfer v.6 in a Peatium MMX (133 Mhz).

RQVJJS AND P¡SCUSSION

The retention factor of eighteen pbeoolic deriVltives in MLC systaD was
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TABLEl

List ofPbeaoUc Derivativa ased

NO COMPOUNDS ABREVIAnON

1 PHENOL PH

2 4-NITROPHENOL 4NP

3 PARACRESOL pc

4 ORTHOCRESOL oc
5 2-CHLOROPHENOL 2-CP

6 4-CHLOROPHENOL 4-CP

7 2,4-DIMETHYLPHENOL 2,4-DMP

8 2,4,6-TRIMETHILPHENOL 2,4,6-TMP

9 2,4-DINITROPHENOL 2,4-DNP

10 4-CIaOROMETACRESOL 4-CMC

11 2-NlTROPHENOL 2-NP

12 4,6-DINITRO ORTHOCRESOL 4,6-DNOC

13 2,6-DICWRü-4-NITROPHENOL 2,6-DC-4-NP

14 4-CHLORo-3,5-DIMETHYLPHENOL 4-C-3,5-DMP

15 2,4-DICHLOROPHENOL 2,4-DCP

16 THYMOL TH

17 2,4,6-TRICIaOROPHENOL 2,4,6-TCP

18 PENTACHLOROPHENOL pcp

detennined by using eTAB as suñactant in !he presence of different methanol

perccntages. These data alIowed conelusions to be drawn regarding the models

tbat best fit the experimental retention data.

The addition of alcohol to a mice11ar mobüe pbase would cause cblnges in

miceUar properties, such as the aggregation Dumber and tbe critical miceUe

concentration (e.m.c.) of !he swfaetant. For tbis reason, the c.m.c values for
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CTAB in tbe presence of different percentages of MeOH were determined by

conductimetric titratioo26 1t 25±lo e (Table 2).

Variado. oftbe reteatieD facter

Eluent streDgtb in MLC is inversely related lo surfactant concentrationo A

lineIr relationship exists between tb.e ÍDverse of retcntiOll factor, lile', and

surfactant concentration2.77. 1be retcDtioo decreases when tbe elucnt streDgtb

inacases as expected.

Figure l shows tbe variation of tb.e inverse of retcntioo factor as a funetion

of the concentratioo of CTAB, keeping constIDt tb.e perca,r.ge of metbanol

(6%) for • group of chlorinated phenols, obttining tb.e same behaviour for all

studied compounds. RegJessiOD aDaIysis shows good linearity obtained in every

plot (Table 3).

Tbe rate of ehange in tb.e retmtioo of the differem solutes mes from one

solme to anotb.er depending OD its hydrophobicity and its molecular weigbt as

weU as steric impediments. Tbus, it CID be observed bow first the bigber

compound, pbenol elutes, then the monosubstituted derivatives and those which

bave two or more substitutes, and finaIly the heaviest compounds such as 2,4,6

TCP and PePo Tbis last group, since as it is bigger, sbows a higber $lenc

impediment to interact with miceUes.

On the other baDd, it caD be observed tbat an inercase in tbe percentage of

methanol, keeping coastaDt surfaetaDt concentraban. produces • smaller

variatioo in tbe retention factor of!he studied compounds. Figure 2 shows this

bebaviour for chlorinated phenol~. The results of regressioo anaIysis of the data

of this figure are sbowu in Table 4o

Reprding seleetivity, a, defined as tbc ratio of the retention factors of two

components, it seems that the separatioo mercases with increasing eluent

streDgtb for tbe majority of compounds studiedo

lbis is iUustrated by examining tbc changes in selectivity of two pairs of

COD1pOundso Figure 3. shows the effect of varying tbc swfaetant and the organic
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TABLE2
Critical Micellar CODceDtratioDS of Micel"r Systetm used as MobUe

Pbues

Micellar system c.m.c. (M) Reí.

CTAB - 2 % MeOH 9.486 10~ This work

CTAB - 5 % MeOH 9.479 IO~

CTAB - 6 % MeOH 9.470 10~

CTAB - 10 % MeOH 9.392 IO~

CTAB-lS%MeOH 9.2571O~

28

Thiswork

28

28

0.3

• 1
0.25

~
j-

0.2
~
:>

¡
"• "s ~
8.

l/k' 0.15 .
I
.§

10 ªi·IS "
0.1 13 ¡

14
.1l

17
~'

~
¡;¡

O.OS @

lB

0.10.090.080.07

(CTAB]

0.06.O.OS

O+-----,------r---r---..,..----..,.....-----.
0.04

F1&. 1: Effect oí surfaetant concentration 00 the retention behaviour oí pbenolic

compounds keeping constant the percentage of methanol (6%).The numbering

refers to Table l.



TABLE3
RegressioD Aulysis for Data .fF"pn 1

CompolD1d

1

5

6

10

15

13

14

17

18

•c.c.

0.982

0.983

0.980

0.999

0.985

0.983

0.999

0.916

0.986

equatioo

y= 2.55 x + 4.8 lO,j

y= 1.93 x - 27.1 10-3

y= 1.5Ox - 10.4 10-3

y= 1.26 x - 5.8 10-3

y= 1.35 x - 28.1 10-3

y= 1.06 X - 6.3 10-3

y= 1.00 X - 0.2 10-3

y= 0.94 X -20.4 10-3

y= 0.48 X -2.6 10-3

• COITelation coefficient

~
j-

~
:>

i
""~
8-.
I
.§

ªi
¡
.1l

f
~
¡;¡

10 "
6

13
IS

14

17
1I

IS12

o... 1
!

0.35

0.3

0.25

llk' 0.2

0.15

0.1

O.OS

O

O 3 6 9

%MábIDol

FIa- 2: Effect of percentage of metbmol 011 die retelltiOD bebaviour of pbcDolic

compounds keepiDg CODStmlt surfactant CODCadrItioa (0.1 M). The numberiDg

refen to Table 1.



TABLEoC
Rqreuioa Aaalysis for Data .rFipre 2

Compound c.c.·

1 0.965
5 0.941

10 0.989

6 0.824

13 0.912

15 0.895

14 0.861

17 0.856

18 0.895

equatioo

y= 11.1 10'3 x + 0.18
y= 6.3 lO') x + 0.12

y= 4.6 lO') x + 0.10

y== 3.1 lO') x + 0.12

y= 2.7 lO') x + 0.08

y= 3.1 10'3 X + 0.08

y== 1.6 10.3 X + 0.08

y== 0.9 10'3 X + 0.05

y= 0.7 10'3 X + 0.04

• corre1alion cocfficicnt

..,ea
(CTABJ

ea

(b)

(a)

u

su~
... ea ea ..,

ICfMl

FI&. 3: Retention, In k', as a funetion oC !be percentage oC methanol al 0.1 M

CTAB (upper rigllt) ud as a function oC tbe swfactant concentration al 6%

metbanol (Iower right); and tbe selectivity, el. oC two compounds as a funetion oC

botb swfactant and methanol concentration (Ieft). (a) 2-CP and 4-CP. (b) 4-CMC

ud 4-CP.

,:
'.

1
',-
'.,.
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modificr concentration on the selectivity of 2-CP and 4-CP: it is observed that

wheo the metbanol and surfactant concentra1iODS are increased the selectivity

increases. When mcthanol concentratioo is increased. 4-CP sbows a stronger

drop in retention than 2-CP (upper right fnune). Similar changes in retention of

both compounds occur vuying surfactant concentration (lower right frame). The

revene is observed when the selectivity of 4-CP and 4-CMC is studied (Figure

3b); by increasing the methanol and surfactant concentra1iODS a decrease in

selectivity occurs. In this case, the variatioo in retentioo is even bigger at

increasing the surfactant concentration than al increasing the methanol

concentra1ioo (1ower and uppcr rigbt frame).

It is obvious tbat when both surfactant and orpnic modifier concentration

cbange. their effects are combined and the reduction in retmtion is not the same

fOl' aIl compounds. and, as. resolI, we gel the dcsired cbanges in selectivity.

OptiIIIizatIH elsepandH ud ....rity

In MLC tbe different compooents of the sample react in different ways to

the changes in tbe SUIÍactant and organic modifier concentration. Because of

that, to optimize the separation of the studied compoWlds, as we explained in the

introduction, caDDot be done the sequential way, but the simultaneous way. An

iterative regres5Íon optimizatioo staatcgy fOl' two parameters has been used in

MLCI3.1 4.20.2I. The method assumes tbat the ret.ention of solutes is linearly related

to the mobile pbasc parameters within • selected portioo of the paralDeter space.

The optimimion sttategy begins with • desip of five points, one al each comer

oC the panmeters space and the fifth in the center. From the preliminary

experiments tbe following upper and lower limíts were selected: the CTAH

concentration ranged from 0.04 to 0.1 M and the methanol concentration from

0.0 10 lS 0/'0. Retention factor data oC dift'erent compounds. obrained from five

selected mobile pbases. were aoaIysed tbrougb • multiple lineal regression

program in order to find the equation that can describe die bebaviour oC retention

oC solutes in different mobile pbases.
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TIte selected equations of tria!. and their global mean relative fitting errors,

are shown in Table 5 where fl is the total smfaetant concentration, +is the

volume fraction of alcohol and A, B, C, O and E fitting parameters. TIte

inclusion of an interaction tenn (fl+) in the equation was needed to obtain an

adequate description of the retention bebaviour of the soJutes in MLC with a

hybrid mobiJe pbasc. TIte addition of new terms (fl 2 or +2) improved the

accuracy of the prediction for the same compound studied. However, the

coefficients (A-E) calculated for these systems are equivaJent to those obtained

with Eq. 2, and terms fl 20r +2 are negligible com.pared to the fl+ termo

In Figure 4 the calculated k' vaJues according to eq.2 were pJotted against

the experimental vaJues for alJ compounds in a mobile phasc containing eTAB

as swfaetant and metbanoJ as organic modifier. TIte straight Jines obtained have

slopc vaJues very near to unity and intercepts near zero.

TIte study of the accuracy in the prediction of the retention could be done

showing the curves of variation of the retention factor for each solute at different

mobile pbasc compositions. However, a plot of global resolution is more

informative, since a group of soJutes is simultaneously exarnined, and this

function is of greater significance for the experimental development.

The folJowing discussion is bascd 00 the comparison of the swface and

contour maps of resoJution for the separation of a mixture of phenols. Only

resoJution coefficients that vary with experimental conditions were chosen. This

implies the excJusion of resoJution coefficients of pairs of compounds that are

either never separated or that can always be separated regardless of the

experimental conditions and Jeads, in both cases, to low values in the resolution

The normalized product of the resoJution (r) was taken as the optimization

criteriwnJ.l, to describe the overalJ separation ofthe peaks in the chromatogram:

.. -1 /

r= nR /".1. I/.,

where Rs,+ I.i represents the resolution between peaks I .. 1 and I out a total of n
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TABLE S

Meo Global Relative Ernn Obtaiaed witll the EigbteeD PbeDolic
Cempollllds aacI Divene CeDCelltratiea elcrAB ud Peraatage Of

MedaaHl

Equation Relative error (%) (n::: 178)

(1) 1/k'::: A + Sil +~ 11.40

(2) 1/k'::: A + Sil +~ + DJJ+ 4.28

(3) 1/k'::: A + Sil +~ + DJJ+ + EIl2 5.12

(4) 1/k'::: A + Sil +~ + DJJ+ + E+2 5.07

806020

20

1

1
I
I

O.J----,.------r--_--.. _
O

80

1

~
j"
j
:>

iI

I ""~
60 J [.

I
.§

ªi
- ¡

CIll .1lU 40 ~.
~

~
¡;¡

"

40

k'exp

FJc. 4: Variatioa of calcu1ated k' (k' cal) wi1b Eq. 2 as a fuctiOll of experimental

k' (k' exp). y:: 0.9nx + 0.520, C.C.= 0.989, D::: 178.
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FIleS: ResolutioD smface and contour map for d1irteen phenolic dcrivatives as a

function of tite surfaetant and organic modi6ed concentration. The response

surflte on tite basis of tite five measurements (a). lbe response surface on tbe

basis of the twelve measurements (b).
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Fil. 6: Chromatograms of the fourteen phenolic derivatives al 0.04 M CTAB

and 12 % Methanol. The numbering refers to TabJe l.

components. lbe function of resolution. r, is maximized lo obtain the optimum

mobile phase. Conlour maps were used lo fmd the position of the maximum and

the sbape of the response surface.

Figure 5a shows the surface, and contour map of resolution for the

separation of a mixture of phenols using five mobiJe phases. It may be observed

that the optimum was found for a mobíle phasc of 0.04 M CTAB and close to

15 % metbanol. Figure 5b displays the response suñace observed when a larger

nwnber of data is included in the retention modelling. The additional data-points
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TABLE6

Experimental ud Calculated Retal_ Time o,FHJ1eeD Compoaads
Misture at 0.04 M CTAB!Ud 12 % MethaDoL

CompolDlds Ir exp Ir cal
1 PH 8.17 8.29
3 PC 13.10 13.62
2 4 NP 14.46 13.76
5 2-CP 12.52 16.15
6 4-CP 18.12 18.06
7 2,4-DMP 19.39 19.90
8 2,4,6-TMP 21.31 21.25
9 2,4-DNP 24.09 20.81
12 4,6-DNOC 25.56 24.09
13 2,6-DC-4-NP 27.79 25.57
14 4-C-3,5-DMP 29.22 27.82
16 TH 30.97 34.43
17 2,4,6-TCP 47.37 43.41
18 PCP 58.50 56.10

are used to define a finer grid over the parameter space, resuJting in a more

accurate response swface. In 1his case, the predieted optimwn vaJue is located at

an intennediate elution Sb'eDgth al 0.04 M CTAB aod 1204 methanol.

Figure 6 shows the chromatogram al these conditioos. As we can observe,

a satisfactory scparation oC fourteen of the eigbteen compounds studied is

obtained.

Table 6 sbows tbe experimental lDd predieted retcntion times of tbe

fourteen scpanted pbenoüc compouDds al optimum mobiIe pbase. lbere is good

agrecment between both.

DIle lO the complex reteIltioo mecbaaipns involved. a scparation

optimiVltioa of elutioo Sb'eDgth first aad tbeD R1ectivity in MLC is inefficient.

In faet, it is observed tbat ID increue in elutioo Sb'eDgth can coincide witb an
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enhancement of selectivity. Since tbe surfactant and organic modifier

concentration botb influence tbe above factors, it is esscntial that a variation of

these two parameters is examined simultaneously.

The equation llk' = A +B~ + C+ + DJJ+ gives 10 adequate descriptiOD of

the retention behaviour of salutes in MLC with mobile pbase of CTAB and

metbanol. As a consequence. it is possible to prediet the retention behaviour of

the salutes on the basis of a limite<l number of experiments. In this way1t is easy

lo estímate the likelihood of finding the desire separation, defined by/the applied

criterion, within the selecte<l parameter space.
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Polyamines in marine macroalgae: Levels of putrescine, spermidine and
spermine in the thalli and changes in their concentration during
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~ Inels of putrescine (Put), spennidine (Spd) and spennine
(Spm) "'ere analyzed in natunUy collected samples of the
marine macroai&ae Dyawttl dicllotom4, Gelülúun ctI1UITÜlISis

and Gr.te/oyül dDrypltortl. PolyamiDes (PAs) appared in
free (35-134 !le e - I fresh ",delal) and bound TCA-insoluble
fonn (1667- 2614 Il& e - I frab ",dpt). Axeoic in \'Itro
cultures of sporeIiDp from G. dDrypltortl "ere established in
the mediam c:ontainine elyc:erol. This medium promoled

lntroduction

Polyamines (PAs) are organic molecules with two or more
amino groups that can be bound to cell membranes and a
variety of macromolecules or can be found in a free state
inside the cell. The diamine putreseine (Pul) and the PAs
spermidine (Spd) and spermine (Spm) are common amines
found in animals and plants. In the lauer. they are involved
in the regulation of growth and stress responses. and are also
related to plant flowering and other reproductive activities as
demonstrated by changes in their concentration wilh lhe
OCCurrence of lhese physlologlcal events (Smllh 1985. Evans
and Malmberg 1989. Tiburclo el al. 1993. Galston el al. 1997)

Information on the presence and eITects of PAs on marine
macrophyles (I.e. macroalgae and seagrasses) IS ralher searce
Villanueva et al. (19801 found the widely dlstribuled common
PAs Puto Spd and Spm logelher with lheir isomers Nor-sper·
midine and Nor-spermlne in Eug/~"a grarilts. Hamana el al
(1990) found lhal diITerences In the composlllon of PAs were
related to the taxonomlc positlon wilhln diITerenl algal
groups Regarding polenlial physiologlcal acllvilies of PAs in
macroalgae. Cohen el al (984) found that the PAs promoled

growth and morpboceoesis aDel abo inc:reased the free and
bound PA Inels in the sporelings. Tracer experiments usiD& 70
kBq (U.1·q-elycerol sbcn,ed sipific:ant quantities of radioac
tivity in Put, Spd and Spm after 20 la of iDcubation. 1M effec:ts
of elyc:erol on growtb tren inbibited by 1M omitbine clec:ar
boxylase (EC 4.1.1.17) inlaibitor «4ftuoromethyloraitbine
(DFMO). 1M preseac:e of DFMO iD the iDcubatioo medium
"ith (U·1·q-elycerol also reduc:ed the radioacti\'lly in PAso

cell division in Chlorella The unicellular Porl'hrridium ad·
sorbed PAs on the polysaccharides of the wall (Scoccianti et
al. 1989. Scoccianti and Bagni 1992\. Information on endoge
nous levels. uptake and transport within the thallus has been
glven for Ulvo (Badini el al. 1994) Recently. Lee (\998)
reported accumulation of Put and Spd related lo lelhal
hyposaline stress in several species of intertidal marine
macroalgae.

Cell masses with actively growing cel1s can be obtained by
cultivating lhe red alga Grateloupla dorJ'l'hora In glycerol.
whlch IS an eITective carbon source lhal promotes growlh and
morphogeneSlS (shoot emlsslon) of macroalga cultivaled 10

"ilro (Robalna el al. 199Oa.b. Garcia·Jlménez el al 1996) PAs
Induced growth and morphogenesis of sporelings of G
dorl'l'hMa In the same way as glycerol (Garci.-Jiménez el al.
1998) Glycerol and PAs together enhanced growth and
morphogenesls more Ihan glycerol or PAs .Ione (Garcia·
Jiménez el al 1998) Thls suggests thal Ihe .lteration of PA
levels by glycerol results from thelr mleraclion due to their
Similar eITects

AbbrC'1J1lI110nj - DFMO. z-d,ltuoromelhylornl\hme: OOC. oml\hmC' dC'¡;lIfbo~vhlsc. PAso polvammei. PES. Pro\ilSoh ennched 5Uwater. Pul.
putresctnC'. Spd. spennldmC'. Spm. spenntne. SW. su waler. TeA. Irlchloro..cell( aCld .
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In the present work. we have studled naturaUy occurring
levels of PAs 10 marine macrophytes. To address a possible
physiological role in growth and development. we analyzed
the changes in the endogenous levels of PAs in ecll mass
culture in medium containing glycerol We have also checked
the effects of cr-difluoromethylomithine (DFMO). an In'

hibitor of PA synthesis. on glyecrol-induced growth.

Materials aOO methods

Plant material

To check for naturally occurring PAso unfertile samples of 3
different marine macroalgae were coJlected along the coast of
Gran Canaria. Canary Islands. Spain: Gelidium CQIUlriensis,
Graleloupw doryphora (RhodophYla} and Dycliola dichOloma
(Phaeophyta).

Cultures of sporelings were eslablished as follows: female
thalli of GraleJoupia doryphora bearing carposporophytes
were collected together with the unfertile material. Disc
fragments, 3 mm in diameter. containing cystocarps were
excised. Aseptic culture methods were use<! to oblain caro
pospore germlings since contaminated cultures (i.e. from
contaminated explants) were overgrown by contaminants.
Disc fragments were disinfected and tested for sterility as
previously described (Robaina et al. 199Oa.bl. Explants were
then cultured in agarized (0.8% agar) Provasoli-enriched
seawater medium (PES. Provasoli 1968) until earpospores
were liberated and germinated. The earpospores were sub
jected to a l6-h Iigbt8-h dark photoperiod for 30 days al
19 ± 2°C and an irradiancc of 30 Ilmol m -2 s - 1 (cool white
fluorescenl IUbes: Sylvania Grolull. Osram Sylvania.
München. Germany) measure<.l at the level of the petri dlshes
After 30 days. aseptic earpospore germlings were visible on
the surface of the explant and in the culture medlum. The
carpospore germlings were transferred to petri dishes with
liquid PES medium until they were used for the experiments.

Natural levels of PAs in G. doryphora were compared to
those in sporelings cultured for a wcek in medium with or
without glyecrol. The germlings cultivated in PES without
glycerol became sporelings with 1-4 shoots and produced
biomass (2- lO mg fresh weight) which was not enough to
quantlf~ the different PA fractlons Therefore. total PAs were
quanlified and compared to total PAs in lhe lUuuraJly
collected samples.

ro cultivate in gfyecrol. the 3O-day-old earpospore
germlin,s (10 mg per repheate) were cultlvaled 10 medlum
contamrng glyecrol based on PES. whích was supplemented
wtth O I M of ¡Iyecrol and 0.8'~;, (\Io,v) apr in water made by
dilution of the seawater (SW) wilh double distiJled watet
(90 10 /n:J SW:DDW. PES90·glyecro/' Robaina et al.
1990b} The carpospores were kept In thls medium for I wcek
dunng whlch the sporehngs beame cell masses that allowed
us to fractlonate PAs into free and bound forro (40-60 mg
fresh welghl)

The ~ff~t of DFMO

DFMO. an Inhibnor of Put b1O!ynthesls. was added (001
..nd I mM final concentrallon 10 the medlumllo 3 rephcates

of sporelings cultured in medium containing glycerol. The
specific growth rales (GRs/ of Ihe samples wete delermmed
after 7 days as GR ('y" da) - 1) = 100 X (W, - WII )/WII '7.

where W, and Wo were the fresh weight on the 7th day and
at the beginning of the experiments. Thc eclls masses formed
by these sporelings were then used m the tracer cxperimenls
described below

Polyamine extraction alld analysis

Algal samples were ground in a monar m cold 5%
trichloroacetic acid (TCA) m al: 10 ratio of matenal (g
fresh weight):S% TCA (mi). Thc supernatant contaming the
free TCA·soluble and the pellel with thc bound
TCA·msoluble PAs were separaled. The pellel was
hydrolyzed in sealed vials with 300 !JI of 12 M HCI in each
for 20 h at 100°C to release lhe bound PAso After hydrolysis
the samples wete filteted and dried. and the residuals werc
redissolved in 300 111 of 5% TCA for dansylation. To analyze
total PAs, the sporelings cultivated m the medlum with or
without glyecrol or lhallus fragments were hydrolyzed in
HCI.

In the dansylation process. 45 111 of the sample were
mixed wilh 45 1-1/ of a saturated solution of Na~COJ and 90
1-11 dansyl chloride (5 mg ml- 1 acetone). Thc dansylatlon
time was 10 min al ?OOC Then 25 1-11 of an aqueous prolinc
solutlon (100 mg mi - 1) wert added to react for 30 min in
darltness with the elleess daosyl chloride. Toluene (500 1-11)
was then added to exlraet the dansyl-PAs. The organJc
phasc contammg thc dansyl-PAs was dried in a heal-speed
vacuum and the residual w'as dlssolved in 600 III of acelonc

The dansyl·PAs were separated with TLC on 75 x 7.5 cm
plates (Schlclchcr & Schuell. FI 500 LS. 254) wilh
chloroform!tnclhylammc 5: I mlXlure (v /\') as a moblle
phase The plales were revea1ed under UV hght (254 nml.
and the bands refer to the dansylated standards of PUl. Spd
and Spm (Sigma. St LoUlS. MO. USA). The bands were
scraped off the plalc and redissolved in 800 1-11 acetone Thc
samples were shaken and centrifuged at 6000 g for 3 mm.
and 500 1-11 of this solutlon wcre quantified at 365 nm
(excltation) and 510 (emission) wlth a high resolutlon
spectrofluonmetet (SFM 25. Kontton Instruments. lunch.
Switurland)

Tracer experitneats

Cell masses obtamed ftom germhngs grown m the medlum
contammg glyectol. glyccrol -+ I mM DFMO and glyc·
eroJ + 001 mM DFMO. wcre transferred for 20 h to PES
medlum 000 141) wlth 70 kBq [U·'·C¡·glycerol (O 75 mM
final concenlr¡llton o( glycerol In the med,um) ± DFMO In
thc sarne conccntraUon as m the culture medlum wherc lhc)'
carne ftom After 20 h of IOcubauon. the planl matenal was
separatcd from the cullure medlum. \Ioashed wlth autoclaved
SW and frozt:n at - 20"(' unul PA analySlS It was neces'
sal)' tC' pool Ihe ellract (rom thc , rcpltcales to obla,"
signlflcanl radlolet'v"~ In thc PA blnds oycr the back·
ground sl,nill aftcr dans)'latlon Ind TLC procedures Ra·
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Table l. PAs in 3 species of marine macrophytes as amounts (¡¡g g- I FW) from the whole thallus in samples of alpe collected in nature
(data are from 16 to 20 replicates. means ± SE. PUl" putresclnc. Spd '"' spermidine. Spm - spermine).

PAs D,elYOlu dich%mu
(brown alga)

~lidillm carwri~lISis

(red alga)
Gra/~/ollpw doryphoru
(red alga)

Free

80und TeA-insoluble

Put
Spd
Spm
Put
Spd
Spm

81 ± 2
0.33 ± 0.01
0.23 ± 0.01
1667 ± 226

7.2 ± 0.7
4.1 ± 0.5

134 ± 2
0.43 ± 0.02
1.81 ± 0.04

1998 ± 39
4.0 ± 0.2
6.0 ±0.3

62 + 2
0.75 ±0.02
0.62 ± 003
2624 ± 33

4.3 ± 01
5.8 ± 0.2

Table 2 PAs (111 g- I FW) In sporehn,s o( G dorypllora Jfown in
culture rnedlum wllh or wnhout glycerol a~ a carbon source (dala
are from 10 to 20 repllC8tes). compared wuh Ihe results for the
wholc thallus as a reference (also ,Iven in Table 1) Mean ± SE;
NS - not slJl'lificanl (P > O05 l. o - 005 ~ P:> 001

was eneountered in the Puto Spd and Spm TLC bands of the
exlraet from the sporelings eultlvated In medium containing
glycerol without OFMO. The addition of DFMO caused a
decrease in the GR of the sporelings that could be seen
under lhe stereomieroscope (Fig. lB-O) and by the diminu
tion of the radioaetivity accumuJaled in PAso

Discussion

The present results (Table 1) show the presence of Pul. Spd
and Spm in the marine algae sludied. These results add to
previous reports on tbe presence of PAs in other maeroalgal
species (Badini et al. 1994. Lee 1998) and our recent results
for the marine seagrass Cymodoceo nodoso (Marián el al.
2(00). In aU cases, tbe eoncentrations were wilhin the range
commonly found for PAs in higher plants (Harkess et al
1992. Biondi el al. 1993)

In vilro. cell divIslon transforrned the sporelings of G
doryphoro eulllvated m medium eontaining glycerol iDto
morphogenetie cell masses in 7 days (García-Jimenez et al.
1996 and Fig. 1A.B in the presenl paper) The results in
Table 2 suggest thal the events leading lo growth and
morphogenesis in the sporelings might be related to a slgnifi
canl accumulation of PAso The cells of G doryphoro metab·
otize glycerol whieh inereased the respiration rate and
biosynlhelie aClivily (Robaina et al 1995. García·Jlmenez el
al. 1996). Therefore. PA accumulation could be simply due
lo the eXlra ~rbon and energy provided under hetero·
trophic conditions. Our resulls agree wilh those of Hamana

Thallus Sporehn,s-
,')Urol

PUl 2247 ~ 149 2359i: 712NS
Spd 1~2 ±H 259 ± 24 NS
Spm l5±16 6.6 ± 2.4 NS

Thallus Sporelinp+
,Iycerol

PUl 62:! 2 172 ± 60
Spd 075 ± 002 1.87 ± O 10
Spm 0.62 ±003 132 ± 0.030

PUl 2624 33 5063±81·
Spd 43 01 5.7 ± 0.2 NS
Spm 58 02 9.2 ± 0.20

,......"'tl ' ....ni 110 ~'11I

80und TeA-Insoluble

Free:

Tolal

PAs

HistoJocy

Specimens of ceJl muses obtained from gerrnlings grown in
the medium containing glycerol were tixed with 2.5% glu
taraldehyde in 0.1 M sodium cacodylate buffer eontaining
0.3 M NaCI (pH 7.4) for 4 h at room temperature. The
specimens were then washed in the same buffer eontaining
0.3 M NaCI (2 x 30 min) and embedded in glyeol methaery·
late (GMA. Historesin TM). Serial sections. 5 JUD thiek.
were cut on a Reiehert-Jung 20SO mierotome and stained
with toluidine blue for observation of eeJl division.

Results
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The levels of PAs in the algal samples are shown m Table l.
Significant amounlS of PAs were found in the free and
bound TCA-insoluble fraetions. There was always more of
Put in both lhe free and lhe bound fraetions. followed by
almosl the same amounts of Spd and Spm. The hlghesl
concentration of the 3 PAs was found 10 the TCA-insoluble
fraelion, whleh may have 50 times the amount in the free
fraelion.

No significant differences were oblained between eollected
thalli samples of G. doryphoro and axemc sporehngs eulti
vated for a week in PES medlum wlthout glycerol. In
eontrast. slgnificant differences (0.01 < P < 0.05) 10 PAs
were observed when the sporehngs were cuhivated m glye
erol as a carbon source. as compared to the collected
samples <Table 2) Thls aeeumulation of PAs matehed the
expected intense cell division and accumulalion of sub
stances wlth10 the cells of the sporelings growing in glyeerol
dunng the forrnation of the cell mass (Flg IA.B)

The resulls for sporelings cultivated in medium contaamng
glyeerol and glycerol + OFMO are shown in Table 3 and
Fig te.O In 20 h of ¡neuballon In Ihe presence of 70 kBq
of radloael/ve glyeerol, up 10 0022':10, of lhe radlOacl,vily

dioaetivity in the Put. Spd and Spm bands was deterrnined
by Iiquid scintillation eounting using Forrnula-989 (NEN.
Boston. MA. USA) as scintillant. The experiment was re·
pe8ted twice with essentiaJly the same results.

Slalíslics

Mann-Whilney V·Wileoxon Rank Sum lesl provided wilh
the SPSS 5.1 (SPSS Ine. Chieago. IL. USA) statistie analysis
Software was perforrned to deteet mean differenees among
Irealments.
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Fil. l. (A) Gell mus den~ from sporelinp cuhivaced for 7 days in rnedium containin, &IyceroJ No~ cellular divislOn larrowheads) and
the biosyntheuc aetivity (arrows on 80ridcan starch ¡rains. (8-0) Sporelinp cultivated ID medJum contaIDJn'llycerol lB). ,Iycerol + 0.01
mM OFMO (C) and Ilycerol + O I M OFMO (O) Scale bar is 0.1 em.

et al. (1990), for Cyanidium caúkmum grown with or without Villanueva et al. (\980) reported for ElIg/~ gracilis that
g1ucose. the highesl accumulauon of radlOaCtlVJly In Pul was obtained

Acx::ordin, 10 Gllston et al. (1997). PAs are synthesizcd Put, when the cells were fed radtoactive omtthme (48% of lotal
which is formed frorn decarboxylauon of arginine or or- radioaetivity). followed b) argtntne (24%) The results Jn
nithme. As shown in Table 3 and FlI. te.D. the addition of Table 3 shoY.' that glycerol does nol sean lo be a direcl
DFMO. 10 inhibitor of omithine decarboxyluc. inhibits the precursor of PA synthests lonly 002"10 of the radloactivlty).
growth and morphoaenesis promoted by ¡Iycerol. In contrasto al Jeast when compared Wlth omlthlDe or arlJnlOe
DFMO apparenlly had no errecl on growth of sporehngs In concluSton. Pul. Spd and Spm have been found in several
cultivated ID medium without glycerol (results not shown) manne red and brown algar 10 conoentrauons SImIlar lo Ihose

Table l Speci6c GR and radlO&ClI\'ll)' IR PUl. Spd and Spm a(ler JncubatlOR o( sporehnp o( G tJo,,-pIocHa (or 20 h IR 70 kaq
[U·I~'&Iycerol(075 mM):t OFMO Cultu~ mecha were O I M &Iyccrol ... OFMO 1001 and 1 mM, and O I M IlyceroJ wnhoul Jnhibtlor
(+ &Iycerol- OFMO). Growth data a~ (rom 3 lO S repbcates Rad.oacll\'lIy dala a~ Icpm In parenlhnnl (rom lhe pooIed utraet o( 3
repbcales AIl compansons a~ as pcrcentalt o( result m medlum wnhoul Inhlbllor

+Glycerol
-OFMO

+GlycerOI
+OFMO
001 mM

+Glyccrol
.OFMO
ImM

Speci6c GR ("l.. day - "
RadJOlIetivily in lJuue as PAs 1"1.1

Put
Spd
Spm

100 (92 :t 2 81
100 (0022'
100 (2"4,
100 (\ 50)
100 (229'

74
16
19
10
m

2
72
67
10
75

Ph~ """'. 110. 1IlOO 533



reponed for terrestrial plants In vitro. lhe culture of sporel
ings of G. dor.vphoru in medium containing glycerol pro
moted an ¡ncrease in endogenous PA levels. The efTects of
glycerol on growth were inhiblled by the addilion of DFMO
which a150 inhibited lhe lransformation of glycerol inlo PAso
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Abstract

The levels oC the polyamines putrescine, spennidine ud spennine were anaIysed in different
tissues oC nature-collected samples oC the seagrass Cymodocea nodosa. The higbest accumulation
oC polyamines was Cound in the apical section oC the rhizome. The putreseiDeJspennine ratio was
highest in the senescent tissue oC the leaf. e 2000 Elsevier Science B.V. All rigbts reserve<!.

K~rds: Cymodocea nodosa; Polyamine levels; Putrescine; Spermidine; Spermine

l. Introduction

Polyamines (PAs) are organie molecules with two or more aminie groups that aet as
polycations inside the cell (Evans and Malmberg, 1989; Flores, 1990). Polyamines can be
bound lo a variety of molecules andlor lo cellular membranes; they are also found in the
free state inside the cell (Torrigiani and Scoccianti, 1995). The diamine putrescine (put),
and the PAs spermidine (spd) and spermine (spm) are common amines found in animals or
plants. Their ubiquitous nature has been well reponed before (Tabor and Tabor, 1984; Lee
and Chu, 1992; Altman and Levin, 1993).

These molecules play an active metabolic role that has already been studied in terrestrial
plants; they are involved in the regulation of plant growth and stress, they affect the pollen
grain maturation and germination, and are also related to plant ftowering (Smith, 1985;
Evans and Malmberg, 1989; Harlcess et al., 1992; Chibi el al.. 1994; Rey el al., 1994;
Das et al., 1995). Nevertheless, considering that PAs have effects similar to those of plant
growth regulators (PGRs, nburcio et al., 1993), little is Icnown about the incidence of PAs
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in seagrass. Indeed, only a few studies on the effect of PGRs over their development and
growth have been published in reeent years (Loques et al., 1990; Bird and Jewett-Smith,
1994; Terrados, 1995; Balestri et al., 1998). In the present work, we analyse the distribution
of endogenous PAs levels over different tissues of the seagrass Cymodocea nodosa.

2. Materials and metbods

2.1. Plant material

Several plagiotropie sprigs of Cymodocea nodosa (Veria) Arscherson were eol1ected by
SCUBA al a depth of 15 m from the same meadow al Gando Bay (Gran Canaria, Canary
Islands) between the end of July and AUguSl 1998, and transported lO the laboralory for
an assessment of endogenous PA levels. Four types of planl parts were cleaned and tested:
rhizomes, roots, blades and apical sections.

2.2. Extraetion and dansylDtion o/polyamines

The method followed was a modifieation of those of Biondi el al. (1993), and Gallardo
el al. (1994).

C. nodosa tissue was ground in a small mortar with eold 5% triehloro-acetie aeid (TCA)
and eentrifuged at 1500x g for 15 mino The supematant eontaining free acid-soluble and
bound aeid-soluble PAs and the pel1et with the bound acid-insoluble were separated. Half
of the supematant volume was kepl frozen for the subsequent dansylation of the free PA
fraction. The whoJe peJlet, and 50 ..u ofthe supematant, were bydrolysed in separated sealed
vials with 300 foLl of 12 M HCl eacb for 20 h at 100°C 10 anaIyse the bound fraction. After
hydrolization was completed, tbe samples were filtered. dried and redissolved in 300 foLI of
5% TCA lO be dansylated. In the dansylation process. 45 foLl ofthe sample were mixed with
45 foLI of a saturated solution of Na2C03 and 90 fLl of dansyl ebJoride (5 mg/ml acetone).
The dansylation reaction lasted far 10mio at 70°C. Añerwards. 25 JL1 of lO aqueous proline
solution (loomglm1) was added lO react for 30min al darkness with the excess of daDsyl
chloride. Wben the reaction was completed 500 JLI of lOluene were mixed witb me samples,
weJl shaken aDd men left tiJJ the two pbases (organic and aqueous) separated. The organic
pbase. containing tbe PAs, was tben transferred lO anotber vial. dried in a beat-speed vacuum
and tbe residual dissolved in 600 JL1 of acetone.

2.3. Separation and qUQIItÍjication 01I~ PAs

Tbe daDsyl-PAs were separated witb n.c OD 7.S em x 2.S cm plates (Schleicber&Schuell.
FlSOOlLS. 254). Tbe mobile pbase used was a cblorofonnltrietbylamine S: 1 mixture (vlv).
1be chromatograpby 1asted far about 10min on closed recipients. 1be plates were revealed
under UV ligbl (254 nm). so tbe put (Rl 2.S cm). spd (Rf 1cm) aDd spm (Rl UDder me
front) bands were visible by identification of bands with those of pure standards treated in
the same way. Sigma provided aJJ the staDdards. These bands were scraped off from che
plate and redissolved with 800 foLI of acetone. The samples were shaken and centrifuged
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at 6000xg for 3min, and quantified at 365nm (excitation) and 510nm (emission) with a
high-resolution spectroftuorimeter (SFM 25, Kontron Instruments).

2.4. Statistics

The Mann-Whitney test provided with SPSS 6.1.3 (SPSS, Chicago, IL) was performed
to deteet differences in PA levels between the apical zone of the rhizome and the rest of the
plant (leaves, roots and rhizome PA levels were set together). The Bonferroni's correction
to the experimentwise error rate (5%) was applied to reduce the error rate in such a set of
multiple comparisons.

3. Results

3.1. Endogenous PAs levels

The most remarkable result is the high levels of PAs in the bound acid-soluble fraction
(Table 1). lbe levels of bound acid-insoluble put are greater than those of the free fraction,
but this changes, except for the spm of the leaves, with the other two diamines where the
free spd and free spm amounts are greater. But these differences are smaller than when
comparing the bound acid-soluble fraction with the other two fractions. Among tissues, the
distribution of PAs was quite similar.

The highest amounts of free PAs were found in the apical zone of the rhizome whilst the
root tissue had the lowest amounts of PAso The apical section had four times the amount
of put and spd of leaves and rhizome, and eight times the amount of roots. This pattem
changed for the spm levels, 10 times the amount measured for leaf and root was found in
the apical section, and only three times as much as in the rhizome.

For the bound acid-soluble and acid-insoluble PAs, again the apical meristem had, on
average, for the three PAs, approximately a factor lOas much as roots and rhizomes, but
only three times the amount of leaves.

The apical section of the rhizome always had a significantly higher amount of PAs when
compared with the rest of the plant. This result was the same for every PA on each PA
fraction (Table 1).

4. DiscussiOD

PAs are related to a number of development events that take place in higher plants, and
a high cel1-division activity is well correlated with the presence of significant amounts
of endogenous PAs (Smith, 1985). Although there are no references about PAs in other
seagrasses, the values reported for C. nodosa in this worlc fall within the range of those
cited for terrestrial plants (Egea-Cortines et al., 1993; Gallardo et al., 1994; Rey et al.,
1994~ Pedroso el al., 1997). The highest amounts of PAs (free and bound fraction) are
found in the apical section of the rhizome, where the highest growing activity tor C. nodosa



NJIe 1
Free ud bound poIyamine levela (nm .-1 FW) in samples from differenl planl parls of Cy".odocetJ nodosol

Freeb•• Bound-soIublec,c Bound·insolubled•c

pul Ipd spm pul spd spm pul spd spm

Leaf 403:1:11 5.7:1:0.2 0.8:1:0.1 9250:1:784 17:1:0.07 24:1:2.45 2541:1:215 1.44±0.07 3.24:1:0.29
Rooc 199:1:8 2.5:1:0.1 1.03:1:0.15 2184:1:113 5.82±0.07 5.29±0.05 622±33 0.48±0.07 0.78±0.05
Rhizorne 402:1:20 4.9:1:0.2 3.33:1:0.54 3522±136 6.1±0.68 5.64±0.05 1014±41 0.48±0.68 0.83±0.05
Apical zone 1583±147' 19:1: l.4' 9.17:1:0.49" 25886±488' 35±2.OS' 63±2.99' 7530±136r 3.29±0.14r 8.43±0.39r

• Experimentwise error rale is 0.05. Comparison error rale is experimenlwise error ralelnumber of comparisons (Bonferroni's correclion). Dala are
mean±s.e. from 4-10 replicales.

b Free acid-soIuble PAso
c Free acid-aoIuble plus bound lcid-soluble PAso
4 Bound acid-insoluble PAs.
e Put. putrescine: spd. spermidine; spm. spennine.
, Sianificant differences between apk:aI zoae ud lbe resl of lbe planl (p<0.0056).
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is expected. Cells in constant division and differentiatioD were found within the apical
meristem (results nol shown). Our low levels in roots are in accordance with Larkum el al.
(1989).

The absolute endogenous values ofPAs given for a particular planl show little infonnation
aboul their physiological role since there is a wide range of PAs levels found in current
literature. Other authors have already used the ratios between PAs lo understand tbeir role
in tbe development ofplant tissues (Rey et al., 1994). Ifwe consider the putlspd and putlspm
ratios among tissues, they remain steady in botb tbe free and bounded fractions, except for the
free putlspm ratio on the leaf tissue. which was three times higher tban in otber tissues. This
is a relative decrease of free spm in C. nodosa leaves, shown in the increase of the putlspm
and spdlspm ratios. The diamine spm has been identified as an anti-senescence-inducing
factor (Galslon el al., 1997), thus, this accumulation of pUl relative 10 spm could be the
factor promoting tbe senescence of the leaf. At tbe time of tbe year when tbe samples were
collected (AUguSl), tbe meadow generally starts lo lose leaves after reaching its biggesl
area. Previously, Rey el al. (1994) reported this accumulatiOD of put in planl tissue as an
indicator of senescence. The endogenous bound-PAs ratios give little information as the
physiological function of this fraction is unknown (Slocum and Galston, 1985).

In conclusion, we report the presence of PAs in C. nodosa. a common Mediterranean
seagrass, lo be within the range for terrestrial plants, and their differential distribution among
tissues. We found tbe highest levels in the meristematic tissue of tbe rhízome. where the
greatesl growing activity occurs. A possible senescence process identified in tbe leaf tissue
is correlated with a relative accumulation of free pUl.

This work was partially financed by a grant from the Canarian Government, PI19981079.
We also thank the Spanish Ministry of Education and Culture for fellowship lo Fernando
D. Marian.
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aurata) juvenile.s

o. Montero a.• , V.S. Blazer b, J. Socorro c, M.S. Izquierdo e

L. Tort d

• Instituto CtllUJrio d~ Ci~"cias Marinas. Gobiuno d~ CaNlrias. P.O Box 56. 15200. T~úú. Las Palmas.
CaNlry Islands. Spain

b V.S IHpa~"to/ th~ I"t~rior. NatiOfl(JI Biological Suvia. Natlonal Fish H~alth lAboratory. 1700
u~town Roatl. K~am~ysvilk WV 25430. USA

, D~partam~nlO d~ Biología. Vniu~rsid4d d~ lAs Palmas d~ Gnvt CONlna. CtJmpUS Unit'~nitario d~ Tafira.
35017. lAs Palmas d~ Gran Canana. Canary Islands. Spalrl

~ D~partam~nto d~ Biología Cdular y FlSl%gía. Facultad d~ c,mClas. Vnll'~rsldadAutónoma d~ Bara/oM.
08193. Cudanyola. Bara/ono. Spotn

Abstract

Macrophage aggregales (MAs) are struclures in the spleen. kidney and sometlmes ¡¡ver of
fishes which have various funclions such as recyclingjstoringjdeloxlfication of cellular wastes
and exogenous substances. They have been also reponed lo be Imponanl in the specific immune
response and are used as health indicllors. Changes In MA denslt)'. Slle lnd pigment contenl have
been used In nalional and local monitoring programs In the U.S as andicators of contanllnanl
exposure. However. MA number and slructure can. also be affected by other factors. ancludanp
general stress or nUlritional stalus of fish. An expenment was conducted 10 study the effects of
vltamlO E and 11 - 3 highly unsaturaled fally aCld (HUFA) deflclencles and stocking denslly on
spleen and Iúdney MAs of gilthead seabream. one of the mosl Importanl specles for Mediterrancan
aquaculture Fish were held al Iwo stocking densities. hlgh and loVo. and fed experimental dlet~

Dlet NE had no supplemenlal vltaman E. Diel NFA was deficienl 10 11 - 3 HUFA and Dlel e wa~

a control die!. Number. size and shape faclor of MAs were Oleasurcd uSlng image analysls The
percentage of tissue occupied by MAs was calculated (rom the~ mcasuremenls The resull"
showed that high stoclúng density alone ¡ncre.sed lhe number o( "plenic bUI not kidney MA~ o(
fi~h (ed the control dlet. A deficiency of n - 3 HUFA alone also mcreased the number o( splenlc
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bUl nol kidney MAs al bOlh stocking densities. Vitamin E deficiency alone had no significant
effecl on MAs in either organ. However. lhe combined effecl of vitamin E deficiency and high
stocking densily increased lhe number and size of kidney bul nOl splenic MAs. This sludy
indicales thal specific dielar)' deficiencies can influence MA accumulation and thal splenic MAs
may be more responsive lO general stress man kidney MAs. ~ 1999 Elsevier Science B.V. AII
righls reserved.

K~ywords: Macrophage aggregates; n - 3 HUFA; Vitamin E; Stress; Sporus al/rala

1. Introduction

Macrophage aggregates (MAs) (also named melano-macrophage centres) are focal
accumulations of pigment-containing macrophages found in the spleen. hemopoietic
tissues of kidney and sometimes Iiver of fishes. These structures have been shown to
play a role in the irnmune response. including humoral and inflammatory responses;
storage. destruetion or detoxification of exogenous and endogenous substanees; and iron
recycling (Wolke. 1992). Pigments related with these functions are found within MAs.
Hemosiderin. related with iron storage and recycling; lipofucsin and ceroid. derived
from peroxidation of celis and organelles; and me1anin which may function in the hosts'
defense mechanisms (Roberts. 1975; Agius and Agbede. 1984; Brown and George.
1985) can al1 be visualized within MAs.

MAs have been suggested as histologic (Hinton el aJ.. 1992) and immunologic
(Weeks et al.. J992) piscine biomakers of contaminant exposure or environmental stress.
There are many observations suggesting a eorre1ation belween toxic subslances and
MAs alteralions. such as size. number or pigment content (Herraez and Zapata. 1986;
Kranz and Gerken. 1987; Macchi el al.. 1992; Blazer et al.. 1997). MA number and
structure may also be affected by infectious disease states (Herraez and Zapata. 1987;
Vogelbein el al.. 1987; Kranz. 1989) and starvation (Agius and Robens. 1981; Micale
and Perdichizzi. 1990). We are not aware of any studies which have speciflcally
examined nutritional effects on MA parameters. There is. however. much evidence that
piscine macrophage function is influenced by cenain nutrients (review by Blazer. 199)).
A1so. increases in macropbages eontaining various pigments have been observed
throughout cenain tissues as a consequence of nutritional problems such as
oxidizedjraneid fal and vitamin E deficieneies (Smith. 1979; Blazer and Wolke. 1983;
Moccia el al.. )984; Wada el al.. J989. 199J).

There is also evidence tbal aquaculture-re1ated stressful situations affeel macrophage
funetions (SCOtl and KJesius. 1981; Angelidis et aL. 1987; Pegg and Iwama. 1996).
However. again lhere are few studies conceming potential culture stressors on MAs.
Blazer et ajo (I987) found an inerease on liver MAs number in black bass (Micropluus
salmoides) under heal stress conditions and Patti and Micale (1993) found an effect of
photoperiod in the density of sp1enic MAs of Pagellus bogaraueo. Hence. the aim of
lhis study was lO investigate the effects of vitamin E and n - 3 hlghly unsaturated fatty
acid (n - 3 HUFA) nutritional deflciencies. with and wilhout crowdmg stress. on MAs
of gilthead seabream. one of the most important marine fish species for Mediterranean
aquaculture.
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2. Materials and metbods

525

The experiment was carried out at the Instituto Canario de Ciencias Marinas of the
Government of Canary Islands, with gilthead seabream (Sparus aurata) juveniles. MA
analyses were conducted at National Fish Health Research Laboratory, Leetown, WV.

2.1. Experimental procedures

One thousand, two hundred and sixty gilthead seabream (22 g mean body weight)
supplied by a local farm (ADSA, San Bartolome de Tirajana, Canary Islands, Spain),
were randomly distributed among 18 circular fiberglass tanks. Each tank was filled with
2501 of seawater and was provided with water supply al a rale of 4.0 l/mino Dissolved
oxygen ranged between 6.2 and 10.5 mg/I during the experimental periodo Water
temperature ranged between 19.02 and 22.45°C, and natural lighl illuminated the tanks
with a light cycle close lo 12 h light/ 12 h dark. One hundred and ten fish per tank were
randomly stocked in nine of these tanks for the high stocking density (¡nitial density
10.56 kg/m3

), and 30 fish per tank were randomly distributed in the remaining nine
tanks for the low stocking density (¡nitial densily 2.64 kg/m3

).

2.2. Expuimental diets

The composition of the experimental diets is shown in Table l. Pelleted diets were
prepared with the same proximal composition and supplemented respeclively with 150

Table I
Composllion of lhe expenmenlal dlels

Ingredlents (% dry welght) Dlel

C NE NFA

SardlOe meal 67.91 67.91 19.53
0.\ eXlracled sardine meal 4336
SardlOe oil 0.96 0.96
Beef lallow 3.96 3.96 998
Slarch 12 12 12
Dexlnn 4 4 4

Q·Cellulose 6.5 65 6~

CMe' OS 05 O~

VllamlO mlx ~ 2 2 2
MIneral mlx' U I 3 l ,

Chohne chlonde 0.9 0.9 09
Q'locopherol (mg/kg dlel) 150 O ISO

"Carbox ymelhylcellulose.
~(mg/kg dlel) relinol acelale 25. vllamin D,: 5; vlI.min K 20. vl\;Imln B1: 0.5. vllanlln H 1. Folle aCld
10; vilamin B¡, 40; vilamln B I 40; vllamin B, 50. panlolheOle aCld I 17. nlCOllnle "CId 200. """Hnosllol'
2000; ascorbie acid: 5000. elhoxlqulO 100. .
'(g/kg dlel) (H 2PO,)Ca 1.605. CaCO, 40. FcSO~·7H~O 1'\. M¡;SO~'7H~O IN)~. K:I~PO~ 2M.
Na2PO~'H20 1; AI(SO~)\'6H,O 0.02~ ZnSO~·7H~O 024. CuSO~·5H~0 012. KI 002. CoSO~'

7H ~O 008~ MnSO~ . H ~O 008 -

•
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mg o.-tocopheroljkg diet (control diet; C) and O mg o.-tocopheroljkg dlet (vitamin E
deficient; NE). A third diet contained 150 mg o.-tocopherol jkg dlet but it was deficient
in n - 3 HUFA (NFA) (Ibeas et aL. 1994) (Table 2). Each diet was fed to triplicate
tanks of each stocking density.

Fish were fed twice per day at a feeding rate of 2.5% fish body weight per day. six
days per week for 15 weeks. Body weight was measured at the beginning and end of the
experimental periodo

2.3. Blood colleclion and sample preparalion

Fish were individually captured from each tank. ten per tank in less than eight mino
Hence. fish handling time was less than I J]lin per fish. to avoid capture slress effects on
analyzed parameters (Pickering et aL, 1982). No anaesthetic was used. Blood was
obtained by caudal sinus puncture with 1 mi plastic syringe. and transferred lO an
Eppendorf tube coated with lithium heparin as an anticoagulanl. One aliquol of blood
was used for erythrocyte fragilily determination and a second for plasma conisol
detennination. The plasma was obtained by centrifugation al 3000 rpm for 10 min,
separated and stored at - 80°e. Sampled fish were nol reused.

Erythrocyte fragility was determined as described by Draper and Csallany (1969) and
modified by Wilson et al. (I984). This method measures the spontaneous hemolysis of
erythrocyles in distilled water as compared to those incubated in phosphate buffered
saline. Plasma conisol concentrations were deterrnined by radioimmunoassay using the
trypsin-antitrypsin method described for gilthead seabream (Molinero and González.
1995). Ten fish per tank or 30 fish per treatment were used for erythrocyte fragihty and
conisol assays.

2.4. Hist%gica/ samp/es

At the end of the experiment hver, spleen and kidney of six fish from each tank (I8
fish per treatment) were fixed in 10% neutral-buffered formalin. Samples were stained
with hematoxylin-eosin (H&E) for histological examination (Manoja and Manoja-Pier
son, 1970).

Number of MAs per square millimeter of tissue, size (JLm~). shape factor were
analyzed usmg image analysls (MOCHA no, Jandel Scienlific. San Rafael. CA, USA).
The shape factor compares a given image to a perfecl circle and ranges from I (perfecl

Table 2
Proximal compaslllon and levels of n - 3 HUFA and v..amm E o( lhe expc:nmenl3J dlels

Composillon (11- dry weighl) Olel

e NE NFA

Crude proleln 4808 4993 49.S6
Crude Iipid 1223 1278 12.74
Moisture 1I 16 1101 1097
Ash 1207 II 58 1155
n -3 HUFA 1.50 144 042
a-tocopherol (m,/It, daet) 1675 18.5 160.5
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Table 3
Sorne bioIoIical panmeters stucüed atong the experimental period tl !

Initial weipt .Final wei&hl Inilial densily Final density Survival Erythrocyte Plasma cortisol ~ i
ea> ea> (ka/m) (kg/m) (%) fragility (%) (ng/ml) o ~::o

~
:>

O1ctC+LDa 21.90±2.81 82.64 ± 12.06 3.28±0.03 10.04±0.57 100 3.07 ± 3.01 3.91 ± 352
., io

O1ctC+HD 21.81 ± 2.78 85.00± 11.62 12.00±0.12 34.01 ±0.37 99.70 5.47 ± 17.60 16.25 ± 23.62 ~
0

~ "Diet NE+LD 21.78 ± 2.58 80.02 ± 11.67 3.27 ±0.05 9.60 ± 0.30 100 21.26 ± 29.38 21.70 ± 2604 ~
........ 8.

DietNE+HD 21.81 ± 2.81 81.02± 12.60 12.00±0.12 32.40±0.90 95.45 14.77 ± 23.64 16.56 ± 26.10 ~ .
~ IO1ctNFA+LD 21.68 ± 2.61 73.06±7.93 3.25±0.04 8.77±0.17 100 12.00 ± 20.58 13.86 ± 2043 e

Oiet NFA+HD 21.98±2.75 28.73 ± 1.88 1051 ± 2388 1636 ± 1913
..., .§

74.34 ± 10.58 12.09±015 94.24 ~

ªi: ¡
~

"1tU1~'Sis of L'Grianu - ¡
Sloclting density • • • '-Jn.s. n.s. n.s. ns. 'O

.1l-Vilamin E in diet n.s. n.S. n.s. n.s. • • - !ns.

~,. - J HUFA in diet • • •n.s. n.s. n.s. n.s. ~
Vnamin E + density n.s. n.s. n.s. n.s. • n.s. n.s. v. ~

N ",. - J HUFA + density n.s. n.S. n.s. n.s. • n.s. n.s. .....
I
v......

• Indicatcs sipifteaRe effect al P <O.~
....

-'LO: low density; HD: Hiah density.

V.
N
-.J
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s

circle) to O (Blazer el al., 1994). The percenl of tissue occupied by MAs is calculated
using number, size and total area of tissue examined.

A second sel of slides were slained by Perl' s method for iron <Luna, 1992) lO
qualitalively evaluale pigmenl distribution. With this stain, melanin appears black.
hemosiderin is blue and ceroidjlipofucsin is yellow-lan.

2.5. Slalislica/ ana/ysis

Means and slandard devialions <S.D.) were calculated for each parameter measured.
AII data were statislically treated using one-way ANOVA. Tukey's test for comparison
of means of triplicates was applied. Sludenl's I-test was used lo lest differences between
fish held al high stocking densily and low stocking density (Sokal and Rolf, 1979).
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Two-way ANOVA was applied to study combined effects of nutritional deficiencies and
stocking density. In addition, correlations among erythrocyte fragility. plasma cortisol
and MAs parameters were analyzed.

3. Results

AH experimental diets were accepted and therefore no significant differences were
found in food int8ke among experimental groups. A comparison of replicates indicated
no significant tank effect for any parameter and so data were pooled for comparisons
among treatment groups. Slocking density alone did nol cause a reduction in final
weight. No significant effecl of vitamin E deficiency on ti.nal weight was found at either
stocking density. Final fish weights and hence final stoclting density were significantly
reduced (P < 0.05) when tish were fed NFA diet at either stocking density. Neither
stocking density nor nutritional deficiencies alone affected fish survival, whereas the
combined effect of both factors resulted in lower percent survival (Table 3).

No statistical effect of stocking density or n - 3 HUFA deficiency was observed on
erythrocyte fragility. However, values for tish fed the n - 3 HUFA deticient diel were
intermediate between the control and vitamin E deficient fish. Vitamin E deficiency
resulted in significantly higher erythrocyte fragilíty at both stocking densities (Table 3).

High stocking density significantly increased plasma cortisol levels in the control
fish. 80th nutritional deficiencies also significantly increased plasma cortisol levels al
the low stocking density. No additional effecl on plasma cortisol was found when
nutritional deficiencies and stocking densily were combined (Table 3).

MAs were found in spleen and kidney (Fig. 1). No MAs were found in líver.
Stocking density produced a significanl ¡ncrease in number of MAs in spleen and
percenl of spleen occupied by MAs. Shape factor was significantly decreased and size

Table 4

MAs paramete~ studied In the spleen along the ell.penmental penod

Tlssue occuped MAs number
('1» (xmm~ofttssue)

Olct C + LO"
Olet C+ HO
Olet NE+LD
Oiet NE+ HO
Oict NFA + LO
Olct NFA + HO

AM/YSIS 01 IJcmanct
Slocking density
Vllamln E in diel

" - 3 HUFA In dlct
Vltamin E + densny
" - 3 HUFA + denslty

0.4810.27
0951057
065 10~8
0.9210.56
1.1210.64
15\ 1066

•
n.s
•
n.s
ns

878±5\5
14W±7(J7
13 44 1 7 6\
1188±697
1511 1 83~

2075 ± 847

n.s

n.s
ns

MAs SIU Shape factor
(~m2)

\292.601678 0.1110.01

\65419±918 019±008
10~758± 542 Olfl±OOfl

1510921524 018 t007

139247 ± 8:l~ 018±010
1438.37 :t 564 0.15:t 007

•n\

n\ n.1\

n.". n.s
• n.s
n .. n.1\

tc

• Indlcate1\ significan' effect al P < 005
"LO Low densny. HO Hlgh densny

•
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Table 5
MAs paramelers sludied In lhe kldney along lhe experimental penod

Tlssue occuped MAs number
(%) ( x mm! of tissue)

Diet C+ LO· 2.86±0.80 22.66 ± 5.65
Diel C+HD 334 iO.82 1817 ± 3.40
Diet NE+LD 3.M± 1.05 22.26±5.44
Diet NE+HD 596±088 2478 ± 2.87
Diet NFA+LD 3.94 ± 1.02 22.26±5.86
Diet NFA+HD 4.14±0.96 21.40 ± 3.63

Ana/ysis o/ voriana
Slocking density n.s n.s
Vilamin E in diel n.s n.s.
n - 3 HUFA in diel n.s. n.s.
Vitamin E + densily • •
n - 3 HUFA + densily n.s. n.s.

• Indicates significanl effect al P < 0.05
"LO: Low density; HD: High density.

MAs siz.e Shape factor
(~m2)

2624.88 ± 1430 019±011
3371.29 ± 1453 026±O12
29611 I ± 1674 020±O.11
4438.29± 1678 022±O.08
3149.21 ± 1536 0.21 ±0.11
3323.96 ± 127 I 025±0.J3

n.S. n.s
n.S. n.s.

n.s. n.s.
• n.s.
n.s. ns

was increased although not statistically. Vitamin E deficiency alone had no effect on
splenic MAs but the combined effects of stocking density and low vítamín E levels
resuJted in a significantly larger splenic MAs. A deficiency of n - 3 HUFA proouced a
significant increase in number and percent of spleen occupied by MAs at both stocking
densities. The combination of high stocking density and n - 3 HUFA dietary deficiency
had no additional effect on splenic MAs (Table 4).

Different results were found in kidney MAs. Neither stocking density nor dietary
deficiencies alone affected lcidney MAs parameters. However. the combined effect of
vitamin E deficiency and high stocking density significantly increased number. size and
percent of kidney occupied by MAs (Table 5).

No differences were found in pigment content of MAs from fish fed different
experimental diets. Seabream MAs in both tissues had large amounts of melanin which
may have obscured other pigments.

4. DiscussiOD

Most recent studies conceming MAs address their suitability as biomakers of
contaminant stress (Macchi el al.. 1992; Blazer et al.. 1994. 1997). However. MAs are
nonspecific and there are many variables potentially involved in fonnation and distribu
tion of these structures (reviewed by Wolke. 1992). MAs serve as storage ccnlers of
malerial not only of cxogenous (mctals. biological agenls) but also cndogenous (hemo
siderin. melanin. lipofucsinjceroids) sources. Hence. il is important lO understand how
MA pararneters may be affected by factors which alter fish metabolism indirectly
(metabolic effects of stress) or directly (effects of nutritional imbalances).

High stocking dcnsíty ís consídcred an aquaculture-related chroníc stressor (Vijayan
and Leatherland. 1988; Barton and Iwama. 1991; Wedemcyer. 1997) leadíng lO an
elevation of plasma cortísol (Barton, 1988; Pickering and Pottínger. 1989). (he main

file:///in/-
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corticosteroid in fish (Idler and Truscott. 1972). Although we did nol find a strong
correlation between plasma cortisol and spleen MA number (y = 13.4 + 0.076 X; r =
0.2324; P = 0.041) when aIl fish were analyzed together. there was an increase in
number and size of splenic MA and mean cortisol concentrations in control fish held at
the high density when compared to those held at low density. On the contrary. no effects
were found on kidney MAs. This suggests differenl roles for MAs in different tissues.
which has been previously hypothesized. Kranz and Peters (1984) suggested the main
function of splenic MAs of ruffe Gymnocephalus cemua was decomposition of effete
blood cells and storage of iron. Immunological and bactericidal processes were not
considere<! main functions of splenic MA in ruffe. However, Blazer et al. (1997)
described an increase in splenic MAs in immunized striped bass when compared to
nonimmunized. Hence, it may be that even among species the roles of MAs in various
organs varies. Unfortunately, most studies have compared liver and spleen MAs, so little
is known about kidney MA function.

The number of splenic MAs increased (although nol significantly) in fish fed the
vitamin E deficierat diet. These fish also had increased fragility of red blood cells and
hence. perhaps increased amounts of degenerating erythrocytes. Vitamin E deficiency
has been reported to increase erythrocyte fragilily in many species. including channel
catfish (Wilson et aL, 1984; Wise et aL, 1993), European sea bass (Obach et al.. 1993).
Atlantic salmon (Harnre el aL, 1994) and rainbow trout (Cowey et aL. 1983; Furones et
aL. 1992). Vilamin E deficiency and/or rancid fats in the diet are also associaled with
increases in peroxidized lipids secondary lo a lack of antioxidant activity (Smith. 1979;
Blazer and Wolke. 1983; Moccia et al.. 1984; Wada et al.. 1989. 1991). Ceroidllipo
fucsin, a major component of MAs. is forroed from the peroxidation of cell membranes.
Combined effects of dietary vitamin E deficiency and high stocking density (stress)
produced an increase in MA number. size and percent tissue occupied in kidney. but not
spleen. This suggests the MA of kidney may be more responsive to oxidative stress
problems.

Conversely. n - 3 HUFA deficiency statistically increased the number of MA and
percentage of tissue occupied by MAs in the spleen at both stocking densities. Although
fish fed NFA diet showed significantly lower growth. which is reported to be one of the
most important effects of essential fally acid deflciencies (Watanabe. 1982). we do nol

believe increases In MAs were due to starvation. Nutritional deficiencies of essential
fatty acids and vltamlO E may impair macrophage functlon (revlewed by Blazer. 1991)
and hence increased MAs may occur due to adverse effecls on lhe macrophages
themselves. More research is required which examines immune funcllons. enzymes
aClivities and other funclional assays concurrently with MA developmenl m differenl
tissues.

In conclusion. lhe results of this work showed lhat slocklOg densily. vilamin E and
n - 3 HUFA nutrilional deficiencies produced alterations in gilthead seabream MAs. bUI
the mechanisms are not clear. Splenic MAs appear more responsive lo general stress and
deficíencies of essential fatty acids than do kidney MAs. On the olher hand. kidney MA
were more responsive to vilamin E deficiencies. Further experiments are required to
c1arify lhe effecls of stress and nUlrilional imbalances on MAs and to c1arify lhelr
suitability as Jndicators of nutritional deficiencies and slress in fish
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Synopsis

Atherina presbyttr is a common fish off the Canary lslands. Age. growth. reproduction. and monality of the species
are studied based on sampling carried out from July 1995 to June 1996. The parameters ofthe totallength-total weight
relationship are: a = 0.004521, and b = 3.0771. Otoliths age readings indicate that the sampled population consists
of four age groups (a-1lI years). The von Bertalanffy growth parameters for all individuals are: Loe = 122 mm total
length, k = 0.79 year- I , and lo = -0.21 years. lndividuals grow quickly in their immature first year, attaining
approximately 60% of their maximum length. After the first year. the annual growth rate drops rapidly. because the
energy is probably divened to reproduction. It is a gonochoristie species with no evidenee of sexual dimorphism.The
gonad is present as a single diffuse testis in males and as a single diserete ovary in females. The overall ratio of males
to females is nol significantly different from 1: l. The reproduetive period of the species is protacted (February to
June). The peak of the reproductive effort occurs in April-May. The size at first maturity is 68 mm. The population
IS being heavily exploited.

·Introduction

I The family Atherinidae is represented by a single genus
IAtherina in the eastem Atlantic (Quignard & Pras
I 1986, Creeeh 1992a). Members of this genus are com
I monly referred to as sand smelt. Historically. there
I has been considerable confusion as to the number and
I d~1ineation of species in the genus (Creech 1992b).
I Klener & Spillman (969) and Maugé (1990) defined
I f~ur species: A. hepsetus Linnaeus. 1758. A. bovui
I RISSO, 1810. A. lopeziana Rossignol & Blache. 1961.
I and A. presbyter Cuvíer, 1829. Bamber & Henderson
I (1985) P~oposed the synonymy of A. presb,vter with
A. boyen However, recent studies have demonstrated

: that differences are present between populations of
A. presbYler and A. boyeri. consistent with the exis

llence of two species (Creech 1990, 1991, 1992b).
~ . The population bíology of A. boyeri has been exten
~ slvely investigated at a large number of locations

•
~

•,
~

~

~

...

in the eastem Atlantic and in the Mediterranean
(Kiener & Spillman 1969. Boscolo 1970. Kohler
1976, Gon & Ben-Tuvia 1983, Palmer & Cully
1983, Bamber & Henderson 1985. Femández-Delgado
et al. 1988. Henderson & Bamber 1987. Henderson
et al. 1988, Creech 1990. 1991. 19918, Fouda 1995,
Tomasini et al 1996). In contrast, published inforrna
tion on A. prtsbyter is very scarce. It only consists in
feeding aspects (Anadon 1963. Kislalioglu & Gibson
1977. Tumpenny et al. 1981. Lens 1986, Moreno &
Castro 1995 l. morphometry. genetic and systematic
aspeets (Schultz 1948. Bamber & Henderson 1985.
Quignard & Pras 1986. Creech 1991, 1992b. Vasil' eva
1996), and geographical distribution (Quignard & Pras
1986. Maugé 1990).

The present paper contains the results of an investi·
gation of A. presbyler in the Canary lslands (central
east Atlantic). Age. growth, spawning cycle, maturity
and mortality are examined in order to understand the

mailto:io5emaria.lorenzo@biologia.ulpgc.es
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life of the species and to contribute to the manage
ment of the fishery exploiting the stock. The impor
tance of this work is enhanced by the fact that catches
of A. presbyter have been declining and the fishing
effort on it has been increasing in the area.

A. presbyter is a small pelagic fish species inhab
iting inshore waters. This species occurs along the
east Atlantic ocean coasts. from Kattegat and Scotland
to Mauritania and penetrates into Mediterranean near
the Strait of Gibraltar (Quignard & Pras 1986. Maugé
1990). In the central-east Atlantic. it is apparently con
fined to Canaries. Mauritania and Cape Verde islands
(Maugé 1990).

In the Canary Islands. A. presbyter is of a great inter
est both as commercial target and as bait in the seasonal
live-bait tuna fishery. This species is captured near sur
face in the linoral zone. mainly with beach seines and
liftnets. It is caught consistentIy year-round without
significant seasonal differences in landings.

Materials and metbods

A. presbyrer samples were coJJected at fortnightJy inter
vals from commercial catches taken between July J995
and June 1996 off Gran Canaria (Canary Islands). A
total of 31 01 individuals was obtained by random sam
pling. A subsample of 1028 specimens was taken by a
random length stratified method for biological anaJysis.

Each fish was measured to the nearest mm for total
length (TL), and weighed to the nearest 0.001 g fortotal
body weight (TW). The weight of the gonads (GW)
was measured to the nearest 0.00 I g, and the sex and
the stage of maruration were ascertained macroscopi
cally. Stages of maturation were c1assified as follows
(Holden & Rain 1975): I = immature, 11 = resting,
III = ripe, IV = ripe and running, V = spent. Sagit
tal ololilhs of lhe fish were removed. cleaned, and
stored dry.

The lolal length-total weighl relalionship was calcu
lated over lhe whole period, both for males and females
separately and for lhe populalion as a whole. applying
a linear regression (Ricker 1973). The age was deter
mined by inlerpreling growth rings on the ololiths.
Counls for each specimen were performed lwice, on
two separate occasions. and only coincidenl readings
were accepted. An index ofaverage percent error (APE)
developed by Beamish & Foumier ( 1981 ) was used to
compare the precision of age delerminations. The evo
IUlion of lhe mean monthlymarginal increments was
analysed to validate the ageing method. The distance

between the outer edge of the outermost translucent'
zone and the periphery of each otolith was measured'
in mm. Measurements were always made along the
longest axis of the otolith. The 1st April was consid
ered as 'birthdate' to assign the individual ages to age
groups. The von Bertalanffy growth curve was fitted to

data of the resulting age-Iength relationship by mean of
the Marquardt"s algorithm for non-linear least squares
parameter estimation (Saila et al. 1988).

The sex-ratio (males: females) for the whole sample
and different size classes was calculaled. The reproduc
tive season was determined according to Anderson &
Gutreuter (1983) based on the monthly development of
the gonadosomatic index (GSI). The length-at-sexual
maturity ()ength at which fifty percent of the speci
mens had beeome mature) was estimated by means of ~

a logistic function whieh was fitted to the proportion ofi
mature individuals (stages I1I, IV, and V) by size class ~

using a non-linear regression (Saila et al. 1988). j
Length-frequency data of the catches were eonverted ~

to age-frequency using the von Bertalanffy growth~
parameters (Pauly 1983). The total monality rate (Z)j
was ealculated from the length-convened cateh curve]
using the program ELEFAN (Gayanilo et al. J). The I
rate of natural monality (M) was determined using the ~

method of Tanaka (1960). Following the estimation of I
Z and M. the fishing monality rate (F) was estimated f
by subtraction. The exploitation ratio (E) was esti-!
mated dividing F by Z (Gulland 1971). The length-at-~

first capture (Leso) was determined from the selection
ogive generated from the length-convened catch curve
(Pauly 1983).

Results

MaJes ranged in size between 52 and 113 mm total
length and femates between 49 and 115 mm. The range
of immature individuals was 14 to 73 mm. The param
eters of the total length-total weight relationship for
males and females separately and for the population
as a whole are given in Table l. No significant differ
ence in the aJlometric coefficient of the regression was
found between males and femaJes (t-test. t = 0.27 <

loou~ = 1.65). lsometric growth was observed in both
sexes and for the whole sample.

I Ga) ando. Fe.. Jr.. M Sonano &. O Pauly. 1988. Adrafl gujd~
lO lhe compleal ELEFAN ICLARM Software 2. Contríbulion No
4~5 1-65



Table J. Parameters of the lotallength-total weight relalionship
for males. females and all fish of A. presbyter collected off the
Canary Islands. and the possibilily of isometry lesled by Sludenl
Hes!. '(1 < 1005" > no = 1.65).

Of the total otoliths examined. 912 (88.7%) were
readable and used for the study of age and growth.
APE value was only 2.4%. The mean monthly marginal
increments in the whole otoliths with one translu
cent zone ranged from 0.25 to 0.36 mm between May
and August. They subsequently declined to 0.05 mm
in December, before gradually increasing to 0.15 by
ApriJ. The marginal increments in otoliths with two
and three translucent zones also decJined markedly
between November and March and followed a similar
treod. Thus, irrespective of the number of translucent
zones io the otoliths, the marginal increments decJined
markedly and then rose progressively only once duriog
12 months periodo demonstrating that the translucent
zones are forroed aonually.

Sampled population consisted predominantly of two
age groups (1 and 11). except during the late spawning
and post-spawning period when the presence ofthe age
group Owas recorded. Recruitment took place in May
and June. Over 60% of the growth was achieved by the
end of the first year (Table 2). By the end of the second
year, fish had attained a mean length of 95 mm. After
they had spawned. few individuals of the age group III
were encountered. No evidence was found to indicate
that fish of the age group III survived to spawn for a
founh season.

The relationship between age and length, derived
· from the assumed annual periodicity of the otoliths
· growth rings. is described by the growth parameters:
L~ = 122 mm total length. k = 0.79 year- I

• and
· lo = -0.2 J years (Table 3). No significant differ-
· eoces in growth parameters were found between sexes
(HotellingsT~-test, T2 = 5.29 < T0

2
0053.45ft =7.89).

The gonad was present as a single diffuse testis in
· the male and as a single discrete ovary in the female.
· Of the 1028 fish examined. 269 (26.2%) were males
· and 283 (27.5%) females. The sex of the remaining
I 476 (46.3%) individuals could not be identified macro
I scopically and were immature as they had very thin
I and traslucent gonads. The overall ratio of males to
• females was J : J .05 and x2 analysis revealed this not

0.959 269 0.66'
0.962 283 0.83'
0.982 1028 1.36'

a

Males 0.006536
Females 0.006542
AII fish 0.006118

b

3.04102
3.04922
3.07712

se (b)

0.06137
0.05920
0.05638

n Hesl

93

Table 2. Age-Iength distribution for all fish
of A. presbyter collected off the Canary
Islands.

Size Age group (years)
(mm)

O 11 111

15 11
20 28
25 36
30 40
35 56
40 70
45 77
50 65
55 47 2
60 15 11
65 3 28
70 47
75 65 4
80 41 13
85 33 36
90 10 59
95 6 45

100 2 25 4
105 8 11
110 2 9
115 I 2

n 448 245 193 26
x 42.5 74.2 94.9 109.1
SO 6.3 5.1 4.6 2.5

Table 3 Parameters of !he von Benalanffy growth curve
for males. females and aH fish of A. presbyter coHected
off the Canary Islands.

L"" (mm) k (year- I
) lo (years) r

Males 121.3 0.72 0.39 0.979
Females 121.5 0.69 0.47 0.981
AH fish 121.8 0.79 0.21 0.989

to be significantly different from al: l ratio (Table 4).

Sex-ratios for males and females grouped into 5-mm
length c1asses had not significant departures from the
l : I ratio.

When al J the males and females were considered.
irrespective of their maturity stage. the monthly mean
values of GSI increased rapidly from February lO
April before decreasing until June (Figure J). From
July to January the values were low. The same tem
poral variation panem was recorded for both sexes.
The monthly mean GSI. calculaled only for males

,
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Table 4. Number of males. females and juveniles ofA. presbYlu
collected offthe Canary Islands by S-mm size c1ass and sex-ralio
tested by chi-square analysis. '(X 1 < X,1¡ 00' =3.84).

Size Males Females Juveniles Sex-ratio
,

X'
(mm)

15 12
20 28
25 36
30 41
35 58
40 72
45 79
50 I 66 1: 1.00
55 1 2 49 1: 2.00 0.33'
60 6 8 15 1: 1.33 0.28'
65 23 20 12 1:0.86 0.21 '
70 20 25 7 1: 1.25 0.55'
75 37 41 1 1: 1.10 0.21'
80 39 43 1: 1.08 0.19'
85 41 35 1 :0.85 0.47'
90 38 42 1: 1.10 0.20"
95 25 28 l : 1.12 0.17'

100 17 18 1: 1.05 0.03'
105 14 9 1:0.64 1.08'
110 5 8 1: 1.60 0.69'
115 2 3 1: 1.50 0.20'

Total 269 283 476 1: 1.05 0.36'

and females with ripe and running gonads. produced
a similar variation panero with higher values. GSI
indicated that spawning takes place over a period of
approximateJy 5 months. Fish of me age groups Oand
I showed lower values of OSI than those of the II
and 1II.

No significant difference in length-at-sexual matu
nty was found between maJes and females (t-test,
t = 0.43 < to.OH~ = 1.65). The length at which
6fty percent of fish had become mature was 68 mm
total length (Figure 2). AH majes and females were
mature by me end of their second year at a mean length
of93 mm.

The length-converted catch curve is shown in
Figure 3. The rates of total mortaJity (Z), natural mor
tality (M) and fishing mortality (F), and the exploitation
ratio (E) were caJculated separately for the age groups O
and I-lll. lbe valuesformeagegroupOwere: Z = 4.66
year- I

, M = 1.01 year- I
• F = 3.65 year- I and

E =0.78. and for the age groups 1-11I were: Z = 2.54
year- I

, M = 1.01 year- I
• F = 1.53 year· l and E =

0.61. The length-ar·first capture was: LCw = 36 mm.

Otoliths of A. presbyler off the Canarian archípel ~
show the ring panero common to teleost fishes. (
opaque and one translucent ring are laid down e
year 00 the ololiths, aJlowing age determinal
with relative ease. 1ñese rings are generally belie
10 be deposited during periods of fast and s
growth, respectively (Williams & Bedford 1974).5
sonaJ growth cycJes might be relaled lO physiol l

cal changes produced by the influence of temperat
feeding regime and reproductive cycle (Morales-Ni
RalslOn 1990). The opaque rings are formed dUI
spring-summer months, when the sea surface t
perature reaches me highest values (24°C), and
hyaline rings during winter months, when the temp
lUre reaches the lowesl vaJues (J7°C) and the bree(
occurs in the species. Femández-Delgado el al. (1 ~

also found that annuli formation in otoliths ofA. bo
from the estuacy of the Guadalquivir River talces p
duriog spring and summer(AprilloJuly). The evid~

presently available suggests thar a seasonal lemp
lure difference of 2-3<C mighr be sufficienl lO Cl

ring formal ion (Morales-Nin & Ra1ston J990). Du
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Fi8U~ 2. Mean monthly development of the gonadosomatie
tndex (GSI) for A. p~sbyt~r collected off the Canary Islands at
,rnaturity stages (IV and 11-V) and al age groups (0-1 and U-III).

I

IF'.r~ltrr 3 Length-eonvened caleh eurve for all fish ofA prrsb.l'fC'r

I~ollected off the Canary Islands al age groups (O and 1-III). The
nlltal data POlOt (+) were nol used 10 the regressions

~

~lhe rnalurity periodo the metabolic energy seems to be
Idlvened from growth. causing the formation of thin
~lncrements which are in tum reftected in hyaline sea·
"onal growth rings.
1

1

The highest age class observed is 111 years. The short
life cycle exhibited by A. presbyter concurs with the
expectations of Kiener & Spillman (1969). Femández
Delgado et al. (1988), Maugé (1990). Creech (1992a)
and Rosecchi & Crivelli (1992), which proposed a
3-4 years age structure as typifying populations of
Atherinidae species. As a whole, growth ofA. presbyter
is rapid, with males and females growing equally
fast. The growth paramelers obtained are reasonable
because the theoretical maximallength value is higher
than the size of the largest fish sampled and the growth
coefficient value indicales rapid altainment of maximal
size. characteristic ofthe short life species. A. presbyler
grows quickly in its immalure first year, attaining
approximalely 60% of the maximum length. Afler the
first year, the annual growth rale drops rapidly. It can
be relaled to sexual maturity, because in the studied
area a11 individuals are mature by the second year
of life. Hence, energy is probably diverted to repro
duction. resulting in less energy available for somatic
growth.

A. presbyler from the Canary Islands is a gonocho
ristic species with no evidence of sexual dimorphism.
The near equal ratio of males lO females is similar lO
ratios quoted by 80scolo (1970), Kohler (1976) and
Creech (1992a) for other Atherinidae.

The spawning of A. presbyler occurs during five
months. A prolonged breeding season is generally char
acteristic of repeat spawners (Nikolskii 1963) and fish
living in variable and unstable andlor highly productive
environments (Tomasini et al. 1996). In this area. the
spawning period of several fish species is protracted
(Lorenzo & Pajuelo 1996, Pajuelo & Lorenzo 1995.
1996. 1998). Tomasini et al. (1996) observed that the
spawning period of A. boyeri in brackish lagoons of
southem France spreads over 8 months (February
September). Prolracted spawning appears lO be a fea
ture of the biology of Atherinidae (8oscolo 1970.
Castel el al. 1977. Palmer & Cully 1983. Gon & Ben
Tuvia 1983. Henderson el al. 1988. Creech 1992a.
Rosecchi & Crivelli 1992. Tomasini et al. 1996).
Depending on environmental conditions and energy
accumulalion available. reproduclive effon in atherinid
species is more or less important during the spawning
season (Tomasini el al. 1996).

Lenglh-al-sexual malurily does nol differ between
males and females. corresponding to 67 mm total
length. In the age-Iength relationship. this size cor
responds lO O and I year old specimens. In lhe Suez
Canal. Fouda ( 1995) also found that males and females
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ofA. boyeri attain sexual maturity when age is approx
imately 1 year.

The length-convened catch curve shows a typical
fonn of two modes and justify the estimation of two
values ofZ (Pauly 1983). In both cases, the exploitation
ratio is higher than 0.50. Gulland ( 1971 ) suggested that,
as a rule of thumb, a fish stock is optimally exploited at
a level of fishing monality which generates E = 0.50,
where F. = M, hut in the present study F > F. =M.
More recently. Pauly (1987) proposed a lower optimum
fishing monality, F. = 0.4 M (F > F.). Therefore,
A. presbyter off the Canary Islands is being heavily
exploited.

In the Canarian Archipelago, where a conservation
legislation on fisheries exists, a limit of catch has been
impIemented for A. presbyl~r. In this case. the regu
lation is of limited benefil. Measures such as c10sed
seasons, closed aTeas or changes in fishing pattero
would be desirable to safeguard the spawning stock
and the recroits. Ifthe stock decline continues, a furlher
possible option. decommercialization. would cenainly
be beneficial to the stock, hut the social and political
arguments surrounding such a decision are beyond the
scope of this papero
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Reproduction, age, growth and mortality ofaxillary seabream, Pagellus acarne
(Sparidae), from the Canarian archipelago
By J. G. Pajuelo and 1. M. Lorenzo

Departamento tk Bio/ogro, Universidad de lAs Pa/frUlS de Gra" Canaria, Campus Universitario tk Tafira, 350/7 lAs Pa/frUlS dt'
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Sammary

Axillary seabream Page/lus acarnt' (Risso 1826) caught off the
Canary Islands from January 1991 to December 1994 were
studied. The length range of the catches was between 11 and
31 cm, with a modal distribution between 17 and 21 cm. The
overall ratio of males to females was 1:1.74. Males were
observed up to a lengtb of 24 cm. Hermaphrodites were re
corded at lengtbs between 15 and 23 cm. The species was char
acterized by protandric hermaphroditism. The reproductive
season extended from October to March, with a peale. in spawn
ing activity in Dec:ember-January. The size at sexual maturity
was IS.Scm totallengtb (2 years old) for males and 19.4cm
total length (3 years old) for females. The total length-total
weight relationship for the entire population is described by the
parameters a ... 0.0068, and b == 3.2401. Otolith age readings
showed that the population exploited consisted of 10 age groups
(1-10 years), including a very high proportion of individuals
between 1 and 4 years old. The von Bertalanffy growth par
ameters for all individuals were Loo'" 32.98cm, Ic..z 0.22
years-', and ~ ... -0.87 years. Males grew comparatively
slower lban females. The instantaneous rates of mortality for
alJ fish "'ere Z ... 0.96 years- I

, M = 0.30 years- I
, and F == 0.66

years -'. The exploitation ratio and the length at first capture
were, respectively, E ... 0.69 and LC~ == 16.1 cm. The stock is
overexploited, therefore measures such as c10sed seasons or
changes in fishing pattems would be desirable to safeguard the
spawning stocle. and recrulls

fatroduc:doa
Axillary seabream Pagt'/lus aca,"t' (Risso 1826) is a demersal
marine fish species inhabtting vanous types of sea bottoms.
~~ally IInd and seagrass beds This species is a Sparid widely
dlStnbuted along the European and African couts ofthe Atlan
tic Ooean (from Denmarle. lO Senegal, and around the Madeira,
Azores. Cape Verde and Canary Islands), in the Mediterranean.
and in the 81acle. Sea (Bauchol and Hureau 1986, 1990)

In the Canary !slandl, Ihe ulJlary seabream is one of Ihe
m~ln target Ipccies of the commerclallmall-scale filhery, con
tnbutangapproximately 10·1. to the lotal eatch of demersal filh
(Pajuelo and Lorenzo I99Sa). Ca tehes of thls lpecies have becn
dec1inin, in the area for the pasl I S years (Pajuelo and Lorenzo
1995a). Thil spccies is caplured lhroulhout Ibe year ",ilh sea
lOna! dift'erence:s in Iandinp.

Despite iu economic importance in the Canary Islandl and
that catc:hes in lhe ara are declinina. the axiUary teabream hal
never been lbe object of intensive invaliaation. A thorouah
biolollCll investiption was necessary lo provide a bilis for

species management. The presenl work invesligated aspecls of
the biology of P. acarnt' off the Canary Islands, ineluding the
population strueture, sexuality, reproduction, age, growth and
mortality. The findings of the study are discussed in relation to
existing management strategies.

Materials ud methods

Pagl//US acame spccimens were obwned from commercial cat·
ches of the anisanal 8eet fishing with traps and longlines at
depths of ~21Om off southwest Gran Canaria (27°57'24 wN
15°35'23"W), Canary Islands A total of 39 651 individuals were
colJected fortDlghtly by a random method from January 1991 to
December 1994. These mdividual. ",ere measured (totallength,
mm) and welghed (¡).

A subsample of 1966 specimens was taken from the entire
sampling by a random Jength stratified method (l-cm length
elass) for biological analysis. For each fish, lotal length (TL)
was measured lo the nearesl mm and lotal body weight (TW) lo
the nearesl 0.1 g. Sex and the stage of malurily were ascenained
macroscopically and the weight of the gonads (GW) was tale.en
to the nearest 0.01 g. Stages of maturatlon were c1assified as
follows (Holden and Raitt 1975): 1, immatuTe; n. restíng; Ill,
ripe; IV, ripe and runmDg; V, spenl Sagittal ololiths were
removed and store<! dry.

The mean monthly length-frequency distributions of the
individuals in the catches were plotted. Data were pooled to
smooth interannual variabilily. The mean length and the length
range of the fish by depth categor), were also plolled

Percentages of immatures, males. females and her
maphrodites and the overall ratio of males lo females were
estimated The reproduetlve penod was estabhshed following
the monthly evolutlon of lhe gonadosomatlc andex (GSI). cal
culated as

GSI - (GW(TW)'IOO

The siu 1I sexual matunty (total Iength at which 50-;. of the
fish had become mature) was determmed from the relationship
between the length elass (L) and the percentage of mature fish
in each len,th elass (P). This relationshlp is described by the
logistic function (Saila et al 1988)

where a, b. and e are constants (O estímate.
The totallength-total weight relatíonship was ealculated over

the entire period applytn. the exponential equabon (Ricker
1973):

u S Cop,npr 0-._ úmcf Codo Sta_, 0175-8659/2000/1602-0041 S15.00/0
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Age was delennined by counling the annual growth nngs on
the olohths. The otohths were plattd In glycenn and exammed
under a compound microscopc (15)() wilh reflected IIghl
against a dark background. Counts for each specimen were
pcrfonned tbree times by the senior author. Readings for a
given otohth were accepled only when IWO agreed. January I
was considere<! as the birth date to assign individual ages lo

age groups. Aging was validaled indlrcctly by examination of
monthly changes in appearance of the rnargins of the otoliths
(Morales-Nin 1987). The von Benalanffy growth curve was
fitted to the data of the resulling age-Iength key by means of
Marquardt's algorilhm for nonhnear Jeast squares parameter
estimalion (Saila eul. 1988). The fonn of the growth curve 15

(Beverton and Holt 1957)

L. = L",' (1 - e- kiO - IO,).

where L. is the fish lotallength al time l. Le is lhe asymptotic
lotal length lo which fish lend lO grow. k is lhe growlh
coefficient. and lo is lhe hypolhetical time when lhe fish tOlal
length is zero.

Length-Crequency data oC the catehes (39651 fish) wcrc con·
verted to age Crequency usmg lhe von Bertalantry growth par·
ameten (huly 1983). The lotal instant&neous monalilY rale
(Z) wu then c:alculated from tbe lengtb-converted cateh curve
using the propam !LEFAN (Gayanilo el aJo 1988). The equalion
employed was:

log <N/dt) - a + b' t.

where dI is the time needed lO ¡row Crom \be lower lo the uppcr
hmit oC a giYCn Ien¡th class. 1 is thc relative age corresponding
to the midrangc oC the Icngth class in question. and a and b are
the parameten lo estimate. The instantaneous rate oC nalural
monality (M) was estimated usíng \be method oC Tanalta
(1960):

M - 3fT .

where T is the age oC the oldest tisb sampled. FolJowing
the estimation of Z and M, the instantaoeous rate oC fishin&
monahty (F) was eslirnated by substraction. Tbe exploitalion
ratio (E) was estimated using the expression (GullaOO 1971):

E - F/Z.

Tbe 1eD¡th al 6nt capture (LC,.) was detennioed from the
selec:tiOD opve ,enerated from the ten¡tb<onver1Cd cateb curve
(Pau1y 1984).

......
The mean monthly iength-frequency distributions showed a
Jenatb raDF in the caLCbes of 11-31 cm. wilb mOlt fish dl5
tributed between 17 and 21 cm (ra¡. 1). In the majonty of
mooths a bimoclaJ distribution was obIcrwd. Tbe inl modc
COllflll)ODded approltimately to 19cm and thc IeCODd lO 2Jan.
Tbe Iize raD¡es were wider durinl thc autulDD ud winter
monthl tban durina \be sprina and summer mantils. Tbe
larJell individuals were more abundanl ID November and
December. Spec:ímens smaller lbaD 14cm appeared only from
November to Mardl A decrase in me ftumber of individ
uals captured was obeerwd duriDJ me lUIIUDCr moaths.

Fish WCR ca.....t al depths from $10 210m. naaialy between
'O and 9Om. Tbere wu a relatioallUp between ... and depth.
The mean lotal ienath showed • ddinite incrase with incrcasína

J G Pajuelo aDd J M. Lorenzo

depth ThU5. the mean total length for a deplh eategory of less
lhan 30m was 12.9cm while 11 was 29.3cm in depths over 180m
(Flg.2).

In the axillary seabream. gonads are suspended by a dorsal
mesentery in the poslenor region of the visceral eaVlty. The
gonads of males and females are elongated, paired organ~

altachcd to the dorsal body walJ vía mesmterics. The left gon
adal lobe is connected lo the laleral body wall while lhe right
lobe is attached by mesentenes to the inlCSline and other organs
10 the celomic eavity. In general. bolh gonadallobes were equ·
ally well developed.

Of the total number of individuaJs sexed. 556 (28.2%) were
males. 968 (49.2e;e) females. and 81 (4.l e;e) hennaphrodites.
The sex ofthe remaining 361 (18.S e/e) fish could nol be identificd
macroscoplcally; they were immalure as lhey bad very thin and
translucent gonads

The overalJ ratio of males lO femaJes was 1: 1.74 and .¿ analy·
sis showed a significanl ditrerence from the ralio 1: 1
(X' .. 111.38 > XT'..•.., - J.84). A high pm:entage of indio
viduals smaller than 15 cm could not be lexed. Males and
females had different size ranges aOO mean. mínimum and
m&Xlmum sizes (Fig. J). Males appeared in the range 14-24cm.
and were predominaDI between '4 ud 19cm. Females showed
a Iarger size distribution, from 16 10 JI cm. ud were clearly
predominanl al liza above 21 ano Hermapbrodites were inter·
mediate in size between males and fenWes (l ~23an).

The GSI showed hiper vaJues for femaJes than for maJes
(Fig.4). For both ICUS. thc hi¡bat vaJucs oa:umd between
October aDd March. peating in December-January. From
Aprillo September thc vaJues were Iow.

Fifty pcr can of males ud femaJes matured al 15.8 and
19.4cm total Iengtb. respectively (Fig.5). Individuals smaller
than 14cm showed IittJe evi~ of ganad maturation. A síg·
nificanl ditrerence in size al sexual malurity _as found belween
males aoo females (t·lest. t .. 14.28 > 1o.,.IMI - 1.65)

The paramcten of lotal Iength-lotal weighl are given in
Table l. There was a Slgnificanl difference between the sexes in
the allometric c:oeffic:ienl of tbe rqression (l-test.
t .. 19.75> Io.wn - 1.65).

Of the 1966 otoliths eumiDed. 283 (l4.4 e/.) were rejceted.
Marginal ZODe anaIysis showed th&l thc opaque zone was
deposited throupout the }Ur, bul with dift'eriDl frequency.
The higbest peroentqes of otobths with opaque edaes wert

oblerved betwecn May ud AUJUSl (Fil. 6).
Flsh a¡ed 1-10 yean were praent in the samples (Table2).

The IroW\h par&meten are shown ID Tab&e J. Slpifx:ant differ
ences in the ¡rowth paramelen were fouod between the IQCI

(Hotelbng's T1-1at. l' • ISS.JI > T.'••,.).,•• 11.41).
Tbe len¡tb<ODvened cat.eh curve is tbown ID Fil. 7. The

IDStantaDCOUS Tates of monably for aD 6Ib were Z. 0.96
yean - l. M • 0.30 yean - l. and F • 0.66 yean - l. Tbc exploi
l&Uon rauo and thc ten¡th at 6nt capture were. rapecUvely.
E .0.69 ud Le•• 16.1 an

Dilo In
In tbe Canary lslaads. the hi¡bcst c:oacentratioD o( uillary
IUbram occun belween 10 and 90m depIb. Below thiI deptb.
this spec:ies is rePaced by otber tparich swes-t in me ara sucb
as PtlfrMS PiIf"'J and lÑrIl~x ribbolt&S. 1ft me depth strata wbm:
fishín, Ieeu exploit the uillary _bram. the lIlOft frequent
Jenaths in the cateba are beI.... 17 ud 21 cm In the a,e
leqth key. theIe COi •..-smaínIy 10 spec:imcas between 2 and
4 yan oId. nas Itudy bu revealed thal ímmalure individuals
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lbablt lhe nursery arcas localed In shaUow waten « 30m).
ne presence of specimens unaller lhan 14cm dunna the aul.
IDln and V(inler monlhs was due to recruitment. In the Alboran
Ca. Caminas el al. (1990) obterved lhe preaence of lmall indi
iduals correspondlnalO a new recrultment ofaxillary aeabream
.IInna lhe autumn month5.

In common wllh many other lpecies ofSpandae (Bulton and
Jarran 1990), the uillary aeabream off the Canary Islands
&hlbllS bermaphrodltism. Tbe presenc:e of individuals with
lVOtestes. and the predominance of smaller males and laraer
Imales. sugests tbat this species displays protandrie her.
:laphroditism in the area of sludy. Related lo thil, Shapiro

(1984) pointed out that sex-changtn¡ fiabes often bave bimodal
lenath-frequency dlstributlons. In the case of protandric ¡pec
les. amall individual. are usually males and larae specimens are
usually females. The protandry wu allO pointed out in Itudies
whlch dealt Wlth the sexuahty of the spec¡es (Alekseev 1967;
Andaloro 1982. 1983. Lamnnl 1986; Caminas etal. 1m; Dja
bah 1991). The ¡radual ehange from all males to females. with
a few hermaphrodltes ID the IDlennedJate siu c1asIes. su.geslS
lbat hermaphrodltism marks a rather brief transitory phate
between males and females (Lamnni 1986). The ablenc:e of
males in the laraest size clapes implies lhat tel conveníon is
essenóal for all filh (Andaloro 1982. 1983; Lamnni 1986).

!he telltructure is mamly determined by the nature of the
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activily tbal can potentially lhreaten its largel populalion como
pared with fishing (or more rebable and robUSI stocks

The uillary abream off the Canary lslands has a defined
reproductive ason wluch eXlends from <>ctober lo March.
with a peak iD spawniDg activilY ID Decanber-January. Accord
iD,to WOOUOD (1990). tbe lemperalure appears lo be the mosl
importanl environmenlal (lCtor Inftuenang the reproducllon
o(fisbes. apparent for tbe spec1es in this study and demonstraled
in otber sparids preIetll in the Canary Istands such as D.
libboSllS (Pajuelo and Lorenzo I99Sb), P palnAS (paJuelo and
Lorenzo 1996). and Ptlf~l/us v)·thrinllS (PaJuelo and Lorenzo
1998). In axillary abream. the peak spawning in the Canary
lslands occurs In winter. whllst lO more colder areas ir taltes
place dunng spnng-autumn (Andaloro 1982. 1983; Dom
anevsltaya 1982; Bauchot and Hureau 1986. Caminas elal.
1990). There IS a tendency for thls speoes to spawn between
winler and spring lO low latitudes and laler In the year 10 hlgher
latitudes.

Related to djfferenees 10 the GSI belween reproducuvely
active maJes and (emates. in revicwtng the reproductlve bíology
o( tbe sparids jt lS noled that the GSI values of males are
commonly lower lbaD those o((emales Buxton (l99O) polnted
out lbat tbe COIt o( produang lpenn was thouJhl to be less
tban lbal (or produciD' qp. AlthouJh the number of pmetes
produc:ed docs DOt oecessanly need to be a functlon of the SlZC

o(tbe .ooad. tbe di1rercntt ID maJe and fernalc ,onadosomatlc
indices sugests lbat the ener¡y iDvated ID pmete productlon
by mala is probebly less Iban lbat Invated by (emales

Ale .t Ieltual malurity IS 2 yan for males and 3 yean (or
(emaIes TbcIc raullS are ID aood aareemenl with those
reponed by Andaloro (1983). CamInas eul (l990).nd Santos
etal (l99S) in the Med.tm&nean and Lamnni (1986) in the
nortbwest African COIIl. theK autbon potnted out lhal thlS
speaeI .ualned IGual matunty In the ICCOnd year o( Ii(c.
DilJeraICeI oblerwd In taual matunty between the tan may
be apla&ned adeq..t.dy by protandry

Tbe positlve aUometry o( the lotal Ienl1h-total weJ.tll
relaUODllup wu abo oblerved (or the species ID other Itudies
(Andaloro 1982. umanas cul. 1990; Santos et.l. I99S)
Difl'amces bet.... mala ud females ID the lcnl1h- wci¡hl
rclatioeslup ale aplaiDed by die dilremu size dlStribuúons of
the two IaCIII a c:oMequeDCC or lhc protandric bcnnaphro·
ditílm.

Thc allCt'DIÚW pellem o( UUIIuceot ud opaque zones js
CIIiIy ctiItIDpisbabIe oca lhc olohtbs. Thc opaque zone js
formed whaa the water tempctalure lS hiper (FI', 8) and food
ti more abundant (Hemanda·Leon 1981). the transl~llont
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Males 0.0065 3.2416 0.0337 556 0.915 716-
FemaIea 0.0062 HILl 00456 961 0.991 6.16-
AlI Isb 0.0061 3.2401 00275 1966 0.919 172-

-, > tus..._ - 1.65.
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Fía. 5. Saualmaturity OIivc for males and females

Moath

flg.4. Monthly variauons o( lbe lonadosomaue index (GSI) (or males
and femaJes

sexual cbanIe. Tbe owrallta raúo is un....DCIId in f.vour o(
(emaJes becau. tbey ale 6sbcd more Iban males. Thc pre
domiDlDCIC or fcmala bu aJso beca obIerwd fOl tbis Ipecia in
the DOrtbwat Africu cout <1.amriJu 1916) ud in lhc AJboru
Sea <CamaDaS cut 1990). 8ecaUIC fcaWcs .... c:auaht more
often lban mala., lJus specia couId be clatecd 11 vulnerable lo
unralramed fidun, 1"herefore. ulllary seabram fidun, II an

Tablt 1
Parameten ol tbe rdatJOtlSbap betwem lOCal -Ilh ud IOtaI wa.tll
for males, femaJes and 111 flsh and the posublbty olllOlllCtry teIted by
Studalt's l-leSt



Table 3
Paramelen of \he von Bertalanffy growlh curve for males. females and
a1lfiah

L.(cm) k (ycars -1) lo (ycars) "
,l E

"
Males 27.98 0.27 -067 489 0.963 a•
Females 3390 021 -099 801 0986 1AII fish 32.98 0.22 -0.87 1683 0989 ....
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Table 2!
Age-Ienglh key for all fish Age group (ya")

Sizc (cm) 11 111 IV V VI VII VIII IX X

11 2 I
12 19 9
13 63 14 1
14 49 57 9
15 23 95 17

I 16 6 89 31 3
i 17 3 69 47 8
.... 18 1 33 71 13
Do. 19 26 85 29 1

20 11 64 46 4
21 5 35 64 10 7
22 16 59 21 7
23 10 25 36 14 2
24 3 11 55 22 5 I
25 5 20 39 13 5 2
26 1 9 31 19 6 1

1- 27 3 11 13 9 6
28 2 4 5 11 12 1

d 29 1 2 8 17 3

l.
30 1 3 2 4
31 1 .,

2~

" 166 409 389 264 161 137 60 44 42 11
x 12.9 15.8 19.2 21.8 239 256 27.0 281 28.9 29.4
SO 0.9 2.1 2.2 1.9 1.6 1.9 IJ 1.1 1.0 0.6

RIIatJ"C. (yean)

FII 7 Lenllh-converted calch curve Thc Inlllal data poln15 ( + ) werc
nOI used in lhe relrenlon

Mondt
FIl. 8 Monlhly evolullon of thc sea 5urfacc lemperalure

As a whole. growth of Ihe alllllary seabream off the Canary
Islands 15 relauvely 510\\. \\11h males growlOg at a sbabtly faster
rale than fcmales. showlnglhe typlcal patlem of the protandric
sparids (Buxton 1993) Andaloro (1982. 1983) also observed
thalgrowth was differenl between males and fcmales ofaxillar)'
seabream Shapiro (1984) mdlC&ted Ihat the mean lenlth ofsex
reversed f1sh was slilhlly laraer lhan same-ale males Therefore.
differences m length belwccn males and females of the same age
cannol be consldered as eVldence of an IOlersexual dlfference in
growlh rates beca use females and males are the same mdlviduals
al dlfferent phases of sexual suocesslon ando possibly. the laraest

males in an ale ¡roup are the first lO chan¡e sex (Shapiro 1984).
The growth parameters obtalned for all mdivid,uals in tbe

presenl sludy differ from tbose reported by OJabah (1991) for
Ihe same specles off northwest Africa Oifferences in growth
between both rellons can be auributed to differences in the siz.e
of the largesl individual sampled in each area The larpt fish
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15 formed wheri the spedes spawns and the temperature is lower.
The oldesl ale e1ass observed was 10 years, althoulh this aae
e1ass was poorly represente<i In the landlnas. In the Medi·
terranean. Andaloro (982) found thal Indivlduals of thls spec
les can reach an aae of 8 years
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found in the study conductcd by Djabah (1991) was Icss than
23 cm total length.

The valuc of tbe instantaneous rate of natural mortality
obtaincd in this study was lower 1han those given by Mennes
(1984). Zoubi (1985), and Djabah (1991) off nonhwest Afnca
(0.46.0.52. and 0.44 years - l. respcctively). However. the values
obtaincd in this study for the axiIJary seabream were in the
range of those obtaincd for other temperate sparid species of
the Canary Jslands (O.I~.55 years- I

) (pajuelo and Lorenzo
1995b. 1996. 1998; Pajueloetal. 1997).

The length-convencd cateh curve showcd a typical form and
justificd the estimalion of a smgle valuc of Z (Pauly 1983).
The exploltation ratio was higber lhan O.SO. Gulland (1971)
suggeslcd lhat. as a rule of lhumb. a fish stock is optimally
exploilcd al a level of fishing monalily which generales
E - O.SO. where F.,. = M. but in thc present sludy
F> F.,. - M. More rccently. PauJy (1981) proposcd a lower
optimum fishing mortabty. F.,. - 0.4'M (F > F.,.). Thercfore.
the stock of tbe axillary seabream of tbe Canary lslands is being
heavily exploited. Tbe valuc of thc len¡th at fint capture is
lower than lhe value of the size at sexual rnaturity. Over 3S·/.
of the total cateb was Iess than this Ieoath. iodicating a danger
of recruitment overfishing. Therefore. a changc in tbe fishing
le¡islation may be necessary.

In thc Canary Islaods. tbe praent lqislation for axillary
seabream stipulates a mioimum size o( 18cm; however. this
regulatíoD is o( bttJe bendit because thc milÚJDUJD regulatian
len¡th is smalJer than tbe size at fint maturity. The practical
problem is tbal the axillary seabream is only ooe compooeot of
tbe exploited multispecies demenal fish commUDity (pajuelo
and Lorenzo 1995a) aod il matutes at a difl"erent size tban otber
species (pajuelo aOO Lorenzo 1995b. 1996, 1998; Pajuelo etal.
1997). Thercfore. this species is susceptible ro exploitation al a
siu wben many other coexistina demersal species are malure
or immature. Once caplurcd. reJeue is of dubious benefit as
they orten sutrer from barotrauma wben broughl lo tbe surface
from a depth of more than JOm (SmaJe 1988). Another pro
teetion strate¡)' was the introductioD of an artificiaJ reef. bur ir
appears to serve only tbe earlier stages of the Iife cycle and
encompasses oDly linuted are&S. Wben immature iodíviduals
move out o( an anificial reef. they are subjecr ro high aploi
talÍon becaUIC fishermen deploy larJe nUDlben of traps arouod
tbe reef. FinaDy. otber meuures such as dosed ICUODS or
chaDges iD fuhiDa pattem are deslrable lO safepard tbe spawn·
iDa ltock and thc recruits. especiaUy if tbe stock decline
contiDua.

.uu..h'. ,."
The authon are very aratefuJ ro Profeaor Dr A. G. Ramos (or
radin& tbe manuteripl aod (or valuable commenll; lo Ms e
Tucoa for ber Ulittanc:e iD prepuina tbc Enplh veníon o(
tbc manUlCript; 10 MI N. Hernanda for beIp in collectin. thc
material.
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Mecanismos de transporte y emplazamiento de depósitos
volcanoclásticos en el litoral NE de Gran Canaria (Islas Canarias)

F..J. Pérez Torrado', J.L. Schneider2
, D. Gimeno3, P. Wassmer4 y M.C. Cabrera'

I Dplo. Física-Geología. Facullld de Ciencias del Mar. Universidad de Las Palmas de Gran Canana. Campus Universitario de Tafira. 3S017-us Palmas
de Gran Canaria.

2 Dépanement de~ Sciences de la Tem. Universit~ de Lille. Bit. SN5. 59655 Villeneuve d'Ascq Cedex (Francia).
:\ Dplo. de Petrología, Geoquímica y Prospección Geológica. Facullld de CIencias Geológicas UniversIdad de Barcelona. Zona Universitaria de

Pcdralbes. 08071-Barcelona
4 Cereg (CNRS-UP 2037). Universit~ Louis·Pasteur Rue de r Argonne. 67083 Strasbourg Cedex (Francia)

ABSTRACT

A volcano-sedimentary sequence of Pliocene age is described in the Cuevas del Guincho and
Trapiche areas (NE shore of Gran Canaria). Three differents kinds of volcaniclastic deposits are
recognized interbedded within littoral and marine sedimentary sequence. The lower one was
emplaced as a pyroclastic f10w of phonolitic composition and probably belongs to Fataga
volcanic group. The middle and upper ones correspond to volcaniclastic breccias of the Roque
Nublo volcanic group. Whereas the lower breccia unit was emplaced as a debris flow into a
shore face marine environment and derived from subaerial pyroclastic flow or lahar, the upper
one corresponds to a debris ava/anche deposit emplaced in a littoral environment.
The presence of these volcaniclastic deposits attests the existence of discrete volcanic activity
during the volcanic hiatus recognized on Gran Canaria between the end of the Fataga volcanic
group (Miocene) and the beginning of the Roque Nublo volcanic group (Pliocene).

Key wo,ds: volcaniclastic deposit5, shore face-Iittora/ setling, volcanic hiatus, Gran Canaria.

INTRODUCCIÓN

El crecimiento subaéreo de Gran Canaria se caracteri

za por la eltistencia de un intervalo de inactividad volcá·

nica hacia finales del Mioceno (entre 8.5 a 5,3 m.a., aproxi

madamente) y que separa los depósitos volc6nicos del
Grupo Fataga (en la terminología de Schmincke, 1994) de

los del grupo Roque Nublo (Pérez Torrado tI a/., 1995)

Es en este intervalo cuando tiene lugar el inicio de una

importante acumulación de depósitos sedimentarios en

los sectores costeros del NE, E y, en menor medida. S. N
y O de la isla. dando lugar a la denominada Formación

Detrítica de Las Palmas -FDLP- (Gabaldón ~I a/., 1989;

ITGE. 1992) (Fig. 1). Esta formación se divide en tres
miembros. cOITespondiendo el Miembro Inferior a depó
sitos aluviales (arenas y conglomerados de cantos
fonoHticos del Grupo Fataga) originados uclusivamente

durante el hiato volc6nico. mientras que el Miembro Me

dio comprende depósitos marinos de características lito·
rales formados al final del hiato volctnico (entre los S a 4
m.a.• aproximadamente). fruto de un periodo transgresivo

en el que se encontraba inmersa Gran Canaria. Finalmen

te. el Miembro Superior incluye una sucesión de depósi·

tos aluviales. lahúicos y piroclbticos. con ocasionales
lavas intercaladas. formados contempor'neamen,e al crt-

cimiento del estratovolc6n Roque Nublo en el centro de la
isla (Pérez Torrado t!( al.• 1995).

Intercalados con los depósitos marinos del Miembro

Medio de la FDLP. a cotas que oscilan entre los 50 a 110m,

se localizan en los sectores costeros del NE de Gran Cana·

ria. una amplia gama de materiales y estructuras producto
de la transformación de flujos vold.rUcos su~s (ya fue

ran l'vicos o piroclúticos) al penetrar en el mar. El objeto de

este estudIO es determinar las característiclS de estas trans

formaciones en los depósitos volcanodúticos aflorantes en

las Ú'elS de Cuevas del Guincho y Trapiche (Fig. 1).

DESCRIPCIÓN DE LOS MATERIALES

La columna litoestratigrifiea m6s completa se localiza
en las Cuevas del Guincho (Fig. 2). donde se encuentra
irregularmente recubierta por lavas del VolCÚI de Arucas

(datado en unos 300.000 afIos). Los depósitos marinos es

t6n representados por una serie de niveles arenosos con
abundantes estructuras intemas e intensa bioturbaci6n. ca·
racterísticos de un ambiente de shoreface. que hacia techo
de la columna pasan a un nivel cOD,lomer6tico muy

fosilffero, característico de un ambiente de foreshore (playa

de cantos). Una descripción detallada de estos depósitos
marinos se encuentra en Cabrera y Nrez Torrado (1988).
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FORMACIÓN DETRITlCA
DE LAS PAUlAS
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FlCiuaA 1: Mapa I'ológi~o s;mpl;Ji~ado d, ID FomtDci6n D"rlrica dt lAs Palmos (modificado di ITG!. 199'11 En tI Mimrbro Mtdro s.~

i"c/IIY'" lomo los d,p6s¡'os marinos propios. como los d,p6siros "oicónicos rtlaciolltJdos !
~
@

En cuanto a los depósitos volcanoclúticos. se distin
guen tres unidades con características litológicas y estruc
turales muy diferentes.

Unidad J - Tobas fonolítica5

Loca1illdas en la parte baja de la columna. se observan
dos capas de l m aproximado de espesor cada una La
apariencia es muy similar ala de los depósitos de "nuJo de
bloques y cenizas". con un alto porcentaje de material juve
nil <muy vesiculado>. de color blanco. an,uloso a
suban¡uloso. con tama6o& JDedio5 de unos S cm y ausmcia
tocal de texturas de soldadura tirmica. Los liúcos I0I'l tam
biál de naturaleza fonoUtica. subeD,ulosos y con tamaftos
"JO menores que los jUYCDÜCs. Tanto las baJel como los
leda de aw capas SOIl en pneraI planos. El upectO mú
destlcado es la existencia de mIOS fósiles InIrinos (moldes
y frqmeatos de bivalVOl YpMer6podos) incorpolldos en
la capa werior y asocildos a la elislencia de desdobla
miento de la unidld piroclúticl en 3 o 4 de orden menor y

espesores del orden de 35 cm. con niveles basales mejor

clasificados (arena fina). empobrecidos en pumitas. Lo
fósiles apancen inmtdaatarnente por encima de estos nive
les basales

Estos depósitos se interpretan como el resultado de I
Jle,. de nuJOS psroclásttcos subaéreos a un ambient
marino poco profundo. sin apenas modificación de sus el

trUCtUras Inlernas Sus CMICIerfllicas litológicas permile
en,1obarIas dentro dd Gnapo Faca,.. lo que implicarla J

UaSleDCta de dtscrefOS penodos explosivos de los volc.n~

de este pupa de forma CUt conlempoñnea al inicio de I
KIÍ~ volcánica del Grupo Roque Nublo.

UaIdad 2 - J)eop6Ilto de debris fIow

lnIercaIado hacaa la mitad de la secuencia sedimentarí
forma un cuerpo dt espesor variable (3 • 4 m). cuy:
principales CItK1afsoc:as se índscan en la falUra 3. Dest..
el abo contenido ea clascos. pudtendo superar el soq, hac
el NE del 6fea. Estos clastos presentan wnaftos muy van
bies.... IUbmílu.wtnc:c. hasta unos 70 cm. subredo
dados. ) « naturaku muy vanada. si bien dominan 1
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de caricter básico (pertenecientes al Grupo Roque Nublo)
sobre otros (onolíticos (del Grupo fataga). Incorpora tam
bi~n numerosos "cantos blandos" de los sedimentos mari.
nos infrayacentes. con (orma~ y tamaftos muy variables. La
matriz es de aspecto arenoso. si bien se encuentran nume
rosos fragmentos pumiticos dispersos en la misma. En la
base del depósito ~ observa el desarrollo de un nivel de
espesor tentirMtrico (5 I 10 cm). de granulometria fina y
lrldac:i6n inversa. A techo ~ localizan algunos moldes de
restos veaetales

Internamente ~ observa una [lranoselecci6n positiva de
:05 clastos. ~to de sus tamaftos como de sus proporciones.

I a cual VI siendo pro,resivamente mis marcada hacil el
SO. En contacto con los sedímenlos marinos infrayacentes
desarrolla toda unl ,ama de estructuras. siendo diferentes

I la .
s eXIstentes en las zona.. donde este depósito de debris

I deslUTOll .
I nIvel basal de lit.. otra" zonas sin II presencia del

I .
miSmo (Fil. 3,.

Todas liS caracteristicas descritas indican que este ma
lerial ha sido transportado y emplazado mediante un meca
nismo de "debris no"." en un ambiente marino somero.
Ouranle su transporte sublbeo. el nujo debi6 incorporar
los daslos fonolíticos del lecho del barranco por donde
venia encluzado. asf como los fraamentos veptales. Una
vez penetra en el mar. incorpora cantidades importantes de
agua. lo que provoca procesos de liquefacción en la matriz
Yelutriación de sus componentes mú finos. Consecuente
mente. el nivel basal de gradación invena deIapance y la
relación elISIos/matriz se incrementa. pudiendo adquirir el
flujo un comportamiento "granular" en sus zonas m's
distales.

La existencia de abundantes e1utos de c:ar6cter búico
permiten en¡lobarlo dentro del Grupo Roque Nublo. pu
diendo ser el resultado de 1I transformación submarina de
un lahar o de un nujo piroclútico denso. equivalente a los
formadores de las denominadas "i,nimbriW Roque Nu-
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CONCLUSIONES

El material de estos "diques" es similar a la capa de con
glomerados (playa de cantos) situada justo debajo de este
depósito, se sit6an de forma oblicua a la base del mismo y
al tinal de ellos conectan con estructuras de escape de
fluidos ("pipes").

Las características aquí apuntadas son típicas d~ los
depósitos de avalanchas volcánicas (Ui y Glicken, 1986).
En este caso. debe tratarse de una avalancha originada por
el colapso lateral de pane del nanco N del estratovolcán

Roqu~ Nublo en el cenlro de la isla, de igual modo que ha

sido ampliamente reconocido para sus flancos meridiona
les (Gacela Cacho ~f al.• 1994). La presencia de "bombas"

podria indicar un desencadenamiento del colapso por acti
vidad volcAnica y. por tanto. la avalancha pudo ser empla
zada a alw temperaturas. En el momento en que penetra en

el mar. ingiere agua y sufre procesos de dilatación. lo que
permite la inyección de "diques nep«unianos" y la presen
cia de "pipes".

Los sectores estudiados de Cuevas del Guincho y Trapi
che (NE de Gran Canaria) multan excepcionales por el

hecho de que penniten observar las diferentes transfonna
ciones sufridas por depósitos volcanoclisticos subaéreos.
con génesis muy diferente. al penetrar en el mar en un
ambiente luoral. Tanto el depósito de debris flow como el
de avalancha volcAnica. muestran numerosas estructuras

que indican una impocwlte incorporación de .,ua a sus
nujos cuando estos entraron en el mar. Esta ingestión de
agua conduce en ambos nujos a una selectiva elutriación
de sus panículas mjs finas de la matriz y al desan'ollo de

Zona de transición
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Unidad 3 - Depósito de avalancha de debris

blo" (Pérez Torrado ~ al.• 1997). En la actualidad se está
realizando un detallado estudio paleomagntlico para deter

minar la posible temperatura de emplazamiento de este
depósito y de esta forma discriminar con precisión su ori
gen.

A techo de la secuencia volcano-sedimentaria. se pre

senta como un cuerpo irregular con un espesor promedio

de unos 15 m y una amplia gama de estructuras internas

(fig. 4). Está compuesto de bloques angulosos. muy

heterométricos (incluso de varios mellOS de diúnetro) y de
naturaleza lávica básica o brecha volcánica, en ambos ca
sos atribuibles a depósitos originales del Grupo Roque

Nublo. Una gran parte de los bloques presenta fracturación

de tipo "jig-Slw". En cuanto a la matriz que Jos rodea. es de

naturaleza similar a ellos. muy mal clasificada y con gran

des variaciones en su contenido a 10 11110 del depósito. En
ocasiones se encuentran inmersos en la matriz elastos búi
cos en forma de ''bombas'', con dWnettos del orden de 10
a 20 cm. presencia de grietas radiales de contraeeión por
enfriamiento y nW¡enes VÍtreos. Cerca de la base. le ob
serva ocasionales "cantos blandos" derivados de los sedi·
mentos nwinos infrayacenres.

Los aspectos más destacados de este depósito. visibles
fundamentalmente en el área de Trapiche y en el corte de la
canelera OC-810 al paso por las Cuevas del Guincho. son:
a) la intensa deformación que provoca en cienos puntos del
mismo a los sedimentos marinos infraYlCentes; b) la inyec
ción de "diques neptunianos" de varios metros de lon,itud

(fil· 4" por succión ascendente desde la base del depósito.
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IF=OI IClastos con fracturas
~ tipo ·jig-saw"

Bomba volcánica
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Diques ·neptunianos·
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FIGlIRA 4: Esq/ltma idtalil.ado con las principa/ts tstrucfllras txisttlltn tn los dtpósitos dt al'a/anchas volcdnicas tstud,ados.

numerosas estructuras de licuefacción. Por su lado. en las
capas de tobas fonolíticas. la ingestión de agua. si se produ
jo. debió ser poco importante. puesto que estos depósitos

muestran características idénticas a sus homólogos
subaéreos.

Las características litológicas de estos depósitos
volcanoclásticos permiten asignarlos al Grupo Fataga (las
tobas fonoHticas) y al Grupo Roque Nublo (los depósitos

de debris now y avalancha volcánica). El que todos ellos se
localicen intercalados dentro de la misma secuencia

sedimentaria del Miembro Medio de la FDLP. pone de
manifiesto que la actividad volcánica del Grupo Fataga.

aunque muy atenuada. pudo prolongarse hasta casi el inicio

de la actividad del Grupo Roque Nublo. En otras palabras.
el hiato volcánico ampliamente aceptado para Gran Cana
ria. estrictamente no existe.
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Tbe preleDt bowledp or the mariDe pbaneropma or tbe Ca.Dary J.laDeb iI poorl, doc:umeDtecl. Earlier .tudi_
or the lD&riDe pbytobeDthOl aJOD( the CanaríaD couta prori_ little iDformatiOD OD MqI'UI~DlIud
lbeir cliatributioDal patt.eru. TbiI coDtributioD lwaaaariMI the available iDformatiOD aboat the three .pecieI
ntport.ecl for the ialuula: Cymocioc:H lIOdoto (Ucria) Aac:benoD. HoJDplúlo d«ipinol Oatenf.ld and ZNma ltOltii
Hol'Dlllll.DJl; and th.ir cliatributiODll record. la uaJised in relatioD wilb the lUiD~c ud ,.oIDOr
pbolOlical COOclitioDl.

CymocIocm nocba ud HalDpIúJo dM:ipiDu are preMDt iD aba1Jcnr .ubtidal .,.. GIl di... mobUe .w.trata,
wbentu %ollera JtDltü bu beeD reported rOl' iDtertidaI ClOIIIIDun.itiel iD 0De ...-o Iocality 01 iADaaraIe Ialud., wilb
biatoricaI ...... iD F'uert.rmatara ud Gran CaDaria 1alaDda. At preleDt, the latter lpecíeI la DOt fouDd iD ID' or
tbe IDeDtioDed loc:a1i_ ud probabl, itl bu cliaappeared due to IDthropocmic KtiYitiel (urbaD poUutiOD, eeclimeDtI
cIiaturbuceI).

MOIt or the localitiel wilb ......... COIDIDUDi_ are "-t.ed iD tbe euterD ud -nMrIl coutI or the ialaada,
al.a,. iD lbelt.ered ....... protectecl apiDIt Trade WiDda. Tbe ftI'tic::aI diltributiOD 01 c,modoc.o lIOdoea meadowa
rancea from (0.3) 2 to 35 m depth, wbereu HoJopIaiJo d«:ipie,.. meeciowl are~t betweeD 6 lo 40 m deptb.

ADDmONAL INDEX WORDS: Cymodoc:ea noc:to.o, HGlopIUlo d«ip1l1U. Zo.tera raoltii. Con4ry CIII"mIt. tt'fJt» 1I1itId.

INTRODUcnON

Seacrus meadowl are c:haracteriatical1y found ¡rowing on
uncoMOliclated IUbstrata oC marine environmenta in tropical
and temperate regions. Their pivotal role in many proceues
of the couta1 ec:08y8tems ia "en eatabliahed (L.uucuN ~t al.,
1989). '1'beIe 80wering planta are considered among the m08t
produetive in the biOlphere, their meadoW8 lerve as nunery
and breecling crounda for marine orpniJma CM:eRoy and Me
MlU.AN. 1977; YOUNo, 1978; BELL and WESTOBY. 1986),
provide a IUitable lubatratum for epiphytea and are a pod
8OUJ'Ce of food for marine herbivores. Seqrauea alao act as
~t atabiliun: anchor and filter sedimenta, breaking
~daI and .ave ener¡y and contributin¡ 10 lediment depoai.
tion and ID&intenance of the Ihoreline (ORTH, 1977).
. Earlier Itudiea of the marine vegetation along th. Canar
lan c:outa Provide liWe information on aeaera- 8COIYItema
~ their diatributional palterna. Mo.t publieationa deal with
eplpb)1el and new recorda for a certain area (GoNULEZ,
19~6; 1977; 1980; 1986; MoNso-CAJUULLO Uld Ou.-Ro
ORl~, 1980; Gu.-RoOIÚOUJ:Z and CRuz-SIMÓ, 1981; OIL
RoDRlQUEZ ~t al., 1982; G1L-RooRÍo\1J:Z et al. 1987' Rnu
1993). ' • ,

.~ ob~ectivea of t.hia ltudy were to inveatipte the .patial
dlltribution pattem of eea¡rauea in relation wíth m~r

oceanographic and geomorphological conditiona. as well as
their bathymetric range along the coaatlines of tbe CanariaD
Archipelago.

snmVAREA

The Canarian Archipelqo ia located near the Northweat
African Coaat (Fi¡ure 1); the minimum diatance between both
areaa ia about 110 km. Thia volcanic are:hipelqo ia compoeed
of aeven main ialanda and eeveral weta. Except in the c:ue
of 1ADzarote and Fuerteventura, wbich abare the aame .ub
tidal platform, the ocean botton may reach more than 2,000
m deptb among the ialanda. Only in the IDOÁ apd ialandl
are there wider insular platfonna, mainly located at the
Soutbel'll ud South-weltem coaata. Sandy bottoma appear
in.uch ......

Tbe Northeut Trade Wind domiDatel tbe CanariaD coutaJ
climate. The wind .avea related 10 tbe Tradea atroaeIy inftu
ence the morpholOlY oC the Nol1hem cout. Tbia faet.or ia re
.ponaible for the ltrcmC coutal eroeion in theee upwiDd ar
eaI. Tbe Southem cout&. which are downwind ud tberefore
IMlteNd from tbe Trad., are c:haraeteriaed by a Iow ntlief
with pntJ. Ilopine coutlinea and aandy buches. ,",e main
oc:eaDOlT'apbic featurea of thia recion are tbe Canary Curftnt
and the North-WeIt-Afriean coaatal upwellÍDI· The Canary
Curftnt, the eaatemmOlt branch oC the North AtJantic Sub
tropical I)'re. transporta cold water from hi¡h latitudes
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o-.; P: La Palaa ud H; El HáIn'o; T.W.; Tra6a Winda.

(SntAJou.. 1984). Tbe iDfluenc:e oC the cold upwelled water
in the African cout can atend a..y from the cout, reaching
the eutem ialanda oC the Archipelqo; this may lud a lon
gitudinal ¡radienl. iD temperature. aalinity and nutrientl
(LuNAs el al., 1994; MrrrE1.sTAEDT, 1991; VAN CAM:P el aL,
1991).

MA~AND METHODS

Seqrua Ipecia and their dimibutiooal patternl were re
eorcled by SCUBA c1iYiD¡ al. IeftI'a1loca1iü.. in tbe CaDarian
Archipelaco. &om 1991 to 1995. 1'be8e 6eld ot.ervationa
_ere complemented with biatorical recorda from a thorou¡b
review oC tbe related Ut.entu.re. In Ioca1iti.. _bere aúaiden
ti6catiODl bacI occurred. um" .... coUeeted ud aam·
iDed in tbe Iaboratory.

Two Sea Surface Temperatun (SST> imape from tbe Ad
vuad Very Hicb R.olution Raciiometer (AVHRR) onboud
US National <>ceaDie: and Atanospherie: Adminiatration
(NOAA) u&e1li.. have beeD procllud lo d-=ribe \he SST
patt.ern in tbe Canary laIanda repon. The AVHRR ia a mul
Ucben" r8di0meter witb two chanlMl. lituae.d iD tbe tber
mal iDCrand ....pon ol tbe~ spec:tnuD _hen
the at• ..,... ia a.lmoa traDaparenL Tbe metbod u.-d lo

atmoepbericaUy ClDI'TeC:t tbe AVHRR data ancI lo ..a....... &he
SST ia deKribed in CMrAONl el al. (1986). A pometric:aJ
COI"NCtioD of tbe imapa -u c:arried out UIine lJ"OUDd COIltrol
JlOÍntl. Tbe imapa en ~&ed with a pixel .....ution of
approximataJy 1 km.

Plaat Descripdoa

At the present time, three seagrua .pec:i.. are reported for
the lD&riDe flora of &he Caaary b1aDcls: C. n.odoMJ. Z. nollii
and H. decipWIU.

Cymodocea nodotI4 i.I a eea¡rau that cont.a.iDa rhiIomes
beariDc adventitioul rootI and leaf bundl.. at their extrem
¡ties. '!'ben are two typeI ol rbízomeI. ortbotlopic: and pr.
giotropic, bued upoD itl powt.b pattern (CAVE and láINaZ.
1985). Tbe _ves are altemate. and oppomte. and complete1y
enve10p &he rhiWlDel. Tbe cliffereatiaJ cbarac:terUtic of thia
.pec:ies ia &he preeeace oC leal ac:an aloo¡ &he rbiIom.. ud
numben oC veina in &he lea( (DEN 1iARToo, 1970). Tbia lUb
tidallpecies. maiDly 0CCW1'ÍDI in &be MediterTaDeaD and on
tbe northern parta ol tbe Atlantie: c:out of Africa ud tbe Ca
nary lalanda (I>&N H.urroo, 1970; APoNBO-CAUJu.o and
GlL-RoDIdOUIZ, 1980). ia &he moR abundaDt in Canarian
arc:hipe1aau.

HoJopIUIo deapias ia. 8ID&1l plaDt, monoec:ioU, with a
aleDder rbiroIDe not ae-dio¡ 1 mm in diameter a.od inter·
nodeI 0.s-..5 cm Iq. Roo&. ol 2-6 cm Ion¡, 0.2-0.5 mm
tJUdt. 80th, aolitary rootI a.od ........red born on a petiole,
IJ)I'OUt al each DOde. lAe..- are eWptjc:-obloac. with a rouad
ed apax. a bue eomeümes cunea.... 1)-10 mm lencth and not
more than 5 mm Wldt.h <DEN 1iAJtToG, 19701. H. d«ipWu,
t.he eecond lpecieI~ abuadant in t.he Canarian Ardúpel·
&lO, hu a pantropic:al díltribution ín the lndiaD and th. Pa
e:die Oceana .. well .. t.he Caribbean Sea and t.he Canari"

Joumal 01 Coul.eJ "-'dI. Vol .6. No 2. 2000
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<DEN H1.RToo, 1970; GU.-RoDRloUEZ and CRUZ SIMO, 1981;
GIL-RoDRlOUEZ et al., 1982).

Zo.ttra noltü contaína Ilender rbizomes oC two types, pla
giotropic and orthotropic, oC 1 mm width, with a high number
oC rootl. Z. noltíi, whicb uaually gro.. intertidally and has a
wide distribution along tbe cout oC westero Europe and
nortbern Africa CDEN HARToo, 1970), ia tbe tbird aeagrus
reported in tbe Canarian couta.

RESULTS

~ .....
In tbe Canary blanda, C. n.odoso. can be Cound developing

uniapecific meado.... weU .. mixed with H. d«ip~n.s in
muddy bottoma or with the ¡reen macroa1p Cou,úrpa proli·
fero in aandy bottoma.

In rel&tion lo lbe Itruc:ture oC the meadowI, it ia pouible
lo cliatin¡uiab clifl"erent typea: Crom continuoua meadowl too
patcby ltanda and aporadic bundles. The meado.. oC C. no·
c:loIa along tbe CO&ItI oC lbe central ialanda. IUch as Fuerte.
ven~ Gran Canaria and Tenerife. Corm continuoul and
extenaive meadowa, compared wilb thoee oC lbe mareinal il
landa, lUCb .. Luzarote, La Gomera, La Palma and El Hier
ro, wltere tben are iaolated m..dowa wilb a patcby Itruc.
tun.

The vertic:a1 diatribution oC C. n.odoso. in eanary llland
ranpa from 2 lo 35 m deplb; but there il one exception. 111.
de Loboa, wbere it can be Cound in Iballow lidepool. <0.3 m
depth).

Tbe lut.f.rata are variable Crom coane aand too muddy boto
tolM. In lOme localitiea. luch aa Las Canteras Beach. e no.

d.tMa gro.. in miDd aut.f.ratum wilb amall roeka and coane
und..

Distributioaal Pauem

Figure 2 repreeenta lbe diatributional ra.nge oC C. nodotc
along the Canarian coaatI. 'lbe diatributioD area oC thia lpe
cies becina at Alegranza. tbe nol'thenuDoá. ialet whicb pre
senta a mixed meadowa tbat were ligbted recent1y in tbe pro
tec:ted Soutbero cout. Between lA Grac:iou iI1et and Len·
zarote ialand, in El Río Strait, occun a meadow oC C. nodotc
(WILDPRET d al., 1987). In otben ItatiODl alonc tbe Eutero
cout oC Lanzarote llIand, C. n.odoso. caD be Cound (WnB A.ND
8E1m1ELOT, 1836-1850; WILDPRETd al., 1987).

Tbe out place wbere thia apeciea appean ia lila de Lobos,
an illet adjacent lo the Nortb:aatern cout of Fuerteventura
llland. AA it occun in the otben ialetI, tbe ......dowa crow in
lbe~ Southem cout, but in thia loca1ity lOme very
IhallO" populationa were Cound iDlide aballow tidepooll <0.3
m depth).

AJong the coutI of Fuerteventura laland tbere are lbe
hi¡heat number of meadowa, al1 of tbem located in the Eut
ero and Soutbern coutI (W1l.DP'UT el aL, 1987).

In Gran Canaria lalancl. thia apeciea iI Po pneent lo a
larp extent on tbe Eutern. Soutb-eutem ancl Soulb·weat·
em coutI <Wildpnt ct al., 1987; GotrzAuz, 1977). S-¡dea,
here lbere are ...... communitiel in ooe northem locality.
the Confital Bay. where a natural ....Caheltoen a aandy beaeh
<Las Canteras Beach). In lbil locality, C. ftJItlMG meadow.
appear bolb in lbe prolected inner lide of tbe reeC (GoNZ
ALEz. 1976) as well u in the expoeed outer lide.

TeneriCe ¡Iland contain. the moat continuoUl and extensive

Joum.l of Coutal rt-ardI. Vol 16. No 2.2000
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D'
In th 3

dÚlt.nbutionaJ ran
a ry eted U1

th 1 t century, Bou..E(l 92 m
a Z. nana. U1 Puerto C
Go z.A1.EZ (1980) ported I III Las Canteras
Beach, Confita! Ba Gran Canana aland) with mpl col
lected bet n 1976-1 80. Tb m author,lO 1983 record·
ed tb· apea Connm m do ath C. n.odosa in Corralejo

ch. Later, Tl.DPRET and O Meo (1987) reporte<! il in

At present time, Z. n.ollii ÚI not found 00 Canary lslands.
Tbe last reference about this species was done by GVADA

LUPE ti al. (1995), after their ltudi carried out in Arrecife
(Lanz.arot.e), o 1991 and 1992, ho referred Ú) it as a
poorly distribu ted communJ U1 ti tU pa t.ch ,in a intertidal
communi in.Iid th f a.rea. Recent aurv ya of t.his area
did not confirm . record and p umAbly thia phanerogam
il no p D

'~
.~

~
,~

::>

In TeneriCe, this species was previoualy found at two local- ,¡
:B

ities: Costa Caricia and El Confit.al, in the Eastern and j~

South-ustem eoast of the island (GlL-RooR1CUEZ el al., ~,5
1982). Recent studies c:anied out aTOund this island resulted ~

in a great incre.ase of ita kno distributional range along ~j;
the South and South-westem eoasts. 10 these localities it ,~

grows near or associated with C. ruxisa meadows. ,1
Elsewberet Uús speci was receotJy reported for La Palma E

1sland, in the Port ofSanta Cruz de La Palma, at 6-9m depth 'i
(HERNANDEZ-GoN1.AL.EZ and GrL-RoOR1GUEZ, 1993). !~

'1
l.
o..

I

n

H. d«ipims can be found as unispeci.fic meadows, in deeper
water, as well as in mixed meado s with C. rwdosa in shal
lower nvironments.

Tbe structure of the meadows ÚI in bomogeneua p tch ,
which are evenly diBtributed. Tb vertical distributional
range of this apeci . betw n 6 and "0 m deptb. Th most
common range ÚI tw 13 too 30 m d pth.

With r pect. too th substrate type, H. db:ip~ns h
fouod growing on muddy bottoOlD5.

Dis1ribution Pattern

In Figure 3 is rep ted the dtstributionaJ rang of H.
<Úcipiens along tb Canarian coas . In Gran Canaria aJando
H. deCipieTlS was recently found in th Southweatem coast at
17 m at Puerto Rico station <BETANCORT el al., 1995). It
grows predominantl in monoeapecific patch but when th
depth decreases, it i.s found mixed with anoth r 1, C.
nodo!a.

C. rwdosa meadows along the Eastern, Southeastem and
Southwest coasta (WILDPRET et aL, 1987). Moreover, discrete
meadows are recorded in the ortheastem eoast. Elsewhere,
there is a discrete C. nodosa eommunity in one northem lo
cality, Bajamar. (Wu.oPRET et al., 1987): this latter statioo
needs furtber confirmation.

La Gomera, La Palma and El Hierro are islands witb onJy
a single locality for thia species and, in the three cases, these
are located in the Eastem coasts, inside the main harbours
of each island: Port of San Sebastián de La Gomera (as Zas·
tera marina, SANTOS GUERRA, 1972), Port of Santa Cruz de
La Palma and Port of La Estaca (WU.DPRET et al., 1987).

JounW o( -' -
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the Northem c:out of Fuen.eventura. but without ment.ioning
any specific locality. The Iut record was 00 the Eastem coast
of Lanzarote Jaland. Arrecife. where ít was reported as an
intertidal COIIUIlunit)' inaide &be barbour CGn.-RoONOUEZ "
al, 1987; GuA.DALUPE tt al., 1995). Al ........t time. Z. noltü
ia DOt found in any of tbe above-mentioDeclloca1itie&.

DISCUSSION ANO CONa.tJSIONS

Tbe oceanocraJ)hic: and pomorpbolop:aJ (estures of tbe
CaDary laIanda may expJain &be cIiItribut.ioDa pattem of...•
po.- foaDd around &be iaIaDda. The DOrtb puta oC &be ¡,.
laDcIa are~ too &be pnvailiDe diredioD ofTrade WiDda
ud t.be CaDary CurreDL n- phJ*a1 procII8 moRIy afl'eet
&be DOI'tberD coata oC &be iaIaDda. ljmitiDc &be deve10pmeDt
oC...,.... ........ FurtbenDore, tbe DOIih ara oC &be ¡,.
laDcIa ia coIder tbaD tbe lOUth, .. obeeJ .ed in Fipn 4. TbiI
8pre CDIT lo appraáJDately tbe coIcIeR ud~
perioda oC tbe CJde iD t.be CanariaD Arcbipelap,
and Ibowa alarp wum wUe in tbe Ieewucllide 01
&be ¡II..., witb. tal,.. oCUout re bicber tbua tbe
DGñh. Water irm•••• fram tbe Africa
CDMt towudI t.be OCIIUÍC water lo &be ... due lo tbe
iDIt.... oC tbe N.tb-W...AfricaD COMta1 apwwIliDc. "..
••alODa1 UIIlU1~ oCtaaper ill&-18 -e iD wiD-
.. time <March) lo 23-25 -e iD Plm time <Stptember).

'I1ae iIIaDda oC~ Gran CaDaria ud 1'eDerif'e.
iD tbe CIIItra1 put af tbe Arcbi........-wider subticlaJ
platíorma, witb rudy submata and potJe alopm¡ c:outIíDes
al &be euterD, 8OU&berD ud ....... IiUonl IOML AIIo,
ta- ...... are~ apiDIt Tnde WiDda. In &be cae
oC lADurote. La Gomera. La Palma ud ElBierTo. tben are
DOt ateDaiw lUIlticIaJ pIatb1u ucl, ..~t oC &be Jbape
oC tbeee illaDel...... Iittonl Ana are pnt.eded apiDst tbe
TndeW'....
ID~it_tbat~reacra-""'"

oC C. ... ClID ....., in &be JII'*Ct*I lOU&Mut ud
roadnNIt coatI oC~ GnD CaDUia and ,...
de; ........ iD Lauant.e. La aom.a, La Palma ud El
Hierro ool1 ...n ....... pata. haft beID louDd, .....
ti-. ool1 iDrWe barboun. n.e acrptiaaaI care oCLa ea.
.... iD tbe DaI1b caut oCOraD Cauria lIIaDd, ia due lo tbe
peaaIiar ..,..., oC &be place, with • Dataral neI tbat
....... lUdy bMcb. n.e 0CICIIINMlI oC H. tIM:ipWu iD
OraD Cuaria. 1'tDIriIe and La Palma iIIaDdr lo be
reIa&ed to &be t&ctaf_ fidon, ...
......p _rallllnte~ Tbe t
...... oC &be oC.... cIiICriba&ióa iD TeaertIe
I.a.d aaay tbat tJaiI plut ia............, tbe
.-.wal oC tbe iIIaDd. ID tbe cue oC Z. rtoItií. ita diJ.
......... troaa bill&Gricalloc:aIW. iD 0nD Caaaria, her·
te••'an ~ fnaa lADaaro&e, .... to be
,.... to &he biP pr_wre GIl tbeee cout.r
(urbaa poIlatiGD, ,..u..tr cIiIturbaDceI). which llCtua1I,are
put oC urban .,..,. N...nheIera. &he cliatributional rance of
thia .... atent lo the routh alq the ACric:an c:out, Banc
d'Arpin (DEN HAItToo, 1970).
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ABSTRACT

The probability ofjoint occurrences of astronomical tides. meteorological residues and wind·
generated waves is examined by analysing simultaneow sea-level and wave-height data recorded
at A Coruña from 1992 to 1996. Attention is focused on the existence of a possible statistical de·
pendence among these parameters. Furthermore. marginal distributions for each of lhese para·
meters are examined.

Key words: High sea-level events, storm surges, astronomical lides, wind~nerated waves,
swell. northwest Spanish coast.

RESUMEN

Ocurrmcúz~ tU mareas aftnmómÍCGS, raiduos~s y ol«Ija a:ó'nIos m la costG

~tUÚf'GÑl

St aamilUl Úl fm1boJnluJ.4d M ocunmaa amjunúJ M mamu astl't)f'lÓmlC4J, rESiduos l'fId.tOrológr.os 'Y 01«1.
Ji. ponznuto infasu tri Úl posible tnStt'ncta M algún tIPO M d.epmIJ.enaa tSúJdistlca mm tSt4J vaTUJbw.
Para dJIJ u alUlliz.an rtgtstros simuluintOs M niutw MI mar y allura M oÚl medidos tri A Coruña desdt
J992 h.a.sta 1996 AtUmáJ, Si examman las dutnbuctones M~ margt1Ull cormf1<mdrmln a Cfl

do uno tú dIchos parárrvtros

INTRoDUcnON

The coastal environment is multivariate. with as-
tro . Inomlca tides. wind. waves and currents al! con.
trib .utlOg to the forces experienced by coastal struc-
tures. An important problem in applied coastal
oceanography is the joint occurrence of high as-
tro . l'nomlca udes, storm surges and wind-waves. The
co b' .m Inatlon of these phenomena leads to ex-
tremely high water levels. increasing the risk of

coastal flooding. shoreline erosion and the misfire
of urban drainage systems. Furthennore. an in
crease in the mean water leve! together with large
wind-waves may produce severe damages to coastal
structures, which are usuaUy designed without con
sidering the possibilit)' of an abnonnal rise in sea
leve!.

An example of this is the event that occurred in
A Coruña on 21 January 1996. Figures 1, 2 and 3
show the measured and predicted astrono¡:Rical
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lides, the meteorological residues and the signifi
cant and maximum wave-heighl histories. respec
lively, for this month. It can be observed that, while
wave heights were not excessive Cor the zone, high
astronomical lides and stonn surges were super
posed during this periodo Thus, though wave
heights were not extreme, Lhe sea surface rise made
possible the elevalion oC the level oC wave aclion.
Consequently, the wave load smashed through the
Riazor beach promenade. Furthennore. waves over
topped the wall, producing widespread flooding in
the lone. This example clearly ilIustrates why the
joint occurrences oC abnonnal water levels and wave

heights mUSl ~ considered in me design of coastal
structures and the delenninalion of me level of pro
tection.

Many studies concerning the joinl occurrence of
extreme astronomical lides and stonn surges can
be Cound in the literature (e.g. Suthons, 1963;
Pugh and Vassie, 1980; Twan and Vassie, 1991).
However, the joint occurrence oC high astronomi
cal tides, stonn surges and wind-generated waves
has not been Cully invesligated.

The present paper addresses this importanl
problem in applied coasta] oceanography: the joint
occurrence oC high astronomical tides, stonn

Figure l. O~rved and predieted sea levels
duringJanuary 1996 al A Coruña
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Figure 2. O~rved residlW surges during
JanlW)' 1996 al A Coruña
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surges and high wind waves, which lead to ex
tremely high water levels. However, it is not the ob
jective oC this study to design an adequate model to
characterise the joint occurrence ofextreme values
oC these three phenomena, but rather, to gain ad
ditional insight into the dependence among these
marginal variables. This is because, although the
probabilistic structure of each one of these phe
nomena is important, theirjoint probabilistic struc
ture provides important infonnation that is not of
ten considered. Funhermore, it should be possible
to obtain a probabilistic model of the multivariate
extremes by combining the marginal models and
the information on the mutual dependence among
these variables.

We used experimental data to examine the pos
sible dependence between the stochastic (storm
surge) and deterministic (astronomical tide) com
ponents of the sea surface level. In addition, the
correlation structures between the wave-height
time histories and the storm~urge component, as
weU as with the astronomical tide, are examined.

DATA ANO ANALYSIS

Hourly time series oC seawater level and signifi
canl and maximum wave heights recorded at A
Coruña by means of a tide gauge and a Waverider
buoy, respectively, from 1July 1992 to 31 December
1996, were analysed. Significant wave height, Hm.'
was estimated Crom individual wave records as

Hm. = 4~ [1]

where mo is the zero order speclral moment, given
by

-
mo = fS(f)df [2]--

~th S(f) being the estimated spectral density func-
tlon. On the other hand, the maximum wave·
~eighl values are the largest wave heights observed
In each hourly wave record.

It is well-known that astronomical tide can be
considered a detenninistic process. However. ex
tremely high sea levels have a slochastic nature. re
sulting from the random occurrence of storm
surges relative to the phase of the astronomieal
tide. Funhennore, wind-waves are also random in
nature. Therefore. the prediction oC the joint 0(.

currence of these three phenomena results in a
very complex problem.

Bol. Inst. Esp. Oaanor: " (/·4) 1999. 21.29
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Generally, a time series oC observed hourly sea
surCace fluctuations, ZI' can be expressed as the
sum oC three components: the mean sea leve1. el'
the astronomical tidallevel, TI' and the surge level,
S,. where the surface gravity waves effect has been
eliminaled by hydraulic filtering in the measure
ment device, so that

[3]

Here, the mean sea level is considered a statie
component. However, it is well known that it varíes
over long periods, due to changes in land and glob
al water levels. Thus, it can be considered a trend
component, which can often be characterised by
means of a polynomial equation of order n

~ = ptn + qtn - 1 + 1\. + bt + a [4)

The astronomical tide, or periodic, component
can be expressed by

K

T l =¿ Ancos(CJ)nt+.n) [5]
n· I

where the frequencies, n, are global constants and
the amplitudes, An and phases, n, oC the astr<r
nomical tidal components a~ propenies of the l<r
cation. Note that the mean seawater level, ~, has
been included in the trend term. Then, by de
trending the observed time series, the stochastic
surge component can be estimated as the following
residual series

St = Zt - [t 1 Aa cos (CJ)n t + .n) ] [6 ]

This definition of the surge component assumes
that tide and surge are independent of one another.
However. in many cases a simple subtraction of the
predicled astronomical tide from the reeorded sea
level heights does nol work. Actually. the proce
dure of separalíng the surge from me aslronomícal
tide in a sea-leve! record is a diflicult lask. because
thes(' phenomena are dynamicall\' non-linear
(Rossiler. 1961). Various practical methods for ex·
tractíng me atrnospheric effect from a sea level
record have been described (e.g. Corun. 1950.
Miller, 1958). The present study used the most
common procedure apphed in practice. whích ís
the simple subtraction of the predicted astronomi
cal tide from the sea·level records.

On lhe another hand. as noted above, the pre·
diction of extreme sea levels should consider lhe
total sea level as a time-varying Cunction. Z(l). como
prising these three components and lhe wind-gen·
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erated waves. Hence. the global sea level should be
represented by

[7]

where the first of these pans is a deterministic
term, TI' which can be predicted with acceptable
accuracy, whereas the other two pans are non-de
terministic, but can be predicted in a statistical
sense. These two stochastic terms correspond to
the meteorologícal storm surge. SI' and the wind
generated waves, WI, respectively. Naturally. while
the trend component has been subtracted for sim
plícit}'. it must be considered when predicting the
sea-surface elevaúon at a given location. With this
in mind, we may use a predictor, S;. for the storm
surge andO another, W;. for the wind-generated
waves. Consequently. the z; predictor will be

z; = [1. An cos «J)n t + 'n)] + S; + W; [8]
n-.

This model assumes mat astronomical tide,
storm-surge and wind-generated waves are mutual
Iy independent However, me principal mode of
generaúon oC surges is by tangenúal wind stress
and by ehanging atrnospheric pressure distur
bances. That is, surge properties are mainly gov
erned by the local atrnospheric conditions, which
also control me characterisúcs of the locally wind
generated wave fields. Therefore, it is natural to ex
pect a certain relaúonship between the surge and
wind-waves observed at a gíven locaúon. Two si
multaneous surge and wave-heíght úme series
recorded at A Coruña duríng 1993 and 1995, re-

s' j ~ A

!:J lvV V ~
• I
, ) ,• •" " • ¡

0 - ",.' ". ...... l'" ... e i., • -t:' "~I ..
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spectively, are shown in figure 4. lt can be observed
thal during these periods, a large correlaúon exist.!
between the sígnificant wave heíght (solíd line~

and the sea-surface elevaúon due to atrnospheriQ
effects, or surge, with me large surges occurríng al1
most simultaneously with the larger wind-general1
ed waves. Nevenheless, there is a small delay be,
tween both time series, which can be justified b)'~

considering the body of water's ínefÚa in respond-~

ing to wind stress and to aunospheríe pressure f1uc-~

tuaúons. Note that surge values have been mulli-~

plied by a constant factor [4] for easier~

comparison. ~

On the other hand, although tides and surges l
have a different physical genesis, both can be cou-,
pled. Thus, for example, when the úde propagales l

in shallow coastal waters, me water depth can be in-¡
creased by surge acúon. In this case. the predicled
úde will arríve at the coast earlier than expected
and will be lower in amplítude, whereas me resul
tant sea level will be higher. Inversely, a lowering
the mean sea level retareis the propagation of the
úde (Rossetier and unnon, 1968). Two úme series
of sea-surface leveI (solid line) recorded al A
Coruña during 1995 and 1996, respectively, are
shown in figure 5 together with the meteorological
surge (dashed líne) obtained by subtracting the .
predicted astronomical tide. Note that surge values Ij
have been mulúplied by a constant factor for como I~

parison. '1
It can be observed that surge values approxi-i

mately follow the same pauem thal the lower en
velope of the sea-level observations. It is also im-

1

II·12J)S

FiKU~ 4. Significant wav~ h~ight (solid Iin~) ..nd IUr¡ct' c.-!cVdUtln (x4) (dalhed line) ~ned al A Conlña
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Figure 5. Sea surface level (solid line) observed al A Coruña and estimate<i surge (dashed line) (x4)

portant to note that the larger positive surges often
OCcur during the low tidal-range periods, whereas
the larger negative surges are more frequent at the
rising tide.

In light of this experimental evidence, sorne de
gree of dependence among these physical process
es should be suspected, at least in coastal waters.
Thus, it becomes clear that an adequate analysis of
extreme sea levels must take into account the indi
vidual probabilistic distribution of each one of the
aforesaid phenomena, as well as the possible exis
tence oC sorne kind of dependence among the dif
ferent terms giving rise to the actual sea-surface el-

evation. Results of such an analysis are presented in
the next section.

RESULTS AND DISCUSSION

Marginal distribUtiODS

The histograms oC the hourly measured signifi
cant and maximum wave heights are shown in fig
ure 6. It can be observed that these distributions
are skewed towards smaller wave heights, and that
large stonn-waves have a small relative frequency of

Figure 6. Experimental marginal probabilistic dlslributions for significant wave heighl (1eh) and maxlmum wave helghl
(righl)

11ol. lrul. ¡'~J. (~ 15 (1"4) /999. 2/.29 25
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occurrence. Bolh dislributions are shifled lO the
right of zero, since the signifieant and maximum
wave heights are not likely to auain mues close to
zero.

There is no accepted theoretical basis for choos
ing a specific distribution function to describe the
hourly significant and maximum wave heights.
Therefore, the experimental values have been fit
ted to the Rayleigh, log-normal, Gumbel and
Weibull distributions, which are the most common
distributions used to obtain a mathematical ex
pression adequately describing the observations.
The results suggest that the log-normal distribution
provides the best description of the hourly signifi
cant and maximum wave heights. These results
agree with those reponed by Guedes Soares, Lopes
and Costa (1988), who analysed wave data record
ed at Figueira da Foz (Ponugal) from 1984 to 1988.

The marginal statistical distribution of the astro
nomical tide was analysed by Tayfun (1979), who
described the predicted component of the tide as a
Gaussian process. This is a simple and natural way
of representing the process, because on fint con
sideration the model given by equation [5] repre
sents the tidal heights as the sum of a large number
oC cosines. Then, by applying the central límit the
orem, the process would follows a Gaussian distrib
ution. However, the marginal distribution obtained
for the predicted sea-surface level, shown in figure
7, shows a bimodal shape. This bimodal form has
also been reponed by Pugh and Vassie (1980) for

~0.025 l
~ j10.<J20

.~ 0.015 I

~ 1
0.010 -1

0.005

O.<XX>

I

High tJdt. surgr a1&d slonrl-waws cm IhL nmtJll.lJesl Spanish COf~

the dislribution of tidal heights at sorne Britisl
coastal sites. and by Walden, Prescol( and Webbd
(1982) for sorne ports on the southem coast d
England. Walden and Prescou (1983) noted tha
the sum of cosines denoted by equation. [5] will ~
distributed normally onIy if no constituent has :
dominant effect on determining the tide.

The spectral density function estimated from thl
predicted tidal heights is shown in figure 7 (right)
It is clear that the semidiumal constituent is lh.
dominant term oC the tide at A Coruña. Walder
and Prescou (1983) found similar conditions fo'
sorne locations in British coastal waters. These au
thors proposed a relatively simple stochastic mode
to characterise the predicted tidal heights in thi:
situation. The model suggested by these author:
considers the superposition of a cosine wave plus;
random noíse to explicitly reflects the dominanccm

of the semidiumal constituent. ~
It noteworthy that the probabilistic distributiorl

displayed by the measured sea-surface elevationsi
shown in figure 8 (left), is practically the same a:~

that for the predicted tidal heights. The model pro~
posed by Walden and Prescou (1983) is also usefut
to characterise the observed elevations. On the oth ~

er hand, the marginal distribution obtained for thcj
meteorological residues closely fits a normal distri ~
bution, as can be observed from figure 8 (right), al!
though due to the existence of sorne anomalou '¡
bins the Gaussian distribution did not verify thc!
chi-square goodness-<>f-fit test. ~

- 5(X) ....,,-------------,
"§. j
- !N e 400 -1

-- Io ,
]

300 1
1

1200 l
en lOO'~

j
I

o
o 234 5

SeaHevd ¡rediction (m)
0.0 0.1 0.2 0.3

Frequeocy (qil)

Figur~ 7. Ex~rimenlal marginal probabilistic distribulionl ror tídal predichon h~ighlS (Idl) and lh~ corr~lpondingspeClr..
d~nsity runction (ri~l)
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Fagure 8. Experimental marginal probabilistic distributions for sea..uríace level (1eft) and meteorological surges (right)

JOÚ2t~butiODS

The bivariate distributions observed for the si
multaneous pairs of surge and sea-Ievel measure
ments reflect a slight tendency of the surge to in
crease with the asu-onomical tidal height (figure 9,
left). On the other hand, there is no evident rela
tionship between the measured sea level and the
significant wave height (figure 9, right). However, a
hidden relationship between the surge level and
the significant wave heigh t can be guessed from

this figure. It can be observed that the measured
sea-Ievel range decreases as the sígnificant wave
height increases, indieating that the probability of
negative surges during low tides and negative
surges during high tides increases with the signifi
eant wave heighL

The bivariate distribution of meteorological
surges and signifieant wave heights is represented
in figure 10 for data from A Coruña. The expected
trend of the surge to increase with the significant
wave height, since both processes have the same

-E 0.65--u
e!l
~

0.40el)

0.15

-0.1

-0.35
O 2 3 4 5 6

Sea Level (ro)

E 7-
~ 6

:I: 5

4

3

2

234 567

Sea Level (ro)

figure 9. Observed joint probability distribution of measured sea level and meteorological surg~ (I~ft) and of sea level and
significant wave heighl (nghl)
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E 8
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:1

0.0 0.5

Surge (m)

Figur~ 10. Observed joint probability distribution of surg~
and significanl waYe heights

physical origin, can be observed, aJthough this be·
comes clear only for significant wa~ heights of
more than 2 or 3 m.

Gaffney and Williams (1993) analysed hourly val
ues of surge and significant wave height recorded
in North Carolina coastal waters during one
month. By applying a linear regression procedure.
they reponed the following empirical relationship
berween both parameters

5= -0.028 + 0.255HI1Io

~

~

•HIgh ,uJe, sut¡r and slQml·waves DI'I tÑ nor1Jawesl S1Janish COful f

•
Figure II shows the scatter diagrams obtained.

by representing all me hourly couples measured'
during the entire period of measurements (left).
and lhose wim surge values higher man 0.4 m'
(right). It can be observed thal an inverse rela-,
tionship is obtained by means oC linear regression.
when using a11 of the data; i.e. it seems that lhe_
surge decreases as the wave heighl increases. This,
paradoxical resull is due lO me large percentage 01 •
mixed sea states found on the west coast oC the ~

North Atlantic, as reponed by Guedes Soares and _
Nolasco (1992) for a sile off Ponugal. These au-_
lhors observed a range oC berween 2~26 % oC dou- ,
ble- peaked sea states, corresponding lO the com- 1

bination of a wind sea and a swell coming Crom ~

distant slorms. Funhermore, during periods oC 10\\ •

local wind ~elocities, the background swell be· 1
comes dommant aJong the North Atlantic weSl lm

coas~, as reponed by Rodríguez (1992). The swell· li
dommated sea stales are characlerised by long 1
wave periods and small wave heights, and are un- '~
relaled lO local wind action. Thw, the expecled re· 'i
lationship berween surges and significant wavt" l~
heights would be different for the easlern North I~
Atlantic, which is not significantly affected by me :1
presence of swe11 waves, and the swell-dominatecl .~

west coasts. Therefore. if only the surge values as· I~
sociated with meteorological residues higher than '1
0.4 m are considered (figure 11, right) lhe lineal 1;
relaúonship berween both parameters become~ ')
posiúve. Note that allhough in lhis case the datil I~

I
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FilU~ 11. Scauer diagram of limuJ&aMOUI obIervations o( .u~ and lignificanl waw h~ightl. for all the oblervations (Iel' l

and (or emst-rvationl with surge higher than 0.4 m (nght)
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are better fitted by a linear function, the scatter re
mains large with a a very low correlation coeffi
cient (close to 0.2).

CONCLUSIONS

It has been shown that the astronomical tides,
meteorological residues or surges and wind-gener- .
ated waves should be jointly considered, in prac
tice. The marginal probabilistic distribution of
significant and maximum wave heights are ade
quately described by means of the log-nonnal dis
tribution, and the meteorological surges with the
Gaussian probability law. However, the measured
and predicted sea level required can be charac
terised by using a cosine plus random noise model
to include the dominant effect of the semidiumal
constituent, giving rise to a bimodal probability dis
tribution.

There is a certain degree of correlation among
these processes. The relationship between surge
and wind-wave heights is because both phenome
na are governed by the meteorological conditions
at the study locations. Surges and tides are gener
ated by different physical processes; however, they

, can be related due to a coupling effect. Thus, larg
I er positive surges often occur during low tides and
I the larger negative surges are more frequent at
I the rising tide. On the other hand, significant
I wave height seems to increase with surge level.
I However, the relationship between these two pa
I rameters is masked by the presence of a large
I quantity of low wave heights associated with swell
I wave fields, which are not related to the local wind
I field.

,
, no/. Inst. I,SI). Oceanogr. 15 (1-4). 1999: 21-29
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Luminescence spectroscopy

• Fluorescence techniques for the determination
of polycyclic aromatic hydrocarbons
in marine environment: an overview
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~ctk; Afomattc Hydrocarbona (PAHa) are
-. compounda of great .nvtronmental Int.reat
'baoMI.. of thelr potentlal carcJnog.nlc and........* aetIvIty and thalr fraquant occurrence
In 1M envIrorimant, aboft all In tha marine envi
l'GIiIMI1L........rore It la en Impor1alit lo aatabIlah
eImpIe, MMltlva and rallabIa mathoda tor tha

·d••rmlndon of ..... compounda. In thIa work
.. raport en 0V8I"'Mw on tha appIlcatIon of ftu."o.lIea~ lo tha etudy and dalennl
~_ of·PAHa In marine ........: water,
MdImanta and orpnlama. ConvantIonaI ftuorae-

. 'OanoI epactroecopy, aynchronoua ftUOl'MCenCe

.-~, Shporakll fluoreacance apee-
·troacopy and high performance liquld chro-
·~r (HPLC) wIthft~ .-ctIon
conatItuta tha mo.t InterMtlng anaIytIcal tach
nIquaa for !he dñtnnlNdlon of thaH pollutanta.

In me last few years. mere has been an increasing interesl
in the types and concentraríons of organic compounds pre·
sent in marine environmenl. Amooa memo notable interest
~ been shown in PAHs pollutanlS. as demonsU'ated by me
hlgh number of recenl papers in mis field.

· PAHs are a class of organic compounds. which are
IOcluded in the wider family of polycyclic aromatic como
pounds (PACs). 1bese compounds have shown carcinogenic
an~or mutaaenic activity in laboralory experiments with
~s. PACs are aenerally formed during incomplete com
busbon or pyrolysis of organic mauer occurring in a variety
of natural processes or human aClivilies. Consequenlly.
PAt:ts are ubiquitous pollutants. which are presenl in all
envlronmental componenrs. Specifically. the presence of
PAHs hu been reported in marine environment sea waler
[5-9. 29-33). sediments [2.3.35·51). and plankton. seaweed
and filler feeding organisms [52.71 J.

· 1bese pollutanlS can enler in me oceans by many routes.
lDeludln¡ petroleum spills. runoff fmm roads. sewage. efflu
enlS from industrial processes. and fallout from me atmos
phere. Sixteen of them are included in me lisl of priority
pollutants by US Environmental Protection A,ency (Tab. 1)
(1). That is why monitorin¡ lheir presence and persistence

is me main environmental problem. and it is essential to find
analytical methods capable to identify and quantify these
pollutants in me environmenl

In the last few years. important advances have becn made
in improving existing analytical memods and developing
new teehniques for anaIysis of PAHs in marine environrnenl.
many of mem appearing in scientific and teetmical joumals
and symposium proceedings.

From me various molecular spectrometric techniques
compared. one singularty important trend can be seen: me
absorbency and fluorescence spectra of me PACs contain far
more information man mose for the other c1asses of com
pounds. 1ms is espccially true for me PAHs. where many

TabIe 1. Uat of priortty poIlutanta PAHa conaidered by
EPA (Environmantal Protection Agency), thetr C*'CtnOge-
nlty and ocurrenca.·

Hydrocarbon Molecular c.n::ino-~
torrnut. ~

Naphthalene C,oH. E
Aoenaphtene C,/i,o E
Acenaphtylene C,,H. F
Auorene C,,H,o E.F.S
Phenantrene C"H,o E.F.S
Anthracene C,.H,o E.F.S
Fluoranttlene C..H,o E.F.S
Pyrene C,.H,o E.F.S
Benzo(a)anthracene C,.H" + E.F.S
Chryaene C,.H,. -+ E.F.S
Benzo(b)f1uoranthene Ct.,H1I ++ E.F

Benzo(k)ftuoranthene Ct.,H,. E.F

Benzo(a)pyrene Ct.,H" ... E.F.S

Dlbanzo(a.h)anthracene CaIi•• ... E.S

Benzo(g.h.i)parylene c"H"
E,F,S

Indeno(1.2.3-c:d)pyrene c"H" + E.F

a) Aeterence (1)
b) +++ Of ++ • atrongIy caranogen; + • eatQnogen; - • no( caro

Clnogetl .....- and dieHI
c;) E • ErwirONnenI (water. airo tob.cco smolcit. _-
elChauat); F • FoodI; S • CurIng lmQIGI
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tamination of beach subslrale by films of sbeen oil (proba
bly partially emulsified). and secondJy the burial of discrete
layers of mousse. Depending on the timing of oiling with
respect 10 beach dynamics, large amounts o( stranded oil can
be accommodated witbin beach sedíments. TIte results of
dlis investigadan suggested thIl there may be lOme increasc
in IOxicity with wead1ering. because PAHs become available
foc Iater long-teml mease.

In me case of another tind of marine samples. Picer IDd
Hoceosk.i [3] desc:ribed a reIativeIy simple. rapid and quite
reliable procedure. based on the fluorescence of PAHs. foc
me estimation of petroleum bydroc:arbons in organisms and
marine sedímenu. ID this study lipopbilic material was
extrlCted from the sampIes witb D-bexane 01' D-pcntane. con
cenrmed 10 approximalely ) mi. and benzeoe mixtures. TIte
fluoresc:ent material WIS c1eaDed by using a deactivated a1u·
miDa column. and tor me evaluatioa oí me queocbing mate
rial. the SlIDdard addition metbod was Ipplíed. TIte aim of
tbe work was 10 improve me possibilities of estimating crode
oil poUutioD oí sedime:ot and biOla smnpIes by usin. the
staDdIrd addition mecbod.

AppIyiD¡ fluoresceace 00 solid orpnic substrare Vo-Dinh
and Wbite [4]. iDvestigaIed a simple tedmique based 011 sen
sitized luminescence foc deteetiDg trICe amounts of polynu
c1ear aromatic compouads. Tbey used antbncene as me sen·
sitizer designed 10 absorb excitation energy and funnel it to
guest anaIyte compouads spotted on antbncene treated fil·
ler papero PeryIeae. benzo(a)pyrene and fluonnthene mix·
tures were anaiyzed. ResuJts indicated dw anthracene can
improve me fluorescence signal of perylene and
benzo(a)pyrene. No fluorescence sensitization was observed
foc otber compounds. such as nuoranthene.

As sbowed aboye. fluorescenc:e spectrOSCopy is a rech·
nique applicable to tbe detennination of PAHs in solid
phues as sediments oc marine or¡anism tissues. It exists
a1Jo a Iar¡e DUI1Jber of work.s and publications in which dlis
technique is applied to detennine PAHs in marine water
samples.

Vapu Tervo [S) defermined the total amount of petroleum
hydroclrbons (00) from S2 seawa&er sampies col1ected al 19
stations in the Oulf of FmIand. The samp1es were anaIysed
asbore by fluorac:enoe spectroscopy. 1be mean concentra
tions obtaiDed foc "lipe oí'- were 1.6-7.3 Jig/l and foc
'.heavy oí)" 0.5-1.6 J18/I in the whoIe investiplion arca.

Law [6] aIso applíed tbis redmique 10 samples of warer.
sediment and oü following the wrect of the Amoco CtMJiz.
in 1978. Samples were co'1ected belween Apri1 and June
from the Brittany COUt and westem Enllish CbaDneI and
were anaIysed (01' pettoieum hydroc:albons by meIDS o( flu
oresc:eoce spectroscopy. ps·liquid chrornatoInPhy and ps
chromatopaphy-mus spearomeuy. Tbe conceatntiOllS of
hyc:ircalboDs fouod in lhese sampAes. 2·200 JlI/l. were sim
ilar 10 those fouad in prevIOUs oiI-spi1.l studia.

As well. after the oil spill accideftl al Milsubishi Oíl
RefiMf"Y in Kurubiki city. 0clU and Okaicbi (7) measured
oil residues by fluoresceace spectrosCOPY in _ water of
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Fluorescence technlques

struetures have spectra with a dozen or so maxima. These
maxima as well as the interYaúDg minima. form a unique
chancteristic pauem of wavelengths and intensities. TIte pi
electron system aIso causes the PAHs 10 have a different flu
orescence and phosphorescence bcbaviour. Especially foc the
PAHs. me electroDic transitions are decennined by rhe size
and sbape of rhe compounds. Electtonically. rhe PAHs are
simple molecu1es wbose spectra are ooIy determined by the
molecular~ strue:tures. Isomeric PAHs differ in rhe
locatioDS of e1ectroDic density. because the shape of the
PAHs are differem. and in SOlDe cues Ibey can even differ
in tbeir numbers of uoawic: riDp.

8ecause oí mis fundamental reasoo and of the high sen
sitivity and Ie1ecúvity of the cbromatopapbic techniques.
HPLC has beeD used predomiDandy. Sin¡Ie-wavelength UV
absorbeocy 01' fluoresceoce defecIors Uve been applied for
PAHs anaIysis. 1'bese are used &o defect PAHs because the
pi electron SystaDS of PACs determioe me energies of the
traDSition in me e1ecaoaic specua.

B«weeo bodl specttoICOpic tecbniques above mentioned.
me most sensitive is fluoresceoce spearoscopy because of
the direct measuraDeDl oC me emitted ligbt intenSity with
liale bIcqrouDd 01' intetfermc:e. Tbe praent overview is
ceocred on me mecbodoloaies which apply andIor include
fluoresceoce in tbe anaIysis of PAHs in marine environment.

ConventiOlMI fluoracence~

Conventional fluoresccoce specaoscopy involves generating
an emission spectnllll by scanning the emission wavelength.
A.. wbile me sample is iII'IdiaIed al a single excitation wave
Iength, A..,.. Similarty. ID exciWion specttum is obtaiDed by
scanning the exciWion wavelengtb while recordin. the
emission signal al a siD¡le wave1ength. F~. spec
trofluorimeUy is a very limpie medIod. which offers ¡ener
a1ly very Iow deteetion limilS and CID be used with conven
tional instnunenWioo.

Tbis ttdmique is very useful in quudWive anaIysis oC
PAHs bec:auIe of ilS hi¡h sensilivity. selectivity. swifmess
and re1atively low cost. MOROYeI'. ie can be appüed 10 decer
mine PAHs in many environmenlaJ marine SImples.

Tbe use of fluoresc:ence specllOlCOpy IS a delection tech
Dique 10 defamine PAHs in JMrine sediments was applied
by VIDIdermeuIen ef al. (2}. Af1er Amoco Cadir. acc:ident the
inunecliMe behaviour and IOOOty oC frably spilled cnade oil
under prevaiIing spill conditions in 111 insbore marine envi
ronment was examined. Aulhors simu1aled wearheríng slUd
ies because weathering swes of oil ranging from meen oil
to moussc uve sipificant effects durin¡ oil-watec and oíl
sediment inraw:tiOll.

0bIervaIi0n oC oiled sandy beacbes suuat two mecha
Disms o( beIch c:ontamination: paenJ peneuation and con·
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Bisan Seto. In another study. achieved by 0stgaard and
Jenseo [8]. \he fluorescence of carefully prepared solutions
of Etofisk aude oH in sea water was investigated. directJy
in die WIIer phase. it was concluded that direct fluorescence
specttosc:opy constitutes a very simple and rapid method for
moaitoring aqueous peuoleum solutions. In this work., sig
nifiCIDt fluorescence in the 290-460 nm range for oil solu
tioos well below the concentration level of 10 ppb was
obsened. lt was also established that. on the basis of spec
tta of !be single components. me influence of pH on these.
aod data from gas chromalography/mass spectrometry. the
fluoresc:ence at 335 nm (excitation wavelengtb 230 nm) was
dominated by peuoleum naphtbalenes. while the fluores
cence at 300 nm (ex.citation wavelengtb 265 nm) could be
ascribed lO the phenols of me erude oi!.

In anaIyticaJ methods currently used for assaying PAHs
in aqeuous media preliminary extraetion of the water with
0I'JIDic soIvents is required lO remove interferiD¡ substanees.
Witb 1be use of DÚcellar media. a systeln which enables the
exttIcIioo and preconcentration of anaIytes. these OIJanie
101YelltS CID be repltced. allowing a faster and reduced cost
analylÍl. Moreover. DÚcellar media can be used lO enbaDce
seDlilivity lDd selectivity of many fluorimetric determina
tions. lbus. Santana el al. [9] studied the use of dift'erent
!DiceUar media, as a way lO improve tbe spectrofluorimettie
detenDiDalion of benzo(a)pyrene (BaP). compound of peal
toxic:ological interest and for its significance in poUution
studies. They found that BaP fluorescence intensity suffers
importanl cbanges in cationic and neutral DÚcellar media and
sbowed the greatest increase in the preseoce of Triton X
100. The method was applied to determination of BaP in
seawarer samples enriched with this hydrocarbon.

ADocber varian\, also applied lO determination of PAHs in
mariDe enviroDmental samples consists in laser induced flu
orescence specuoscopy. Uebel el al. (lO] applied tbis
metbodology lO \he analysis of PAHs ud otber poUutants in
marioe eovironmental samples. They used a frequency dou
bled dye laser as u excitation light-source. recording tbe
fluOleacence signa) and measuring each contaminant spectra
in distiUed water. artificial and natural seawater. Fintly the
intermediate sla¡es of phytoplankton and their breakdown·
product¡ were spectt'Oscopically recognizable usin¡ fluores·
cence. Modifications of the fluorescence spectra duriog the
aceiog and dying of phytoplankton were found.
Pbytop1anlcton which is subjet lO sudden death display spee·
tta differin¡ from tbose of slowly dying or¡anisms. e.g. the
sbift of tbe chJorophyU maximum to shorter wavelegths was
meuurecl.

SynchI'Ol'lOU. flUOtUCenCfl~

Even Iboup conventional fluorescence spectroscopy has an
excellent sensitiviy in delermining trICe organic compounds.
its apücation lO the simuhaneous detennination oC severa!
fluorescent compounds in mixtures. is more limited. more·
over when these compounds have a high StruClural similar·
ity. lbis is due to the faet thll the individual spectr8 oC the
compounds in the mixture can overlap. This problem can be
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resolved using synchronous fluorescence spectroscopy.
which was flCStly introduced by Uoyd [11]. Conventional
fluorescence involves generatiog In emissionlexcitation
spectrum by scanniog \he emission/excitation wavelength.
while the sample is irradiated at a constant excitationleDÚs
sion waveiength. ADother possibility is to vary simultane
ously Ae. and A.-. This technique has several variants.
depending on the sean-rates of the two monochromalors.
When the scan-rate is constant for botb rnonochromators.
and therefore a CODStaDl wavelengtb interval. AA. is kept
between A... and Ae.. the tecbnique is known as synchronous
excitation fluorescence spectroscopy.

Sínce c:oaventional emissioo and excitation fluorescente
spectroscopy from mixed PAHs-soIutions sbow great ínter
ference. the syncbrooous fluorescence teebnique CID Iim·
plify \he spectra ud tberefore sorne mixtures of PAHs can
be quantified. In tbis way. Santana el al. [12] studied the
interlCtions between benz.o(a)pyrene and perylene witb dif
fereot kinds oC surflclants. They deveJoped a syncbronous
spectrofluorimetric metbod to determine simultaneoUsly BaP
and perylene using Triton X·lOO as miceUar medium. TIte
limits of detection obtained were 0.27 and 0.3 ng/mI. respee·
tiveiy. Tbe metbod WIS applied to the anaIysis of these com·
pounds in SClWIIer samplcs.

Other investigations in this field has been developed
studyia¡ oda PAHs such as benzo(g.b.i)perylene. chryseoe.
dibeozo(a,c)aDtbracene and coroneoe (13) as weU as mix·
tureS of them. in preseoce of anioaic. catioDic and non ionic
surfaetants. Bermejo el al. [14] establisbed a rnethod for me
simuhaneous detennination of perylene and benzo
(g.b.i)perylene usía¡ hexadec:yltrimethyiammonium bronúde
(HDTAB) micellar medium and synchronous fluorescence.
obfaining linUu of detection of 0.12 and 0.21 ng/mI Cor both
compounds respectively. The method was a1so applied to the
detennination of such PAHs added lO sea water samples with
aa:eptable results. which demonstrates that synchronous flu
orescencc specuoscopy can be used as a rapid. simple and
sensitive metbod for tbe determination oC perylene and
benzo(g.h,i)perilene in marine water samples.

Santana el al. [15] studied the speeuofluorimetric char
ICteristia oC chryseoe. perylene. dibenzo(a.c)anthracene and
coronene in aqueous medium and in me presence of anionic.
eationic and non ionic surfaetants. employed specifically to
enhance the seJectivity and sensitivity of tbe fluorescence
detenninations of mese compounds. Using hende
cyltrimethylunmonium bromide as suñaetant and syncbro
nous fluorescence. tbese authors established two metbods for
the anaIysis oC binary lDd ternary mixtures of these PAHs.
In \he tirst one dibeozo(a,e)anthrlcene and corooene were
detennined simultaneously employing IJJ.. = 89 nm. with
limits of deteetion of 0.20 and 0.22 DJ/mI. respectively. In
the second method. three different values oC AA were uti
lized for the simultaneoUs determination oC chrysene. pery.
lene and coronene (41. 3 and 140 nm respectively). Umits
of detection were 0.17 n¡lml for chrysene. 0.13 ng/mI for
perylene and 0.14 nglml for coronene. Satisfaetory recovery
percenta¡es were found wben boIh methods were applied lO
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the lDalysis of binary and ternary mixtures of these PAHs
Idded to seawater.

As well, BOckden and Niessner (16] probed the applica
tioa of severa1 DOD-iooic surfaetants foc the extraetion and
enricbmeDt of PAHs from aqueous media. Developing a
spectroscopic method for me simultaneous detection of
PAH-nUxtures by synchronous fluorescence in micellar
medium. tbey obtained recoveries up to 100 % with limits
of derection of 6.8 and 2.6 ngll for benzo(k)fluoranthene and
benzo(a)pyrene, rapectively.

Syncbronous tluoresc:eoce spectroseopy has aJso been
appüed to deu:rmiDe PAHs iD ocbeI' eaviromnental samples
such as lDII"ÍDe OI¡lnisms Por eumple. Ariese et al. [17]
determined die uptake of PAHs by fish. screenin& the pi]
bladder bile for PAHs metabolites. 1'bey proposed synchro
llOUS fluorescence specuoscopy as a npid screeuing tech·
Dique for die decerminaIioo of c:oajupJed l-bydroxy pyrene,
wicb is a majar metabolire in biJe of fisb exposed to PAHs
poUured sedimenl The tecbnique was applied 10 a meso
COSID study in whicb the uptake of PAHs by flounder
(PÚltidllhys jIuIu) from poUuted Sf'dimeat was imestipted.
In a subsequent study, the metbod was Ipplied to the south·
era North Sea and in Duteb coutal and inshore water [18].

CooventionaJ and synchronous fluoresceoce spectrOSCOpy,
togedler with solid phase speccrofluorimeay, are IdeqUale
teebniques for determination of PAHs. 1be advantages of the
laaer one are tbal onJy a liule amouot of a coovenient solid
support is needed for the preconc:eattation oC the anaJytes
preseIlting inhemlt fluoresccnce, and dw fluorescence mea·
surements can be carried out directly in the solid phase.
AppIying these teehniques to waters from different sources
(tIp, natural, wasre and sea water), VlIcbez et al. [19] deIer·
mined by solid-phase spectrotluorimetry the content in
benzo(a)pyrene, benzo(a)anthracene and pyrene. wich
exbibit native fluoresceoc:e in solunon al tnee levels. The
relllive Ouoresceace intensity wu meuured wilb these
PAHs fixed on SepbIdex G-25 pi after plCking me gel
be8ds in a I mm silica cell. By recording lile synchronous
spectra at different values of AA.. benzo(a)pyrene,
beaza(a)anthracene and pyrene can be simultaneously deIer
miDed mthe preseoce oC other PAHs.

SIrpoI'MII,,~ apecflwcopy

SbpoI'skii spectroICOpy is especiaUy IUÍred foc the qualita
me lMIysis of PAHs at tnIce leveIs • it combines die sen
sitivily inberent to fluoraceoce mecbods with the speciflC
infonDllion dw can be obtaiDed iD infrIred spectroICOpy. lt
mUa use oí frozen n-altane lDIIrices al cryOlemc remper
lIUIeS to considerably reduce band broIdeninl whic:h is me
CIUIe oí die limited identification power of room rempen
wre fluorescence. The PAHs occupy substitutional sires in
me lHIkme crystaJ resultinl in lar¡eJy identicaJ surround
mp. Tbe appearance of me Shpol'Jkii spectrum may vary
if diffennt n-11kanes are etnployed. because me lit of the
PAH witbin lile crystal is criticaJ. A Shpol'skii spectrUm
cOllSÍltS oí a number of narrow lines with a Cull width at
half muimum of 0.1-0.01 nm. 1bese lines are suitable for
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identification purposes because they form a fmgerprint of me
individual PAHs.

Ewald et al. (20] applied the rechnique to the study oC
marine sediments and demonstrated that bigh resolution
spectrofluorimetry al 4.2 K in n-alkane matrices can be used
10 identify polycyclic aromatic hydrocarboos derived from
triterpene, which occur in the orpnic matter of marine and
terre5trial sediments.

Garrigues et aL [21-23] used tbis teebnique far me anaIy
sis of several medlylaled-PAHs series m marine samples:
organic nwerial, scdiments and aude oils. Tbe anaIyticaJ
results were compared with tbose reponed by ocbeI' metbod
ologies and wcre found to be in quire JOOd agreement. mus
demonstrating me reliability of bi¡b resolutioa Sbpol'skii
spec1l'Ofluorimea}'. Abo, Hofsnat el al. [24] deIermined
PAHs mbarbour scdiments by means of Shpol'skii fluo
rimeuy and showed it was ID IppI'OpIÍIIC anaIyticaJ metbod
for die quantiwive and qua1iwive decerminabon oC PAHs in
sucb samples. Moreover, tbey concluded tbal chis technique
yields low límits of deteetion comp8rIble to tboIe obtained
by a standard procedure based on HPLC with fluorimetric
deleCtion.

Applíed to other marine samples, Ariese et al. (25] ínves
tigated die applicability of higb-resolutioa Shpol'skii spec
trofluorimeUy to lile direct anaJysis oC polycyclic aromatic
hydrocarboDs in laD and mussel samples. Tbe sensitivity oC
the measurements suffered considerably from me lUJe
amounts of interfering substances (e.g. fatty components) in
me crude extraets, resulting in a poor-quality Sbpol'skii
marrix ud a high SImple absorbency. Nevenheless, after a
thorou¡h stUdy of diese Jimiting faetors. optimum conditions
could be defined and a number of PAHs were deteeted
directly widlout any sample clean-up.

ShpoI'skii spectroseopy CIDDO( be used foc on-line detee
don in HPLC. siDee lile salid nwri.x precludes compatibil
ity with fIow s)rstems. Therefore Shporskii fluorímetry was
applied by MlSIeIIbroek el al. (26] as ID independent iden
tificlrion med\od to die uppade routine HPLC analysis of
PoIycyclic Aromatic Hydrocarbons. HPLC combíned with
ftuoresceoce detection is routinely used in lile Duteh WIler
Quality Suney 10 decermine me PAHs CODleDt of marine
sediment samples. In this stUdy, this memodoIogy is utilized
to ascenain die identity and die purity oí che peaks in me
chromatop'Ims by collecting severa! elutin¡ fractions and
USinl subsequent spectroSCOpic anaIysU. Tbey found that
lo- temperIIUre Shpol'skü teduUque provides biah-resolu
tion fluorescence spectn of PAHs dw CID serve as finacr
prínts. Thus, imponant inCornwion conceming peak purity
WIS obcaiDed and die number oC componeats identified wu
roughIy doubled.

Kozin et al. (27] also applied bi¡h-resolution low remo
perature molecular luminescence teduUque, 10 the anaJysis
of various complex environmental matrices 10 pt~
specífac infonnation foc a wide raap oC PAHs and mear
derivatives. Usin. conventional1uJp acítaIioD and fluores
cence and phosphorescence detectioD. they detemuned



Luminescence Spectroscopy

parent priority PAHs. six-membered ring compounds. and
rnethyl-substituted PAHs in extracts of sedimento muscles
from finfash and other samples.

Hofstraal el al [28] employed laser induced Shpol'skii
fluorimetry as a variant of the previous lechnique. This
rnethodology is also applicable lO the analysis of PAHs in
marine environmental samples. especially the PAHs contenl
in biotic samples. The authors showed that Shpol'skii tech
Dique can be used successfully as an independent reference
method for both qualitative and quantitative confirmation of
conventionaily used determination methods.

Ruorescence detectfon In IIquld
chromatography

Usually. Iiquid chromatography using fluorescence detection
(LCIfluorescence) and gas chromatography coupled to mus
spec1ronleby (GClMS) are me mosl poweñul techniques for
monitoriog PAHs. Nevertheless, an advantage of LC/tluo
rescence is its ability to measure sorne PAHs isomers tbat
CIMOl be easily quantified by GCJMS. The large andIor
nonvolatile polycyclic aromatic compounds (PACs) cannot
be anaIyzed by OC because either tbey will nOl elute or, if
they do, the peab will be unacc:eptably broad. In addition,
some PACs are tbermally unstable alld decompose or
reartange pyrolytically to other struetures. Because of its
excellent separation and detection performance, Le has becn
specified as me rnetbod of choice by the U.S. EPA for the
anaIyses of aqueous effiuents for the determination of PAHs.

lbe determination of PAHs in water and wastewater is an
area whicb has attrlCted the interest oí a large number oí
resean:hers for many years. It was observed a significant
evolution in the techniques applied to PAHs determination
in water. Prior to 1964, researchers tend lO employ the sep
aration techniques oí solvent extraCtion, classical column
liquid chromatograpby. and lbin layer chromalography with
UV absorption or fluorescence detection. Since 1980 the
~l lDaIysis metbod for water samples was revene
phase hi¡h performance liquid chromatography (HPLC) with
fluorescence deteetion. Several papers addressed proper col
umn selection, analysis conditiolls, and detection. The most
commonIy used and most rigorous approach for trace con
centntion of PAHs was the metbodology proposed by EPA
íor PAHs extnetion. CurrentJy. the use of micellar media as
an extnetion and preconcentration system is applied as an
altemative. This rnethodology allows an important improve
meat with a reduced COSl and time of analysis.

Lee el al. [29] determined hydrocarbons content and its
evolution in levera) different kind oí environmental samples.
p~ crude oil enriched with a number oí polycyclie aro
maUe hydrocarbons was added as a dispersion to a con
trolled ecosystem enclosure suspended in Saanich Inlel.
Canada. Concentrations of vanous aromatic compounds

were measured by passing 5 J,ll of a methanol solution
through an assembled liquid ehromatograph equipped with
a fluorescence detector. PAHs were determined in water,
zooplankton. oysters. and bonom sediments. Initial water
concentrations oí the lower weighl aromaties. naphthalenes
and anthracene. were 10-20 J,lg/l. whereas the initial con
centrations of benzo(a)pyrene. benz(a)anthracene, and fluo
ranthene ranged from I to 6 J,lg/l. These concentrations
decrease at an exponential rate because of evaporation. pho
lochemical oxidation. rnicrobial degradation. and sedimenta
tíon. Only naphlhalenes were significantly degraded by
microbes with removal by this process of up to 5 % per day
from the water. Sedimentation and photochemical oxidation
were responsible for the decrease in concentrations of the
higher molecular weight aromatic compounds.

1be determination of PAHs in aqueous samples is rather
difficult. as their concentration in water is exttemely low due
to tbeir poor solubility. In arder to detect the PAHs at low
levels in water, a concentration slep is generally required.
Use of surfaetants allows the extnetion and pn:concentra
tion in only one slep. Micelles forroed by surfaetUlts bave
the capability of solubilizing OIJanic compounds in water.
Usíng this procedure, substrates can be extraeted from aque
ous media in a much smaller volume nearly forroed by the
surfaetant. In addition, aqueous solutions of surfactants bave
beco used as mobile phases in liquid cbromatograpby, ud
although this kind of mobile phase was primarily used in
column chromatography and lbin layer cbromatography, tbey
are now widely utilized in HPLC. One of these surfaetants
is Brij-35 [31,32].

In the same way, Brouwer el al. [32J used üquid chro
malography method with fluorescence and diode-array UV
deteetion for the trace-Ievel determination oí the sixteen
EPA-priority PAHs. 1be system was used for the anaIysis of
surface water samples. The procedure involved on-line
micelle-mediated preconeentration on seJective sorbents. In
this study. the authors used me solubilizing properties oí
several ionie and non-ionic surfaetants, lO solve the prob
leros arising from the low solubility of PAHs in water and
lbeir sorption to surfaces. and set up an on-line traee enrich
ment LC system with fluorescence delectíon. Using Brij-35
as surfaetant. unwanted adsorption of the anaIytes on inner
walls or sunaces was prevented. The limits oí detection
obtained were at the low to sub-ng/l level.

In a study performed by Sicilia ~( al. [33]. a ne'" approx
imatíon in lhe clo/ld-poinr ~xrracljon methodology was
applied to PAHs determination in environmental samp1es. It
was based on the use of anionic surfaetants in acidic media.
eombined with LOfluorescence deteetioo. For this study, the
authors considered previous worb in wbich it was sbown
lbal anionic surfactants were separlted in two isotrOphic
phases in acid medium at room tempera1ure. Among others.
sodium dodecane sulíonie acid (SOSA) was employed as the
surfactanl. It has two important advantages over non ionie
surfactants. which are generally used in the cloud-point
methodology for the exU'lCtion oí PAHs mixtureS [34]. First.
il exhibits low fluorescence intensity and absorbance at the
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deteetion wavelength of PAHs (due to absence of aromatic
groups in me surfaetant molecule) and secand. it is cbarac
terized by a shan retention time (due to its polar character).

5ed/ments

Duno [35] performed a very complete investigation con
ceming PAHs concentration in several marine samples. by
trying to determine the relatioosbips existing between me
Ievels of a ruge of PAH isomers in three different kinds of
marine samples: sedimenlS. bivalve moIluscs and &lgae. For
this reason, be applied a method bued on reversed phase
liquid chronwopapby aDd fluorescence deteetion.

Also. Obana el al. [36] swdied some PAHs
(benzo(a>pyrene, dibenzo(a.b)anthracene. and 3-metyl
cbolanthrene), which are clU'CÍDOgel1S for mammals after in
vivo bydroxylalion by mixed function oxidases. CornpIRd
to other sepG'ltion teehniques. the deYelopment of HPLC
bis pennitted to anaIyz.e PAHs with good separation and
hip sensitivity. and to simplify tbe pre-uaaneru processes.
In tbe study, ten PAHs were defamiDed in sediments. oys
terso and wIbme seaweeds by HPLC with a fiuorescence
delector.

This methodology was also applied by Srnith el al. [37]
to the determination of PAHs in sediments. seawater and
clams from Oreen Island. tbe mast visited coral island of the
Great Barrier Reef in Austtalia. Resu1ts showed mal onIy
sediments near powerboat moorinp were found to contain
low, but measunble amounts of severaI differenr PAHs. in
contrast ro tite baseline amounts found al other Iocations.
1be presence of severa) PAHs al measunbie levels strongly
suage5ts rhar their origin was due to fuel spillage andIor
exhaust emissions.

In an investiption of marine sediments from the Adriatic
Sea. Guzzella and PIolis [38) evaluared PAHs conramina
tion. Durina a naval croise fmm TriesIe to Bari tbey col
lecIed rhirty two sampIes and detamined PAHs in the fine
sediment frKtion. The quantification of PAHs content in the
sampIes WIS performed also witb HPLC and tluorescence
spectr05COp)'.

Beltrán el aL (39) applied abo a HPLC method with tlu
oresc:ence deIection to the daermiaation of me lixteen PAHs
considered as me IDOSI poUutanIS by EPA in ref(ftRCC to
rMrine sedimenu CHS-3. NRCC). 1be melbod consisted on
HPLC determination of PAHs USiD' isoc:ntic conditions.
with specuofluorimeuic deteetion and programmation of
wavelen,ms.

The OIJanic contaminant anaJyses in the environment
require complex procedures widl severaJ sleps. such as
eXlnCtion. purification and quantifacation. In rhe case of
soIid SImples. me extrlCtion is often perfonned by reflux oC
orpnic solVlllt. 11ús~ is tona (severa) hours, and sol·
vent-consuminl (several hundreds of mL). Microwlve·
usisaed solvem extrllCtion (MASE). represents ID interesting
altemalivc method for orpnic contaminants extraetíon.
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As ID example of application. Kay ~I al [45) developed
a MASE teehnique for the extraetion of PAHs in marine sed
iments. Optimum condilions for this technique were
obtained by using tbe mixed-Ievel orthogonaJ array design
procedure. A comparison between the Soxhlel extnlCtion and
MASE methods showed that although both rechniques gave
comparable results on eenified reference materials (HS-2
and HS-6), the MASE tecbnique aUows one to use less sol
vent and il is also time-savin¡ and cosr-effective, without
affecting me extnetion eflicieDcy. The optimum MASE
tecbnique was coupIed to two aaalyócal teebDiques: HPLC
with both UV and fluoraceat detectars as in ocber previous
studies [46-SO). ud GC-MS for die qualiwiYe and quanti
wive detennination of PAHs in die cenified refereoce mate
rials ud real samples (1DIrine sedimeats).

Another methodolOl)' focussed on rnicrowave assisted
extnetion was applied by LtteUier et aL (S 1) and used to
elInCt PAHs from eaviroameaIaI 1DIIric:es. 1be procedure
wu validaled on lDIriDe sedimeat. tbe standard reference
nw.eriaI (SRM 1941a). The concealntions obtained by this
medlod were in ..,.,ement witb tbe cenified values and me
cooc:entratioas measured usin& Soxblet extnetion.

Otgan.....

A large number of papers related with the application of
HPLC with fluoresc:ence deteetion to the PAHs anaIysis in
marine orpnisms bis been publisbed [52-61]. Among them.
crustaeelns [Só) are tite most widely investigated. Ineleed,
tbey can concenaare a hip level of PAHs probably because
of tbe absence of aryl bydrocarbon hydroxylase in these
species. In fllCt, scientists of seven.I specialties have pro
posed the use of indigeoeous bivalve moIluscs in order lO
serve as bioconuollers of tbe detection and quantification of
environmental poUutants. including carcinogens. Due lO the
faet that tbey are permanent inbabitanu in specific locations
ud uve a rendeocy to coac:emrare eavironmental contami·
nants. bivalves'have beeo widely investipted for such slud
ies.

In tbis line of investigalion. Hanus " al. [62) described
ID HPLC procedure for tite delenniDllion oC thineen PAH
compounds in 0)'SIerS al tite ppb level. Recoveries obtained
from spiked samples W(ft aeoenIly close to 80 ~. In a par
ticulIr investiption. Mix and Schaffer (63) focussed on the
defennination of PAHs presast in clams of the Caos Bay in
Orqon (USA). In such I sludy, the concentnlions oC
benzo(a)pyrene weR meuured in cllm populations (rom
four differenc inIamareaI Caos &ay rqions. 11 WIS shown
that tbe PAM concentrations in thoIe c1arns Iivina close lO
indusuializecl aras were hi&ber tban the others living Car
away from tbese areu ud that. in genenJ. the PAM con·
centtalion was hiaher in spriq-summer time than durina
autumn and winra. 1be lime inVCSliplors &Iso discovered
(64] lhal tbe mosl hydrosoluble PAHs are those which are
concencrated in majar proponion in such orJanisms.

MusiaI and Uthe 16S) described a simple. rapid and ~.
ily automaUZabIe method 101' the decemúnltion of PAHs In
cnmaceans The method was bued on tite combination o(
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chromatographic techniques such as oc and LC for the
idenúfication and separation ofthese compounds and fluo
rescence spectrometry for quantification. The proposed
method was valuable for individual measurements of PAHs
in a range of concentration of 0.25-10 ng PAHs/g tissue.

A teehnique. originally developed to investigate the poi
lution of Duteh coastal water with metals and PCBs. was
modified by Boom [66] for determining the pollution of
marine organisms with PAHs. The method was based on the
hydrolysis of tissue with 4 M sodium hydroxide, extraction
with hexane. c1ean-up with 10 % deacúvated aluminium
oxide and quantitaúve determination with reversed phase
HPLC and fluorescence deteetion. lt ,ave satisfactory results
for the analysis of PAHs in mussels.

Trying to detennine the bioconeentration factors for
petroleum hydrocarbons, PAHs and biogenic hydrocarbons
in Mytilus edulis, Munay el aL [67] applied also this tech
nique. PAHs were quantified by reverse phase HPLC with
prograrnmed-wavelength fluorescence deteetion. The results
showed that the bioconcentration factors for PAHs were sim
ilar to those found for total hydrocarbons where the major
hydrocarbons source was oH, whereas, al other sites, the bio
concentration factors for PAHs were an order of magnitude
lower Iban those deterrnined for petroleum and for hydro
carbons originating from algae.

Perfetti el al. [68] proposed modifying the method for
detennining of PAHs ud proc1ucing very clean seafood
cxtraets in less than half the time requested previously. After
alkaJine digestion of seafood, PAHs were paniúoned into
l,1.2-trichlorotrifluoroethane. The resulting extraet was
cleaned up by solid-phase extraction on alumina. silica ud
el. adsorbents. and then anaIyzed by ¡radient reversed phase
liquid chromalography with programmable fluorescence
decection. Average recoveries of twelve PAHs from five dif
ferent matrices (mussels. oysters, clams, crabmeal. ud
salmon) spiked at low ppb levels ranged from 76 to 94 'k.
The authors obtained results whieh were in good agreement
with the anaIyses of a mussel standard reference material
obtained from the National lnstitute of Standards and
Technology (NlST).

A variant of this rnethodology (LCIfluorescenee) was pre
sented recent1y by Bouzile el al., [70). The authors evalu
ated a new irnmunoaffinity solid phase extraction (SPE)
methodology based on antigen-anúbody interaetions which
was optimized for the selective extraetion of PAHs in vario
ous complex environrnental mabiees. This irnmunosorbent
~IS) eonsists of anti-pyrene antibodies immobilized on a sil
lca suppon and is used as a elassieal SPE sorbenl. The cross
IUCtivity of antibodies for analytes structurally related wilb
pyrene allows the simuhaneous extraelion of lhe priorit)'
PAHs included in the U5 EPA priority Iists. Losses due 10

the volatility of the lWo- or three-ring PAHs were avoided
by coupHng the extraelion on·line and using the anlipyrene
15 wilh LC. 1be sensitivit)' of fluorescence associaled with
the selectiviry of 15 allowed the quanlifiealion of individual
PAHs in conwninated or suñace waler below the 0.02 J1g/1
level. Off-Hile extraelion procedures were also ser up for the

Luminescence Spectroscopy

extraclion of PAHs from complex solid environmenlaJ matri
ces. such as sludge or mussel extraCts. The high selectivity
provided by the antibodies pennitted the cxtraetion of PAHs
and elimination of a great number of inteñerents in only one
step.

Investígatin¡ the PAHs pollution in deep-sea environrnent
(1500-1800 m depth). Escartin and Porte [71] developed also
a methodology based on the measurement of bile PAHs
metabolites in deep-sea fish. The aulbors seleeted five
species from the NW Mediterranean for the study. Bile eNde
samples were directJy anaIyzed by HPLC-fluorescenee at the
excitationlemission wavelengths of benzo(a)pyrene
(3801430 nrn). The results obtained confum the long-range
transpon of PAHs 10 the deep-sea environment. subsequenl
exposure of fisb inbabiting tbose retnOte areas. and fish abU
ity to metabolize and excrete tbem tbrough the bile.
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RESUMEN

FJ crecimimto má rjpido de la .cuicubura CIl Europa CIlios ú11imos l60s &o ha CiICpCil ¡ngdado la
aaca MeditariaeI. o:IDClC&dI6udue CIlla produocióo de dcnda YlubiDa CIl jlUlas 80cmtes
EsptD', pIis que lpOItó inici.1mmte par los sistmJas de til:rra. le ha wbdo CIlios 6Itimos Illos
tambiál h8ciala tocDolosta de jaulas. sitJJjodcw: ea la d'llidld~ los IX iDl::ipUcs pifies
productores. FJ ripido c:namiaIto de este lCCtOr está oripwvto UDI ale de ooafIicD
lOCioccoD6micos que deben ICI" afi'oDtados como retos IlIUpa"G' de CII"I lla ClODIOIad8CióD de esta
K<tividad.

SUMMARY

1hc MectitcmDc:e rqjoa bis c:xpcric:Dced !be fast.est powth wiIbiD !beA~ 1CllU,
ooaa:&dIlIb:ld iD tbe productioD~plbeld leabreIm lDd europem.... iD 80IIiDg cap. Spaio.
loouaIry wbicb iaitiaUy bct aa lIacI-bMcd sysIaDs. bis Ibifted a1Io iD 1'ClCI:S""kM.da !be
CIF ttdmolOlY. beiDs al prcICIIllituated lIDOa8 adiDa pmeh'CÍD8 oouaIries. 'I'bl: faIl powIh~
tbis .aor is casiD¡ IICries elcliffenm lOCic-eorDamicI onnfIicp wbicb lIIUIl be ~0M:bedas
cba1lCIlp lo be cwercomed iD ordc:r lo COI18Olidate tbis aíviIy.

INTRODUCCiÓN

Según la F.AO., el crecimieDto más rápido de la aaaiaaltma en Europa en los
últimos aftas lo ha experimentado la menea MediterriDea, pasando de 80.000
Tm a más de 260.000 Tm entre 1994 Y 19n. En támiDos de vob'unePeS por
especies, y para 1999, las más importantes fueron el mejillón y la ostra (500.000
Tm), y la dorada y la lubiDa (49.000 Y39.000 Tm, respectivamente). su.
embargo, y atendiendo a su valor, las principales especies fueron la dorada Yla
lubina (rondando los 300 millones de euros, cada una).

La evolución de este leCtor piscicola Meditenineo ha eeguido la historia del
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aJItivo del AJm6n en paises del Darte de F'.urq)a. ptS'ndo del empleo iaiciaI de
jnstallQooes ea tiena, con bombeo ele ...hacia esaanques o piJcinas, y
cambiaDdo progresivameDte hacia UD tipo ele grmp que coosiste ea jaulas
ftotlDtes, que se foodeIn ea aguas litorales cada vez mis altjadas de la costa. La
elección de este tipo de instilaciones frente a las de tiara n:spoade. ea primer
lugar, al desarrollo Ydisponibilidad ele este tipo de tecDología en los últimos
dos. representando UDa alternativa de mayor viabilidad ecooómica, Ytambién a
la fuerte competencia de uso que soportan estas aguas litorales (twismo,
asentlmimtos~ etc.). En Espalla, pais que junto a Fnmcia e Italia apostó
iniciabnmte por los sistema, de tierra, recientemente se ha apreciado un punto
de inflexión significativo hacia la teeDoIogia de jaulas f!otaotes. Este hedK> se
fimdamenta muy posiblemente en la realidad de los 7.000 Kms. de costa de este
país, así como en la constatación ele la mayor rentabilidad de estas installciones
de engorde freote a las basadls en tierra. La variedad ele tecDoIogias de jaulas
dispoDibIes en la lCIUaIidad, junto al impresiODlDte poteDciaI deJ mercado
nacioDaI se han -lIMdo con toda"probabilidad a las canAS ele esta nueva
teadeocia.

La producción de peces marinos de alto valor comeacial en los paiJes
MediterríDeos ha experimentado un accimiento espectaadlf ea los últimos
dos. pasando de unos pocos millares de tonelada de dorada Ylubina en 1984,
a unas estimIciooes superiores a las 100.000 toneladas para el do 2000, Ql)'O

destiDo 100 en su totalidad los mercados Europeos. Este aec:iftlimto es superior
al experimentado ea sus inicios por el sector productivo de salmón atIíatico en
países del Norte de Europa, que babieado iDic:iado su lCtividad media década
antes, Ycon los mismos mercados, ofrece UDa produccióD ldUII de 540.000
tonelldaS lIUIIes, y que ha supendo difereDtes crisis de mercado - emre ellos
una constante caída de precios debido a este iDcremeato espectaadlr de la
oferta -, JIMIlCfiante la progresiva reducción de costes de producción
(automItización, lDtiiora ele piensos, etc.), y UDa eficaz política de
comert"Útiurióo y marketing.

Según datos de la Federación Europea de Productores de AaJiaJItura
(F.EAP.), el pliDcipa) país productor de dorada y lubiDa ea la ldllltidld es
Grecia, con unas producciones ea 1999 de 21.000 Y19.000 Tm,
rapoctivImeate, .,.ricIa por Turquia Yp..,.., COIl UD totll de 13.750 Y10.000
Tm, respettiYImeute.

Como ea todos los paises del MediterñDeo, el despegue de la producc:ióa de
cIonda Ylubina ea Espana tImbiéo ha sido espectaa'lar, con iDaemeutos deJ
~" Y56% en los Iftos 1997 Y1998. En 1996, Andaluáa y Catah.... eran las
c:ommidldes aut6Domas de mayor importIDcia en la produccióD de estas
especies, existieIIdo 41 empresas opeaatiYlS ea este 1eClOr, tal como reIII'nria la
siguiente tabla:

Ir 12 ~9:
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Disbiba~. de groja de donda y labia por ftIioaes ea 1996

A......- N"deUda. %N"de1J& ....ctMcr-) ",..........
Ancte1ncf' 18 '44 3608 ~

BIIses 2 S 220 4

e-iIs S 12 S20 9

CUIda 12 .29 678 12

Murcia 1 3 S82 11...... - ... --- ........
Vak:acia ~.......................Jl?.............................. O O...........................-..... .....__••••••••••_ ........... n ...... ._...._....__..................

TataI .el llOO% ~ 100%

Faeate: APROMAR

ActuaImeDte, el cultivo en jaulas es el sistema escogido por la mayoría de los
llUevos proyectos. Asi, en tan sólo seis aftos, entre 1990 Y 1996. la producci6n
obteuida en este tipo de iDstaJláones duplicó su importancia basta rqnseotar
un 34% de la producción total. Las instalaciones en tierra. donde se utilizan
grudes volúmenes de..con los consiguientes costes de bombeo Y
oxigealci6n. han perdido importancia dentro del. sector de eogorde. mmque lo
han gaDado en la fase de preeogorde basta 8-10 gramos.

19181917119B1195199419931992

ProdacdóD de Dorada y LabiDa ea Espala 1991-1991
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heate: &cucsI. de Produccióa de Donda YLubiIIa al EIpIk 1997. ProAqua
NuIricióa

Las estimaciones de requerimientos de alevines de ambas especies para el do
2000 son de 66 millones para Espafta. y de 2S0 millones para toda la región
MeciiterrUea Sin embargo. este importante crecimiento ea la producci6n. como
consecueocia de la incorporaci6n de la tecnologia de jaulas flotantes para el
engorde. se ha visto siempre acompaftado de UD crecimiento ligo desfaSldo en
instalaciones de semillero, siendo esta situación más acentuada ea Espafta.
donde el aecimiento en producci6n en jaulu abIoIbe en la IChlalidlCl
prácticamente toda la producción nacional de alevines. que por otra parte ronda
los SO millones lIIUIles. Es por todo lo anterior que, pese a la tendencia
coDstlnte en los últimos diez dos de descenso de precios de venta de donda Y
lubina adultas. los precios de venta de alevines de estas especies han
experimentado unas variaciones menos drásticas, aunque también con

12
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teDdeacias a la baja. Esto último, liD duda también iDfhúdo por la reducciÓD
eq»eaimeu'lCIa m Jos costes de produccióa. Los precios de venta de estos
a1eYiDes varian sipifieativamente depeodieodo de fictore5 como su calidad o
proc:edeIriI, y de las variaciones m la demanda según las difereDtes 6pocas del
do. En la actualidad. y debido al inaemento de instalaciones de jaulas, la
dananda de alevines de 10 811DlOS ha crecido de forma importante respecto a
los alevines de 2 gramos, osci1andtJ el precio entre SO Y60 pesetas para los
primeros, y eatre 40 Y SO pesetas para los segundos.

En lo ráeleate a los mercados, este es un &ctor de primera importmcia y DO

siempre bien atendido o estudiado. De las casi 4S.000 toneladas de dorada y
Iubiaa producidas en el MediterríDeo en 1996, Grecia oaJPÓ la cabeza de este
dearroIlo, COD UDI. a.aot& de mercado del4~,4. Estos mercados, Ypara estos
productos, se CODteIlhlD por orden de importIDcia m Grecia, Italia, Frmcia Y
Espafia FJ iDc:raDeoto progresivo de la oferta ha producido UD desceaIo m el
precio de estos productos (53% m los úJtimos 6 dos), ~ieDdo
consecueutemeote los múgenes de beneficios empresariales. La CODSeCUeDCia es
un mercado global cada vez mis competitivo, en paíJes priacipalmeate del Sm
de~ requiriéndose cada vez niveles mayores de adidad. consistencia Y
fiabilidad de los proveedores, as[ como el empleo de métodos mis sofisticados
de marketiDg.

El mercado Espaftol se caracteriza por un marcado déficit ea la baluma
comercial, importmdo el 66% de su consumo. Es, pues, un mercado que
presenta imnaISls penpectiftS (peDsemos además en la iDdustria turística),
auDqUe todavía coa UD muy bajo CODSUmO de estos productos de acuiaJltura.
Una recomeMlCi6n lqUi seria recuperar el retraso que auestro pais tieDe en el
desarrollo de su propio mercado iDtemo, pudiéndose decir que la investigación y
dearroIlo de men:ados es la diIcipIiDa vital de la siguieate década para este
sector. muy partiaJlarmente para Espafta

Aproxinwd~ UD 70% de la producci6D espdoIa ele mejiIIóa va cIestjneda

al conaJIDO iDtaDo, y el 30-,4 ratlllte le exporta, fimd"""",·lmente a Itatia y
Fl'IDCia.

Los peces mariDot se cJestimn en un 80% al mercado nacional ea la lCtJaaJidld,
mieutru que el 45% de los alevines producidos en nuestro pais se exportan
hacia los men:ados europeos. A aiYeI iDternacioaaI, DO cabe duda de que el
mercado itllilllO .. sido el fiIctor inductor del desarrollo del cultivo ele dorada Y
lubiDa (I11III 40.000 tooelldas de pescado de acuiaJltura le dirigieron a este
mercado • 1996). No obItante, el atractivo del mercado espdo1 ha aecido de
forma especalO'lar, cIeIYiaDdo una importIDte parte del flujo comercial
internacional y reducieDdo los efectos neptivos de la excesiva depeDdeDc:ia del
mercado itltiIoo.

El aociaiento del sector ha sido lDOIiYo de presioaes en los precios, lObre todo
por la especílllllb.ll'lleza de la acuiaJltura europea. con producción de especies
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de alto valor económico y mercados tradic:iODl1es y DJY 1000tlm.dos.
consiguientemente, altameote sensibles a la variación de la oferta. Así, el
mercado del salmón negó a colapsarse y el peligro es mayor para las especies
como la dorada, menos conocidas a nivel global.

Como se aprecia en los siguientes gráficos. los precios han cüsminuido
sosteoidamente basta estabilizarse en tomo a los 6 ecus por kilogramo. En
cuanto a la producción, DO ha cesado de inaementarse, observándose tasas

similares de crecimiento (370./0 de incremento medio interanual para la dorada y
42% para la lubina).

Evaludán de la pl'Dduccián y predas de doreda en
Europ.
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Evoludán de l. pI'Dducci6n y predas de lubina en
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A nivel global, en el mercado espafiol la dorada no es una especie muy conocida.
Ysu presencia en la oferta de las pescaderias es escasa. La mayor parte de ella
llega al consumidor a través de restaurantes, sobre todo de la costa mediterránea
Yen ciudades importantes como Madrid, Barcelona y Sevilla. Como
consecuencia de esta escasa amplitud de la demanda, la oferta se ha centrado en
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los CM'1es tradicioaales. con la consiguiente aúda de precios.

La evolución mensual de los precios de la dorada Yla lubiDa reftqa dlramente el
impacto de estos dos factores:

Evolución mensual del precio de la dorada (Media 1996·1998)
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Evolución menlual del precio de la Lubina (Media 1996·1998)
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La situaciÓll global de Espafta. según estimaciones de la F.E.A.P. Yla
Asociación Empresarial de Productores de Cultivos MariDos de Espafta
(AP.RO.M.AR) para el do 1999. es la de primer productor lIIJIIdial de
mtjiIIoaes (250.000 Tm). y país situado eatre los primeros productores
Emopeos de especies Mediterríneas (S.300 y 1.700 1m de dorada y lubina,
respectiYllllellte), y con UD8S producciones sipifiadivas de rocIabaDo (2.000
1m), y lÚD6Il atüntico (1.100 1m). con un valor total aproximado de 212
miIIoaes de euros y proporcionaDdo unos S.OOO empleos directos. de los 40.000
que este leCtor representa en la Unión Europea.

VENTAJAS DEL SEcroR

,(12 2W06r'OO 9: 1
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Entre las prinápales ventajas de Espana respecto a este sector se pueden incluir:

• Caracteristicu costeras: La amplitud de sus oostaS.1IÚD en directa
competeocia de usos con industrias tan poteates como el turismo. ofrece
un amplio potencial de áreas litorales aptas para la jmtal,ción de wltivos
pisácolas marinos. Ad~ el raogo moderado de los valores de
tempelatura de sus aguas superficiales Mediterráneas y Atlánticas
(archipiélago Canario). ofrece ventajas adicionales frente a otras zonas
geográficamente más al Norte de la aJenca Mediterránea.

I

• Merado interior: España posee una de las tasas más elevadas de
consumo de pescado del mundo. Valores de alrededor de 42
kglpersooalaño nos sitúan, junto a Países como Portugal o Noruega,
como países líderes en Europa. y seguDdos en el mundo tras Japón.

• Ecoaomía atable: Los valores de los parámetros mac;ro.econ6micos de
mJestro país. incluyendo un sistema bancario sólido, unas lums
iDfraestIUeturas de comunicaciÓD y transporte, dispooibilidld de personal
aJaIificado, así como una iDfraesbuctura del propio sector bien
estructurada (producción de alevines y piensos), favorecen el desarroUo
del sector.

• Estudios recientes (Proaqua Nutrición, S.A) sugieren que los costes de
producción actuales de dorada y lubina en paises como Espda. Grecia,
Italia o Turquía (subtotal integrado por costes de personal, pienso y
alevines, que representan el 700A del total), son muy similares. siendo las
difereocias de eficiencia entre granjas individuales mayores que aquéllas
entre los países aniba citados. Estos datos indican que Espala. debido a
los factores favorables aniba meacioaados, se ellcoatraría mejor
lituada ea la bataDa por la competitividad que paises Dleaos
desanollados, toda vez que el éxito dependerá más (como así 10 ha
demostrado el sector del salmón Noruego) de la capacidad de aplicar
técnicas específicas de reducción de costes (lncnmeato de la
productividad, desarrollo tecnológico). que de situaciones como una
mano de obra más barata.

DESVENTAJAS DEL SECTOR

Sin embargo. y entre los puntos débiles, podriamos destacar:

• Ua def"lCieate capacidad del sector para paeIV cndibDidacl, debido
a su rápido aecimiento. 10 que está dificultando su integraciÓD en las
economías locales. originando un problema de imagen que se expresa en
conflictos de diversa naturaleza con la sociedad en la que se asienta.

• Uoa estntegia defideate o DO siempre adecuada por parte de las
difereates AdministracioDes Públicas implicadas en sus variadas
actuaciones de apoyo al sector. AA por ejemplo. el sector debe hacer
frente a leyes y reglamentos complejos sobre la propiedad de la tierra.

-
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'mñzarión del agua, protecci6o del medio ambieate. anidId pública,
pesca y marisqueo, etc., de los que muy pocos están redacmdos
espedficamente para plOIDOYa' o regular la AaliaJltura, DO coatempIaDdo
ea ningún aaso el desarrollo del sector. Esta lituaci6n .. originando
confi.sióD, coaOictos y UD solapamiento geoeraJizIdo entre competencias
de cfifereates AdministnciODeS. Otra irea de actulción, como la
constituye las ldividldes de 1+ D, ha sido úecueotemeate
deficieutemeute gestionada, habiéndose concedido UD peso inferior a la
investigación apIicIda que el que seguramente se requeria, y DO blbiendo
existido prácticamente transmisión del canpcimiento gaaado al sector
productivo.

• FJ ndllCido amaño de la "roña de las el8preas aadcolas supone
UD grave fimo a la competitividad del sector en los mercados
internacioDales.

• La dirlCllltad para reducir CGIta de producci6D fiaJte ala coastante
dianintQ6n de precios de mercado, en parte debido al reducido tamIfto
de estas c:mpresas, pero donde también iDfIuyf.n factores como el
porceataje importaDte de ínstaIIáones marinas que aún existen basadls en
tierra (meoos competitivas que las basadas enjaulas), o las rebcaK:iIS a la
automItizaciÓD Yal empleo de nuevas tecnologías que permitan esta
reducaóo de costes.

• Adftn's de los ilDpaatoI sobre el beneficio, conmes al resto de las
Idividades, las empresas de acuicultura marina deben aftontar el pago de
UD CIDOD de ocupación de dominio púbIic:o (tenestJe o madtimo) y, en su
caso, UD CiDOD de vertidos. En el caso de los impuestos sobre beneficios,
adem's. las empresas se ven peIjudicadas por la valoncióD ...... de la
variaáóD de exiJtencias en plaDta como parte del beoe6cio, a pesar de que
el valor comaciaI del producto sea pr6ctic:amente DUJo al DO haber
aJcmzado la tda de venta. En la prídica ello supone UD .,wanto del
impuesto, especiaJmente pesjudicW en un sector con amplias necesidades
decimdmte

OPOR1lJNIDADES I RECOMENDACIONES

• DaarroDo del mercado Dláonal (marinos): AuDque hoy en día la
comerriatiDrióo de los productos a través de mayoristas (Mercas e
bipelmerCldoa distribuidores) representa cerca del 50% de la producción,
ella .....'ICión el reIativameate recieate" de üIIDeI"i que ..... hace muy
pocos dos alrededor del 80-.4 de la prodUcciÓD de marinos era exportado
(dIDdo Iupr ala peculiaridad de haber sido UD paú nelllJIeIIte importIldor
de prodIlCtOl de Acuiadtura, a pesar de Ier el pi imer consumidor
Europeo de productos aaúcoIas &escos). El cambio de lituaci6n se debe
sin duda a una crecieate poIitica comercial Idea" por parte de los
productores. Por otro lado, la de destacane la c:reciente importancia de
la ....... superficies. ~uentaDdo en la actualidad cen:a del 15% de
las WIItiI totala. Ycon una QIOti de mcn:Ido que .......e iri en

of'l2 29~9:
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auneato en los próximos aftoso Esta oportunidad será ftuctffera en la
medida que la producci6n se oriente hacia la demanda real del
CODSUIDidor, Ypara ello el gran reto se relaciooa con el tipo de producto a
ofertar.

• Debe iacremeatane la pnKIacdóa y reducir costes (mcranento de la
competitividad); inaementarse el tamafio de las empresas y mejorar la
gestión en líneas generales.

I

• Debe potellcíane la iacorporacióa de DUevas especies mal'ÍDaS
(diversificación de la oferta). como el pulpo, la seriola. el pargo, el atún,
etc., aunque sin perder posiciones de mercado con dorada y lubina.

• En el coatexto de las instalaciones de jaulas flotantes marinas. el futuro se
coDtempIa en el deulTOllo de tecaologias qae permito la iutaladóa
ea IIIpI'eI cada vez má alejados de la costa, para lo que baIri que
dedicar un esfuerzo en investigar:

l. Esttucturas para mar abierto mú baratas.
2. Baroos de trabajo mú resistentes y especia1imlos,
3. Sistemas de control remoto para jaulas de mar abierto,
4. Redes más resistentes al desgaste.
S. Sisttmas de amarre y foDdeo mú resistentes,
6. Productos que eviten incrustaciones y algas en las redes que

respeten el medio ambiente, y
7. Programas de control y gesti6n del impacto ambiental.

• Desde el puDto de vista de la comerdalizad6a de donda y labia&, el
futuro del sector pasa por la adopción de medidas en los siguientes
aspectos:

a. ÁJDM1JtaT el WlIor alíadído del protblcto con nuewzs
pruentDcionu
Como sucede en todos los sectores productivos, la &se de
iDtroducci6n de la actividad se caracteriza por precios elevados que
palian las ineficieociu propias de la iDexperic:Dcia Ypermiten
RlIItabi1idades suficientes para atraer anuevos productores.
Evidentemente, tal Ycomo quedó demostuwlo con el aJbivo del
salmón, a medida que el sector alcanza su madurez, las
reatabilidades se moderan y tienden I igualarse con las registndas
en el resto de los sectores. Es entonces cuando la única posibilidad
para mantenerse en la actividad es reducir costes, lo aaal es cada
vez mú dificil, o bien aumentar el valor aftadido mediante nuevas
praeataciones tales como envasado al vado, atmósfera modificada.

b. M,jOlYlT ID pktnijiCDCión del ciclo prodIIcttvo para adecuarse a la
demanda

c.~ divrúgativasYde irrIDgerr secflJrial
Estas acciones deberian dirigirse I ~rar la información de los
coa.unidores y elimiMr una posible mala imapD del producto
freate al capturado en su medio natural. mbime c::uando mis del
80% de la demanda europea de dorada y lubina es lItisfecba por los

z

•
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aJItivos mariDos. Además, también urge la raliDciÓD de estudios
de mercado que revelen las pautas de coasumo e identifiqueD el
objetivo de las campaftu.

d Mejora de ID caMod
Como producto alimeuticio. el pescado debe adaptarse a los
requerimieotos de calidad de unos consumidores que son más
exigemes Ymenos fieles a marcas detcrminIdas. La teDdeocia a
buscar una diferenciación regional del producto lJlCIldiante
denominaciones de origtn o etiquetas de calidad parece poco

I

aplicable a la producción de dorada y lubina porque son cultivadas
siguieodo exlá.meote los mismos procedimieotos: alimeDtación,
densidad, profilaxis, etc. Pero la calidad de las 19UU puede variIr
mucho: IJ,senci. de industrias peud.s cont1lllinlldes, medio
Atlántico o MediterriDeo. etc.

• En lo coocemiaJte a la nperacióD de la bunos .........ticu lipdls
a los primeros permisos y concesiones para la••Imán de DUeYU

granjas, AP.RO.M.AR. sugiere las siguieales medid.s:
l. Homogme:iDcióo de las normativas ea las difc:aentes COIDUDidades

lUtóDOmas;
2. CentralizaciÓD de la gestión de los permisos a traWs de UDI.

Vart.Injlla única, para reducir los procemmieatos buroaíticos; Y
3. Puesta al día de la normativa CODSiderIDdo el poteDCÍIl Ylas

limitaciones de la aaücuItura tn Q'anto a~ requisitos
medio ambieutales, etc.

• La aetiviclacl de 1+ D deberá ser bitn plaDificada YorieatBd. hacia las
necesidades criticas del sector. que en estos momentos lOO: la mejora
tecnológica de ÍDSt.J.ciones ya existentes. la producción tn mar abierto. y
la transformaciÓD YeIabonción de DUevOS productos.

• A Divel Europeo. pocos países cuentan con potiticas y IDII'COS jurídicos
favorables a la aa.üaJltura. La recieate apariQóD de la llCIPa.kln
industrial, la creciente competeDeia por los reanos y el contj-.ado y
rjpido aeámimto dellCCtor bID c:cDtrado la lleác:ión cala rwo:sidad de
Idoptar mJeVU potiticas YIDII'COS normativos. 11~
esublecer COIIdidÓlles openc:ion..... rilid8lea .... -.eIes
(1IIterDIciooal, regional, nacioaal. local Yea las propias expIotaaones)
para que los aaIiaJItores. pescadores y otros emprelllÍOI pnedan ver UD

atrICtivo ea explotar el poteoei.J de la aaücuItura de lDII'eI'a lOIteDible.
Al mino tiempo, al erar UD eotomo propicio es finvI'l!If'1IIaI conseguir
UD equilibrio entre la necesidBd de deserrollo Yla de COIIIeI'YIci6D de los
ecosistemu meriDoI. Como coocIuIióD, las lCtuIIes estrueIUrII
edmiDistrativas Yjuridicu deben ser objeto de revisión Yajuste para poder
del' respuest. a las Cll'lCtelisticu y JMIJCGidacIes especifk:as de este sector.

• Debe r_eatarte el e.pleo por parte del sector de lIernmieatu que
opdwicalla aesti'- - ......... tales como el AMlisi. Estratégico
(externo e interno). o Modelos Bio-Ecooómicos.

0112 290'06'00 9: I ~
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CONCLUSIONES

El sector procluctivo de la acuicultura, Yen particular de la acuia.dtura marina
en Espafta está experimentando un segundo auge, diferente por motivos que no
vienen al caso al primer auge experimentado en la década de los SO. Las
principales nzones quizás se pudieran resumir en la fuerte presión ejercida por
el desarrollo aceJerado de este sector en todo el mundo en geoeral, y en Europa
en particular, además del punto de inflexión que ha supuesto la dispombilidad de
la tecnología de jaulas de mar abierto para d engorde de peces.

Este hecho, constatado por las estadísticas de producción de los últimos años y
el número de nuevos proyectos que ya se han incorporado a la producción o se
encuentran en &se de solicitud de permisos, está origiMndo (y evidenciando)
una serie de coDflictos que demandan un conjunto de medidas Yestrategias que
permitan superarlos. Tal como indica el Profesor Fernando GoDZilez-Laxe
(Revista Productos del Mar, NO 145-146, Febrero 2000), la compltjidad de la
actividad de la Acuicultura marinamod~ unida al rápido crecimiento de la
misma, difia.dtará a corto y medio plazo su integraci6n en las ecooomias locales
donde comienza a asentarse, apareciendo una variedad de conflictos de diverso
tipo:

• Conflictos con los dijerentes USUDrios de los recursos costeros.

• Conflictos con los explotadores de los recursos vivos del mar.

• Conflictos como consecuencia de los posibles impactos de ID tlCUicultura
sobre el medio ambiente (utilizado con frecuencia aeciente como
argumento ante conflictos del tipo anterior, pese a que repetidamente los
datos científicos indican el menor impacto de este sector aJando se
compara con el resto de actividades InllNnu).

De otro lado, la globa1izaci6n de la economia mundial, incluyendo procesos más
cercanos como la h"beraliDción de los mercados europeos y su próxima
unifiQCióo de moneda, plantea los consiguientes retos de competencia a este
sector, que debe afrontar a la misma velocidad de su rápido aecimiento. En este
contexto, el breve análisis socioeconómico presentado puede resumirle en las
siguientes conclusiones:

• Las difereates AdministracioDes PUblicas (centrales Yauton6micas)
con competencias en la regulaci6n, ordenación, control y apoyo a este
sector, debeD realizar UD significativo esfuerzo ea la uaif"ac:ad6D y
limplirac:aci6D de criterios, con el objetivo de ofrecer una
reglamentaci6n eficaz y especifica para la acuicultura, diseftada para
promover y regular esta actividad. Asimismo, el rápido aecimiento de
esta industria, junto con el potencial estratégico que repraeata para la
ecoaomfa de varias Comunidades Autónomas de este Pais, pellliden
proponer la consideración de este sector como ESTRATÉGJco para la
ecooomfa de estas Regiones, empleaDdo la reglamentaciÓll especifica
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reecmendMa como SU iDstrumeuto de desarrollo.

• Las eaapresas del leCtor debeD priorizar ea 181 estrategias la
redacciM de costes de prodacd6a: A través de téalicas de mejora y
selecciÓD genética de los alevines, de la mqora de pieosos y estrategias
alinwl'arias. del incremeDto de la productividad de la IIUIDO de obra, Yde
la iDtroducci6n de procesos de automatiZlción!meeaniZlción en las
gnDjas (La suma de costes de alimentación, aleviDes y personal representa
más del 700.4 de los costes de producción).

1

• La emprau del leCtor debea priorizar uimismo la mejora de la
comerdaljqdóD: A través del iDaemento del consumo en los mercados
existeotes, la búsqueda de DUevoS mercados, I! difereociaci6n de
productos (etiquetas), y productos de valor añadido (filetes, mimados).

• La aaprau del sector qai:ál debieraD coIIIiderar la --.ion de la
.... corpontiva, dirigida hacia las comunidades doDde preteaden
uentarIe. como estrategia fi'eate a los coaftietos derivados de su lipido
crecimiento, induyeodo la puesta en práctica y divulgaciÓD generalizada
de programas de gestión medioambieDtal.
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