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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



17,180 BARTON ET AL.: LEE REGlON OF GRAN CANARIA

·15.5-15.6

00

• •
6

, ~ 00
111

1()

• O

• ..- • O o.. ..
•

-15.8 -15.7
Longitude

Q

~ ..-

-15.9

u 23.5 +--.-3-1-J-
uI
---l-----'------L-----r..----t

~ .1Aug
.a • 2 Aug
~ 23 • 3 Aug
O-e .. 4 Aug

07 Aug
~ 22.5 o 8Aug
~ P •

~ 22 ~.:, ~ ••

~ ~ ~
~ (~ , r
~ 21.5 -I----~--....,,----,.---.,...---+

-16

0..,..-.....:.------------;--:-;----,

-15.8 -15.7 -15.6
Longitude

19 20 21 22 23 24
Temperature e

f,
• ~•
• • ~, ••

• C!l
o ~ :r o o o

•r
t

o

~
,1
r

1

-=.J
~
~

~- Stn 405 . sheltered

18

.-.
!~ •
.. f!' ••

(e)

(b)

25

50

125

150 +---r---~..a::..__,_-__r--r__-.,---_r_-_;

16 17

.Ét 75
O

100

160 +-'='.'"'"~ur-'L.o:S~--..J..---.....L---.,..----;-

140 • 1 Aug ¡

~ 120 : ~=
9- 100 • 4Aug
'! o7Aug
! 80 o8Aug

1:
20

o .,...--......~
-16

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
Sumrnet SchooJ 011 Upwdhn, Sysrems hdd atche UDlverUdad de Las
Palmas de Gran Canaria funded by che CommaSSIOll oC !he European
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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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

3 ± 0.5 to 1 kbar at a temperature aboye 420 oC,
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

vapour phase (C02, CH. and Nz), indica·
tmg a last stage of decreasing temperalure (360 oC) and
pressure 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

" .\

fIf' "
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lJ ~
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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.

http://71ffS.4
http://0.Un.S2J


1111~~'ril~!i[ilf'~Jlf~fr'I~~

t}~I!l[!rill~i~i¡~ :1~~li~~1
-. ! r ~ ~ l 1·S. .-. f~ r

: f rf., frI se- I f. r ~ I J~j P. et. .. It

r'l ~r~,~.rl[:~I'f' llil
IrJ~il~I:!rlf~ffl~ 1I

l~¡B.B.lrt~11 1 Ir rl ~II ~tr
t JII·¡ii!l~J··:I'S~tl I r~~~i It~;

i IJ'i~~ftfjftjftlii~i l!!!f'( ¡ ~ll'l
+ ~ • ~ _lo ., 11. ~ • .L '. ' _ I .

"tlt8t¡ -1A-,.~trl·llilf'~ 1[8 .1 S'
f ltr- SI. . .f ·1 f

:3 U1u¡.h"h,¡¡l! ld..(

--
~

© Del documento, los autores. Digitalización realizada por ULPGC. Biblioteca Universitaria, 2009



Jl71

••••••• •
Tttcl•

00..
O'..

O'.'

•

.0.'O

...,~f!.J.Il

•

a---.-

..---_-r------------~ecn.PIl).......
• ---1l1li....~._1------.....,,.,.-

PIG.6. P-T wiIIa.......'. 'dwof ",.oflldd ..c. 11 'lIdepo1iL.dIIt_ '1 P-TcmSd_Iar of of.".. I•• IJ 'lee"
-.ld.e"..2_e"..J ... 1_ n. ,. ,.._•• hU· ,_ ..-.e.
n. WItic:aI cIIIIIIId liDe..111[b "" e(.-c)....... 5 _e....¡aJ'..dby~.,
.. (1995) 1Itiat&..8CCGUiIIPbIt la fanDed by. cmPICt --.wpIaic • ,tIA .,fe ,....a.

-1.or--r---r-...--.-~-r--....,...--r---.-----.,

o"
iñ :-1..
%

E
m -1 •
.2

3203«>400440480520580800
Temperature re)

PIo.7. 1.oIasH.SK>.-........ projedioa .. '·I adMtyof..,.·O.I•
....,.., .... OJul.I[' wIIIa die.,.... oCBe ••, al Fn[...1n (e-t
..........., aL 1995).

joift. The abIeDce ofeuclue iDdicatell miDimum nnae
oftemperaturea and preaurea.l.c.. I Pof4 kbar lDd I T
ranaiDI faom 3SO-C (for P- 1bIr) to about 4SO-C (ror
P - 4 kbar), in che ltability fteld of lDdalusite.

Tbc type-IIDd type-2 fluida 1rIpped iD emerald diJ­
play laower cIcDIity thaD typo-I fluid 1rIpped iD pbeu­
kite, yieldiDa lower millimum paeaunI (PIl). iD :be
0.75-1 kbIr i'IIIF lDd I mi.......~ (Th) in

file:///lvon


1172

•

tbc 3S4-3II-c fIIItIC. TIIr:iDa die ....
tioa ofBe-bea".' n+' r. Pi (MIdiJa-
lIInI d aL 1995), we cc. die· .o c cid
DOt wida ftlIIPIlCl 10 die 40rC
<Y 6).11-. tIIe,.-efJltWIlICGDd lI'GUIId
I tt.. 1"IIIIe _ ...-widl die,.
.... by .,.. (1995).

DarialdIe finl k,.a"......die ......
abIc pr e fJl fJltJpe-1 6Iid ..¡t He. •

lI'GUIId 2 7 e .....s 4QOIC. nía
¡a111JfC ........, .. " h ¡a_e iD-
dicIdw fJl • ........., 1eWlI~ ba).
TIIe~I .. ."..2 _1 ,'75""-W diIpIay
..,... c' t·s 1 km - tIIppIc' •
die ... fJll Id 00IIId" .,liip ~

by a pr1'U. dtap , ,h ID""'"~
I281iccr-'P" _'. '0

ne iIIklI fJl."..3 tIaid iD-
clNi,.~.,"I995)"'.""",
latec' epiIOdc or k"""" fbJic' circ-11tioa al
...·i ' ••_ IWCeo
2'5-c '11 m....O.s .

DIIa-..

ne C\"ObiPbt fJldle ftaid _ eh" widldle .....
1OIIIIIic......._ foIIowa. UDdIr.....bd._
2111d 2.5""aad • ........-c..eo~a b
scaac iI ckwIopec' iDwIIicb.~ ftaid.
cbnjn,lecI by H¡O aad ofwry Iow 1IIiaitJ•• lnIppOd.
11Ie tIuicI iI _" a.d ora JII-e made.., of
........ &Dc'1iIÍIIar' 'i?.. fJl widl.....
..CGIII"reilio fJl72 ..." 1120.23.2""al.
1Dd4.1 JDOIe" NJ. A.._ drap 1IO?IId
....fJlflaid .........4oo-c_1 DIáiIItWI
.....................,t lit...,..
ber,t( I ..PiJ.6),..h' 1
iD .., (BIdn 19M). Al. _ .. twv

diftIa _' " .., ." ....
lid: (1) .,.. ='i"tJ ftaid ~
wIIdIe (."..1 .:1 ' ->. .. (2) • 0C>rci*
6Jid wt7Ia (.".2 iJ • ,ia,,).

T_p'" 1 t_ .... ' U.....
liGa:

1) AI. .." • ••"'i ...
1Wy.. 1D a ..
..._'M' "1iOaaaIiwiIJ iIIIIiII••Ma te
............. 1 ,.. ........
...'- ..... (X),ociIlk ..at.odIIa. .. aa. C ,
.....-.d.etar. -.o ma..'
.........ol ..., (OOr
riClIl ..~ ti ...
co,.dIIa ...."G'fI,4A).".
1Ict ..., .....
.-,.. lIiOaz1tzIIJ II.1 L3I , ....

......."....." ..(.,...z,~....

.....................,..IIaO....

ÍlJ(""'1. aIc«h)bpt....... tnrpped cIariDI die
......... 01l1li emcnId pvw1h. ID dIiIwy. twv im­
lIIiIcibIe Iaida _ Inpped iD die cmeraId carc. 11Iis
.....widlalft"'lb of--.Id cIariDIa .... 01 fIet·
erq_......... iD die .,..~
00rNJ.--¡aifllJ'Ned by~d aL (199S).

2) AS" 11 W-Cof...1d ClJ'M'IJizerian. a ftaid
(a,p.2)"die , ••liteboc'yc:ili'..-ct3IIraaPdie
1IaIt"1M wiIb.".1 8aic' b.s iD .....
... Iá?e probIbIy.~_ ...
.. 6nidz •• r rtic al • -.e pi rmllJ cIlai-
.-s by COz ... lIJO: (1916), n-a a
Spaa.. (1911), JCrm a '_1' ..
(1912)," ,.." • .,.. (2000) So, die .
..IIr~a••_ .......COa. ia ..
pi C,_ • H,O. 6e re.II fJ6 tilia die
a,p.1 lJiid, ....--del 1'IIe... .....-c
ftDid¡ ... ......,··de of die Taco
(M-i?*) 'W d en-- a Spa_
1-.) «11,' ."fJl91""HaO•

'''''ale.I''''00a._2''''NICI........ •...I'..drII ."..IIIid...·
1Ide-. ,i' 1"IIIIe 13J~,..1III

-art '., ffI"- ftaid¡.-..aIiIíJrI 01
a waDroct aIc-HaO 8aic'., pcIIIibIJ or .....
...... oriaia. widl.1Iaid relnll~ rn. die,....
PiIc. AJ die 0......... <N- a Moa.. 1993),
........ IIId.-.ld. wIúda....die fonDcr IDÍD­
cnl, occar .. die bIb of a tüpIy IIICCDDIDI"zecI
.....",n•• body ad ia die biaciJe .... at aad
_ iII~Nw A ..... (1993) c'eIc:ribed •
.......I ..I'i..b.sia •• , 1......·
.... wtPIa IDwIlliaily (<6 "'"NICI iD ,. '$s ..
<1 ""'NICI iI--ekI)....,. 11.."al."
... - •• olOOz, n ••_2S0...-c(Tb
.. ,.>n...ad),•."..2ftaid-1 .....
• nM.....• ...........0IrC0J ,.
1M ....., ('.20 "'" NICI). n ...._ 110..
...-c.........3...~.1 ·_....,10

31 "'" NaCI. aIc-OOa" "., iI ti e d" die
...6nidz • .".1 _Iaia., ' 'rtt"
_...,_............, b' I

...,111 liM.wida."IIB'''''''''at.__Wi?Ia

.........,." ...,_, mId .......
tiaIIffI 2 liB' ·w.el' ti iJ¡¡¡¡ , ..--
_ ildir..lw'n h .......01..'iI COz _IIP.~ ZIIII2IaI a·...............................­
."...... wt7Ia •~ 'W'.I' '" NICI ...
................... a ,........"..1
.."., 111 ,'w

,... .... 111 ',. PlI,P" ......
............ 0sa *'1 ..
_ ..a _... [., -.- ...

.. ,...tzt W.ca.' ."..•

............ ''".Osa; ,1_ - PlI peira,



.,"

•..'"u -.-

tlrifJII~I(r'ltltl: JIJ 'fflf.l·Jlrl·JJllfifll al'lllljllB'f.I·[a-f!4·1~ J JI ~ Ji· 1I
'

,&rftl~~ JJ ~ ,.-S} I r_r frr ¡o. f~J. ~ 1: arl t¡t( . QI:IiI-I18'~2.~r~:..I:_f~! !"'~!I! •.¡~iitl . _r.

ISfrrllll¡ltil~III~I~ ¡iE~li~;ii~~lif'IJ!iiJrllit~~J!~Jfilf
f[~t~f!~IJltfl~~¡f~i~lifii~I~I!:tfllf:~1~¡it:llr~~ii[1¡8 I

J}~il i
t
'!¡ ~tlf il

í

•
1i11j~lllj jti!~ il'~ !I!i ~JIJ I itl!ij i i!!l~ilf i

I I ~ ~ ~ ~_ ~ _ .. _ f 11~r ~ ~ l o 4' ti·! ~r ~ e- ~ J

'tIJ~ §f(;?(' (Ii lr~tg ¡ti '(tjr" i~f P--II~ ii=- ¡Ji1r a !il l ~~.. ~
:.~.".....r. __ 1 f'~ ~.I Ji r ni.:9f ~~~ J~i _ ;:: ..J !J lI!R il .. hl

r;¡;J
-.

© Del documento, los autores. Digitalización realizada por ULPGC. Biblioteca Universitaria, 2009



_t~t ll,f Jll,~ I!~fr Jrfl~1 ¡jl[ &I!i .¡il iti ~I~~!f ~lili ~l~' ~~=
r ¡ II1 ~.' l' JJi
~i ti: It r ~!Jf JI~ 'f~
lw _fwJI~I I~J~ ¡l- 'IJ. r ••r- ~ t >! _. _1 j J3~, tr ~~ I~~~I , J .&~ S

·lJl ~J t·~' !..I ,U ru J¡ t. ,;. nl~ I f 11 I
! fli~ ~!t~ 11

l l ~I~!I ;I~ ~ Jtl ¡f 111,1 I!fl' rIlE! I[I! Jil! I
'" ~ -- i'l1i ~ J !11= I1 1J~ Ji !:J~~~ ls·/ l.d> l.i r; :..

..~ t J ro f"!" !II1- nt~ Jh~ "Ji il ~f . l'

-1 Iwf t,' 11rl lll- ~. 1 · ~~ l'I~ ti '~:l ~ Ji ii ,Itr ~!j ',;1 ~Ji il

© Del documento, los autores. Digitalización realizada por ULPGC. Biblioteca Universitaria, 2009

http://ltn.HlmtrM.VL


1175

..

SIUANO hn'o. M.o CAIowr. c.. 1MuoI..., E.. 00IuraE,
L.O. A PomIOAL PIumaA. M. (1917): sa-e poc::nlDO­

l6Pca cIDI ...... do MICizD HeIpeIico. be 0e0I0P
........... '1"" IICI"'es del NIldzlD HeIperico
(F.... A. CanúcIn», M. Lopez-Plaa" M.D.1tocIripcz
AIcIam, edL)....... Madrid, Spüa (69-16).

~ J. (1919): EMnIItl_ 0IIwrs.,I6. Oooeciel IX
,........Arm..

s...L.W.A IWMI.AJI. (1919): QriPaIDll c' s'f_lIlIOr
........wadd-us "'s-Waof'Plti.
lila: OeoIoIJ, O-o&ocr o-ia (A.H.~ ...
L.W.........). v.NoIIrIDlII •• H eo.. Nnr Y.t.
N.Y. (Z2.9-2JO).

~, ... vm.u.. J. A DI *, J. (19M): .............
-*In.. ."u. lo fllIid i8c1uiou:I~
.....IDlIClI......... or OOr
CL-Nz .,... o.dúa eo- AcM" Icm-
1012.

TIIOWAS, A.V. A SPoote, E.T.e. (1911): F1uicI iDclUlioal iD
die I'J*IDR~ 6am _1OIBIIic: 1DUr·
maIiDe widúD die border..or die Taco JlllDOd paitic
.......-. S.E. w.... GerJcWa el_c,,", AetlI52,
106S-I07S.

VAH CAIL..-. p,w.c.. Jkwl.,N.AJ.M..~ E.H..
PaIIM, R.MA, DIN Tu. E.. VIUIUUGIC, E.A.T ...
VIIICH....R.Il(I919):......oroldlr.......
C.....rIj,. lile c.Ilo OItepI_fi>4lla1mlfic ClOaIpIa) iD
lile Herc,tIíID 0Iapa orNW s,.a: ff ,en_ or.
"'laaaA~ di .' a.-.a.LM•
3S-S'.

ZIw«I, YIoOANo ...Pwnz. J.D. (1917): DIIw . ti.orille
a.m. 1_.- 1 M _ ........or iIiiaI
luidIiDlIIe.,....~ .,...
....11 ,._ a.-. a-L. M, J3S-3SO.

.....1IM:ltZ7.1..~~~.
.......Z/• .1QJO.



BlJU.ETJN Of MARINE SCIENCE. 67(3): 989-996. 2000

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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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
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