Coleccion de Separatas

Universidad de Las Palmas de Gran Canaria

Ao 2000

- ~I2LA3R
629392

Facultad de Ciencias del Mar
Biblioteca de Ciencias Bdsicas “Carflos Bas”

realizada por ULPGC. Biblioteca Universitaria, 2009

autores. Di

© Del



Depdsito Legal: GC-417-2001

ISBN 84-899-5328-1

imprime: Servicio de Reprografia de la U.L.P.G.C.
http./www .ccbb . ulpgc es/ccmaribiblioteca

alizada por ULPEC. Biblioteca Universitaria, 2000

© Del documento, los autores. Digitalizacion re:



INDICE

Barton, Eric D.; Basterretxea, Gozton; Flament, Pierre; Mitchelson-Jacob,
E.Gay, Jones, Bethan; Aristegui, Javier; Herrera, Felix : Lee region of

Gran Canaria. Journal of Geophysical Research, 2000, vol.105,p. i\ C

17.173-17.193

P

Basterretxea, Gotzon y Aristegui, Javier : Mesoscale variability in oot

phytoplankton biomass distribution and photosynthetic parameters in the

/

Canary-NW African coastal transition zone. Marine Ecology Progress
Series, 2000, vol. 197, p. 2740 7 a7y

Caballero, M.J.; Lépez-Calero, G.; Socorro, J.; Roo, F.J; Izquierdo,M.S ;
Fernandez, A.J. : Combined effect of lipid level and fish meal quality on
liver histology of gilthead seabream (Sparus aurata). Aquaculture, 1999,
vol 179, p. 277-290 |-

Sl

Cabrera, M.C,; Delgado Mangas, F.; Mufioz Sanz, J.; Pérez Torrado,
F.J.; La Moneda, E. : Caracterizacion de las familias hidrogeoquimicas en
el acuffero de La Aldea ( Gran Canaria). Geotemas, 2000, vol 1,n° 2, p.
47-50 7o« 2

Calvet, F.; Aguilar, A.; Carracedo, J.C.; Pérez Torrado, F.J.; Recio, C,;
Travé, A. : “Beachrocks” de La Palma, Islas Canarias. Geotemas, 2000,
vol. 1,n°3,p. 213-217 7 uy~ 4 ,

Cana, L, Hemaéndez, E.; Garcia, R.; Grisolia Santos, D.: Mesoscale
convective systems during 1990-94: characteristics and synoptic

environment. Mediterranean Storms: proceedings of the EGS Plinius Conference
held at Maratea, ltaly. 88-7740-296-2. -- Cosenza, Bios. -- 1999, p.67-75 71 BO6R

Carbonell, Enrique ; Massuti, Enric ; Castro, José Juan ; Garcia, Rosa

Maria : Parasitism of dolpinfishes, Coryphaena hippurus and Coryphaena .
equiselis,in the western Mediterranean ( Balearic Islands ) and Central- v
Eastern Atlantic (Canary Islands). Scientia Marina, 1999, vol. 63, n° 34,

p. 343-354

[ R A

/o bar dr dahos o jorere Vo 4 dole  chen
ddes ren @ NUabsys 2120%Y

Castro Hernandez, José J.; Martin Gutierrez, Ana Y .: First record of
Holocentrus ascensionis (Osbeck, 1765) (Osteichthyes: Holocentridae) in

the Canary Islands (Central-east Atlantic). Scientia Marina, 2000, vol. 64,
n°l,p 115116 7192 43

)




Elguren Femnandez, A. ; Sosa Ferrera, Z. ; Santana Rodriguez, J.J. :
Determination of polychlormated dlbenzofurans in blue mussels (Mytilus
' edulis) using microwave-assisted extraction prior to HPLC- fluorescence
detection. Luminiscence, 2000, vol. 15, p. 94-95 7 ;=g 7

" Fuertes-Fuente, M. ; Martin-Izard, A. ; Boiron, M. C. ; Mangas, J. : Fluid \n /

evolution of rare-element and muscovite granitic pegmatites from central _
Galicia, NW Spain. Mineralium Deposita, 2000, vol. 35, p. 332-345 - . >

Fuertes Fuente, Mercedes ; Martin Izard, Agustin ; Boiron Marie Christine;
Mangas Vifiuela, Jose : P-T path and fluid evolution in the franqueira
granitic pegmatite, Central Galicia, Northwestern Spain. The Canadian

Mineralogist, 2000, vol. 38, p. 1163-1175 .+ v= .~

Garrido, M.J. ; Haroun, R.J. ; Lessios, H.A. : Annual reproductive
peridiocity of the sea Urchin Diadema Antillarum Philippi in the Canary
Islands. Bulletin of Marine Science, 2000, vol.67, n° 3, p. 989-996 -~ v /¢

Gimeno, D ; Pérez Torrado, F.J. ; Schneider, J.L. ; Wassmer, P. :
Transformacion de las coladas basicas alcalinas subaéreas en lavas
almohadilladas en ambiente litoral: un ejemplo del Pioceno, Norte de la isla
de Gran Canana, Geotemas, vol. 1, n° 3, p. 325-328 -, .«

Gomez Femandez, F. ; Both, R A. ; Mangas, J. ; Amibas, A. :
Metallogenesis of Zn-Pb Carbonate-Hosted Mineralization in the
Southeastern Region of the Picos de Europa (Central Northern Spain)
Province: Geologic Fluid Inclusion, and Stable Isotope Studies. Economic

Geology, 2000, vol. 95, p. 1940 -, ¢33

Gonzalez Divila, Melchor ; Santana Casiano, J.Magdalena ; Laglera,
Luis M. : Copper adsorption in diatom cultures. Marine Chemistry, 2000,

vol. 70, p. 161-170 /7 - (4

Hernandez Garcia, Vicente ; Martin, Ana Y. ; Castro José J. : Evidence of
external digestion of crustaceans in Octopus vulgaris paralarvac. Journal
of the Marine Biological Association of the United Kindom, 2000,

Vol. 80, p. 559-560 . - (%)

/ Hernéndez Guerra, Alonso ; Joyce, Terrence M. : Water Masses and

\

Circulation in the Surface Layers of the Caribbean at 66° W. Geophysical
Research Letters, 2000,vol. 27, n° 21, p. 3497-3500 /(9

eca Universitaria, 20¢

realizada por ULPGC. Bibliot




el

Y
"
X
{
X

Hernandez Leén, S. ; Almeida, C. ; Portillo Hahefeld, A. ; Gémez, M. ;
Montero, 1. : Biomass and potential feeding, respiration and growth of
zooplankton in the Bransfield Strait (Antarctic Peninsula) during austral
summer. Polar Biol, 2000, vol. 23, p. 679-690 . =7 ¢=Z

Herrero Bervera, E. ; Mangas Vifiuela, J. ; Valet, J.P. : Paleomagnetic |
study of the ages of lavas on the island of Lanai‘i, Hawai'i. Journalof
Volcanology and Geothermal Research, 2000, vol. 104, p. 21-31 71 y\o2

Mahugo Santana C. ; Sosa Ferrera, Z. ; Santana Rodriguez, J.J.
Simultaneous optimization of surfactant concentration and organic modifier
in micellar liquid chromatography. Application to the separation of
phenolic compounds. Analytical letters, 2000, vol. 33,n° 8, p. 1691-1709 -

Marian, Fernando D. ; Garcia Jiménez, Pilar ; Robaina, Rafael R. :
Polyamines in marine macroalgae: Levels of putrescine, spermidine and
spermine in the thalli and changes in their concentration during glycerol-
induced cell growth in vitro. Phisiologia Plantarum, 2000, vol. 110, p.
530-534 -\

Marian, Fernando D. ; Garcia Jiménez, Pilar ; Robaina Rafael R. :
Polyamine levels in the seagrass Cymodocea nodosa. Aquatic Botany,
2000, vol. 68, p. 179- 184 7' 42 8¢

Montero, D. ; Blazer, V.S.; Socorro, J. ; Izquierdo, M.S. ; Tort, L. :
Dietary and culture influences on macrophage aggregate parameters in
gilthead seabream ( Sparus aurata ) juveniles. Aquaculture, 1999, vol.
179, p. 523-534 213306

Pajuelo, José G.; Lorenzo José M. : Biology of the sand smelt, Atherina
presbyter (Teleostei: Aatherinidae), off the Canary Islands (central-east
Athlantic). Enviromental Biology of Fishes, 2000, vol. 59, p. 91-97 71455%

Pajuelo, J.G. ; Lorenzo, J. M. : Reproduction, age, growth and mortality of
axillary seabream, Pagellus acarne (Sparidae), from the Canarian
archipielago. J. Appl. Ichthyol, 2000, vol. 16, p. 41-47 7/« %29

Pérez Torrado, F.J.; Schneider, J.L., Gimeno, D.; Wassmer, P.; Cabrera,
M.C. : Mecanismos de transporte y emplazamiento de depdsitos
volcanoclasticos en el litoral NE de Gran Canaria (Islas Canarias).
Geotemas, 2000, vol. 1,n° 3, p. 329-333 7,y ;¢4

SR

vy




Pavon Salas, N. ; Herrera, R.; Hernandez Guerra, A.; Haroun, R.:
Distributional Pattern of Seagrasses in The Canary Islands (Central-East
Atlantic Ocean). Journal of Coastal Research, 2000, vol. 16, n° 2, p. 329-

33 ¢+ C

Rodriguez, G.; Nistal, A ; Pérez, B.. Joint occurrence of high tide, surge
and storm-waves on the northwest Spanish coast.
Boletin del Instituto Espaiiol de Oceanografia, 1999, vol. 15, n° 14, p.

21-29 oL

Santana Rodriguez, J.J.; Padron Sanz, C.: Fluorescence techniques for
the determination of polycyclic aromatic hidrocarbons in marine
environment: an overview. Analusis, 2000, vol.28, n° 8, p. 710-717

Vergara Martin, José Manuel : Consideraciones socio-econémicas sobre
el momento actual de la acuicultura marina en Espafia. AquaTIC, 2000,

n°10, junio, 12 p- 7NN

' Cae
[

009




JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 105, NO. C7, PAGES 17,173-17,193, JULY 15, 2000

Lee region of Gran Canaria

Eric D. Barton,' Gotzon Basterretxea,’ Pierre Flament,** E. Gay Mitchelson-Jacob,*
Bethan Jones,” Javier Aristegui,’ and Felix Herrera®

Abstract. The mountainous Canary Islands present obstacles to the trade winds and to the

Canary Current flowing equatorward past them. In situ observations of hydrographic
properties and surface winds south of Gran Canaria, together with advanced very high
resolution radiometer and synthetic aperture radar images during 2 weeks in summer 1995
are ar?alyz.ed. A cyclonic eddy shed from the west of the island drifted southwestward at 5
cm s”, while the southeast coast was approached by an upwelling filament originating off
NW Africa. A wind lee region bounded by intense horizontal shear lines had a weak return
lsland“_/ard wind in its center. The lee formed a triangular, diurnally varying, warm water
pool with two sea surface temperature maxima separated by lower temperatures below the
retun wind. Shallow temperature stratification occurred behind the island in contrast to the
ur:xform surface mixed layer in exposed regions. Upwelling and downwelling of 10 - 20 m
d” were indicated on the cyclonic and anticyclonic sides of the lee region. In the SAR
images, lines of strong current shear along a temperature front between the cyclonic eddy
and the upwelling filament were identifiable. However, the radar images were dominated
by atmospheric phenomena, including mountain tee wave packets, windrows, and wind
shear lines. Estimation of the wind field from the SAR backscatter intensity revealed
complex structure and intensification on the edges of the warm lee.

1. Introduction

The Canary Island archipelago, which rises steeply from
ocean depths of over 3000 m, forms an obstacle to the south-
westward flows of both the Canary Current and the trade
winds (Figure 1). The summit of Tenerife is at 3717 m, while
that of Gran Canaria reaches 1949 m. The presence of lee
regions behind the islands has long been recognized; becalm-
ing downwind of Gomera, Tenerife and Gran Canaria in
August-September 1492 delayed Columbus' departure on the
Santa Maria to discover the New World [Columbus, 1987).

The meteorology of the Canary Islands has been summa-
rized by Nava (1984). From March to September the trade
winds are capped by an atmospheric temperature inversion
between 400 and 1000 m. As the approaching air stream is
forced up the slopes of the islands, a layer of stratocumulus is
often formed at the base of the inversion. The stable inversion
layer prevents the air from rising farther and diverts the flow
around the island flanks. Some of the diverted flow is chan-
neled back to the coasts down deep canyons to converge with
the main flow, increasing wind speed and causing vertical
motion and cloud production. Even at times of extensive
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stratocumulus the leeward coasts often remain clear because
of subsidence down the lee slopes.

Warm oceanic "wakes” have been identified in satellite
images as anomalously high surface temperature regions in the
island lees [Herndndez-Guerra, 1990, Van Camp etal., 1991].
The extent of the wakes, which varied from island to island.
was attributed to the differing heights of the islands. Wake
orientation followed the prevailing winds. Wakes formed
during the day by solar heating and weakened or disappeared
in night time images. They were bounded by temperature
fronts, presumably coincident with the boundary between the
trade winds and the calm.

In this paper we report in situ observations of hydrographic
structure and surface winds downstream of Gran Canaria and
remote sensing advanced very high resolution radiometer
(AVHRR) and synthetic aperture radar (SAR) imagery during
2 weeks of the strongest summer trade winds. Repeated
sampling revealed the strong wind shear lines, the associated
thermohaline structure, and the subsurface pycnocline distor-
tion caused by Ekman pumping. The variability of the wake
in relation to the larger-scale context and to features in the
AVHRR and SAR images is discussed. Both atmospheric and
oceanic phenomena have signatures in the radar images. The
wind field inferred from the SAR backscatter intensity shows
strong structure related to the extent of the warm lee.

2. Methods

Between July 24 and August 8 1995, conductivity-
temperature-depth (CTD) sections spanning the lee region of
Gran Canaria were made on eight occasions (Figure 1). Each
consisted of 5 - 9 profiles to 200 m depth spaced at 4 km
intervals from the lee into the open ocean trade winds. Six
sections were made on the western (cyclonic) half. and two
were made on the eastern (anticyclonic) half. The recently
calibrated Seabird SBE 19 CTD and Sea Tech fluorometer
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performed within specifications. The small research vessel
could work only by day and only 3 few kilometers into the full
sirength of the trades

On the vessel, reistive wind velocity, air temperature. and
atmospheric pressure were recorded at | min intervaly - 10m

above sea level. The average speed. tcmperature. and pressure
and the must frequent wind direction were recorded in cach
interval. The ship's latitude and longnude from a Magellan
1200 Giobal Piosinoning System navigator were logged cvery
2 s The posinons were edited tollowing Flesming and MHill
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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
wind velocity.

Wind velocities reported four times per day at 10 sites
around the island were obtained for July and August. The
Acropuerto de Gran Canaria site at Gando on the low-lying
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 iming of the CTD observations 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 four times daily at the
Universidad de La Lagunahigh resolution picture transmission
receiving station in Tenerife. The raw data were subsequently
geolocated using the satellite orbit elements and adjusted using
the island coastlines to reach a final ground location accuracy
of ~ 2 km. Sea surface temperatures were then estimated from
the five-channel records using the algorithm of McClain et al.
[1985] to correct for atmospheric water vapor to an absolute
precision better than 1“C. Clouds were detected and flagged
using a combination of tests, including a textural test on the
visible and infrared channels to detect small cumulus ciouds
and a differential test on the infrared channels to detect fog
and low stratus clouds {Saunders and Kriebel, 1988]. The final
cloud-masked SST images were remapped to a common
Mercator grid, to eliminate geometric distortions due to earth
rotation and curvature. The performance of the SST algorithm
was checked over an area ~ 100 km x 200 km southwest of
Tenerife, which remained cloud-free during the entire period,
presumably as a result of air subsidence in the lee of the tallest
island. The median temperatures computed for each image
over this area indicated a bias of -0.35"C for NOAA 12 and -
3C for NOAA 9, using NOAA 14 as reference. The NOAA 12
and NOAA 9 images used here were corrected for these biases.
The standard deviation of the corrected series of medians was
0.8C.

SAR scenes were available for July 29 and 30 from ERS-1
and ERS-2, respectively. SAR intensities were converted to
normalized radar backscatter cross section (NRSC) following
procedures similar to Lehner er al.’s (1998). The procedures
differ slightly for the two satellites but involve correction for
saturation in the analog to digital convertor of the satellite
receiver in areas of relatively high backscatter [Meadows and

Wright, 1994). Correction is necessary because the prevalent
wind speeds (>10 m s™') are high enough here to provoke
saturation. Before application of the recalibration, intensities
were smoothed to reduce “speckle” with an 8 x 8 convolution
filter and then subsampled at every eighth pixel, increasing
image pixel size to~ (100 m)2. The smoothed intensities were
calibrated using the method of Laur er al. {1997] to produce
images of calibrated backscatter (indB). From these, fields of
estimated wind speed were determined by application of the
empirical C band CMOD4 model developed originally for the
ERS scatterometer by Stoffelen and Anderson (1997). As
discussed later. an assumed wind direction is a necessary input
to the model as the SAR illuminates the targets in only one
narrow range of directions as opposed (o three widely sepa-
rated ones for the ERS scatterometer.

3. Results

The synoptic situation on July 30 (Figure 2a) illustrates the
Azores High and Saharan Low typical of boreal summer The

northeast-southwest trending 1sobars of the trade wind regime
dominated the observation period. Winds at the Aeropuerto de
Gran Canaria (Figure 2b) had a vector mean speed of 10.1 m
s during the months of July and August. The vector mean
direction was 203", coincident with the principal axis of
variance of the wind fluctuations. A weak sea breeze regime
had zonal and meridional amplitudes 2.1 and 16 m s,
respectively. The standard deviation of speed was ~ 3 m s
Speed increased slightly 10 a maximum of 16.9 m s on July
30. then decreased similarly through August.

Near Puerto Rico, on the southern lee coast, the July-August
winds were weak and, on average, onshore (Figure 2c). The
sea breeze regime there had zonal and meridional components
of 0.5and 1 7ms’. respectively. The mean vector wind was
0.7 ms"' toward 28". with standard deviations in both eastward
and northward components exceeding 2 ms''. The onientation
of the principal axis was 315" No trend in wind speed was
evident.

3.1 Regional Context

The relative uniformity and strength of winds over the open
ocean during the observation period are shown in Plate la,
where ERS scatterometer winds are plotted for July 31. The
overall direction was southwest, and wind speeds were
stronger than 10 m s in much of the area, exceeding 15 m s
southeast of Gran Canaria. The low spatial resolution and
crude land masking does not permit examination of near-island
effects. The overall current in the region is the slow south-
westward drift of the Canary Current. but energetic mesoscale
structure is indicated by the SST patierns and sea level
anomalies (Plates Ib and Ic).

The sea level anomaly (SLA) field, from the combined
TOPEX-Poseidon/ERS- | observations (Le Traon etal., 1995],
was derived for the period July 25 to August 10 1995. Only
the data from the ERS-1 half cycle corresponding most closely
in time to the TOPEX-Poseidon data were used. This was to
reduce the smearing of features owing to temporal changes
over the 35 day cycle period. albeit at the cost of higher spatial
resolution. Ground tracks, shown in Plate [c as dotted lines,
are irregularly distributed and data near land are rejected
because of the possibility of signal saturation. The data were
smoothed and interpolated to a regular grid using the Bames
algorithm [Koch e1 al., 1983] before contouring and calculat-
ing the geostrophic velocity vectors. The original data are
noisy, but the major features of the anomaly field correspond
well to those of the SST image.

The SST image of early afternoon August 5 (Piste 1b) show
a complex upwelling filament extending out from the African
coast, several eddy-like structures, and warmer regions
extending southwestward from most of the islands. The
filament, arising from the coasta) upwelling between Cape
Bojador and Cape Juby. has been observed in different years
{Barton et al., 1998). The cyclonic circulation associated with
the filament and its extension southward and shoreward is
evident in the SLA map (Plate Ic). A second filament appar-
ent near latitude 26"N also coincides with offshore motion.
Such filaments frequently carry cooler upwelled waters far
offshore. In this case the Juby filament has two cool cores that
almost reach Gran Canaria. There they turn southward and
merge to approach the African coast again.  Such double
structure has heen observed in Coastal Zone Color Scanner
images by Hermindez-Guerra er al. |1993). The flow associ-
ated with a similar filament in August 1993 was >50cm s '
the near-surface cold core | Navarro Pérez. 1996]. somewhat
faster than i indicated in the SLA map
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Figure 2. (a) Surface pressure map for July 30 1995. The strong gradient between the Azores High and Saharan Low
is related to the trade wind regime. (b) Wind velocity time series from the asrport st Gando on the east coast of Gran
Cansria. Year day and date labels refer to the larger ticks. The positive y-direcuon indicates nosth. Days when
advanced very high resolution radiometer (AVHRR) imagery was obtained are marked by open squares. days of
synthetic aperture radar (SAR) images are marked by sohd squares. and CTD samplings are marked by open triangles
pointing left and right for wesiern and eastern surveys, respectively. (c) Wind velocity time series from Puerto Rico

on the south coast.

The eddy and warm lee features represent flow disturbance
caused by the islands. The 100 km diameter anticyclone south
of Tenerife (Plate 1b) has entrained streamers of warmer water
from the lee of Gomera and cooler water from the channel
south of Tenerife around its northem penphery. Cooler water
is entrained generally around its southern edge. In the SLA
map (Plate I¢). azimuthal geostrophic velocities up00.4 ms '
occur around the anticyclone. The centripetal acceleration was
not taken into account and could result in a supergeostrophic

increase of ~ 20% given the radius of the feature. The good
defimition of this feature is partly caused by its persistence and
fixed location. Similar anticyclones were ohserved in 1993
when a drifter traced its periphery with velocities close to | m
s [Barton et al., 1998) and in 1996 by Molina et al. {1998}

Southeast of the anticyclone are traces of a cold-core
cyclonic eddy shed from Gran Canana. Younger, smaller
cyclones are located west of Tenerife and La Palma. Similar
structures, and their effect on pnmary production, are de-
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scribed by Aristegui et al. [1997). These cyclones and other
details of the flow patterns suggested by the SST field, like the
small instabilitics on the southern boundary of the filament,
are generally not apparent in the SLA field because they are
small relative to the gap between ground tracks. Though the
altimetry map is of anomalies with respect to a 3 year mean
topography, the weak mean flow [Navarro-Pérez and Barton,
1998] allows detection of larger mesoscale structures seen in
the SST map.

West coast waters off each island are cooler than east coast
waters because of upwelling and downwelling caused by the
trade wind-driven westward Ekman transport. Upwelling off
western Fuerteventura was observed in situ by Molina and
Laatzen [1989)]. Behind Gran Canaria and other islands an
almost triangular region of warmer surface water extends up

10 100 km in the direction of the winds. The warm features
result from the absence of wind mixing and the consequent
production of a diurnal near-surface thermocline and associ-
ated clevated surface temperatures [Flament et al., 1994).
Late night and early moming images do not show the feature
as strongly. although it does not disappear completely.

3.2 Wind Structure in the Lee

The in situ winds across the lee of Gran Canaria (Figure 3)
have been rotated into the principle axes of variance of the
ship wind data set. A vector drawn vertically down the page
is therefore directed toward 225°. The 20" difference between
principal axes of the airport and ship winds reflects spatial
variability of wind in the lee. An ill-defined reverse flow in
the center of the lee on July 31 and August 7 suggests

10 31 July
5 - "
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Figure 3. Profile of 10 m ship winds across the lee of Gran Canana in August 1995 Strong shear zones bound the
rone of weak recirculation in the lec. Flow 1s convergent towards both boundanes
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counterrotating cddies behind the island. In the strong shear
zones on the lee boundaries, speed increases fromOto 15ms’
in distances of ~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 consequent upward motion of humid surface
air characteristically forms narrow bands of cloud at the base
of the inversion layer along the edges of the lee. Given the
measured 10 m height values of relative humidity ~ 60%,
atmospheric pressure around 1016 mbar, and air temperature
of ~ 23"C, saturation would be reached at ~ 900 m, typical of
the low level cloud strip. Midday radiosonde reports from
Tenerife indicated inversion layer base heights between 850
and 1000 m. Such low-lying cloud features are seen in several
satellite images, but they are often undetected because their
width is less than the AVHRR resolution. In most transects
the surface pressure dropped by 1 10 2 mbar on crossing the
shear zone into the exposed region, consistent with conver-
gence at the boundary.

3.3 Near-Surface Temperature Profiles

Sea surface CTD temperatures (Figure 4a) reveal the warm
surface lee region and its strong boundaries. Contrast between
the sheltered and exposed surface waters is slightly less than
1.5°C, although surface temperature in the lee is underesti-
mated because the first CTD record was usually at several
meters depth. Scatter in the distribution reflects differences in
time of sampling and shifts in boundary position. A few
stations were sampled in the early moming before insolation
had time to warm the surface after night time heat loss and
convective overturning. The position of the wind shear lines
coincides with the strongest horizontal temperature gradients.

Temperature profiles (Figure 4b) from August 2 show
subsurface differences between the trade wind and lee regions.
In the exposed region, at the westernmast position, station
401, a well-mixed surface layer was bounded at 25 m depth by
a strong thermocline. Just inside the wind boundary, station
403, a warmer, weakly stratified near-surface zone had
developed above the mixed layer in response to diurnal heating
and weaker wind. At 20-30 m depth, temperatures were
similar to the previous station but the thermocline was twice
as deep, at 65 m. In the center of the lee. station 405, the
surface layer was considerably thicker with temperatures at all
depths higher than elsewhere as a result of accumulated
warming. The main thermocline was depressed to ~ 125 m,
and there was evidence of nocturnal shallow overtuming down
10 20 m moderated by subsequent daytime surface warming. A
similar progression was evident on the eastern anticyclonic
boundary.

The pycnocline. estimated from the first maximum in
Brunt-Vaisala frequency below the diumal pycnocline (Figure
4c), showed a strong depression in the center of the island lee
and shoaling to its sides, particularly (o the west. its depth
ranged between 25 and 135 m over a distance of 15 km. Mean
pycnocline depth in the undisturbed far field away from the
islands is around 70 m in summer (Aristegui et al., 1997), so
anomalies associated with the lee were 50 - 60 m. Pycnocline
depth was consistent throughout the sampling period except
for an eastward shift of the structure in the last composite
section August 7-8. Lenrz [1992] observed that the surface
mixed layer depth h in the NW African and other coastal
upwelling regions was predicted remarkably well by the one-
dimensional parameterization of Pollard et al. [1973])

h=Au /NS,

where the shear velocity u. = ( Zp)” . T is the wind stress, p s
water density, N is the Brunt Vaisala frequency at the base of
the mixed layer, f is the Coriolis parameter and A is a constant.

Taking observed values. in our case this formulation
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
pycnocline depth, but was much shallower than pycnocline
depth in the lee and at the eastern end. This is to be expected
since the pycnocline is being upwelled in the west, where
conditions similar to those of Lentz apply, and depressed in
the east, where the surface mixed layer is independent of the
main pycnocline.

3.4 Water Column Respounse

Sections for August 34 and August 7-8 (Figures S and 6,
respectively) show the strong deepening of the thermocline
and pycnocline behind the island in the center of the warm
region. The carlier sections (not shown) across the western
half of the lee region presented similar characteristics. Figure
5 shows the pycnocline to deepen from 40 m at the ends of the
line to 95 m in the center. In the section of August 7-8 (Figure
6) the pycnocline shows a similar deepening in the western
half of the section but remains near 80 m in the eastern half.
The warm (>22.5°C), less dense (<25.3 kg m) surface waters
of the lee were clearly seen in all the sections.

In the carlier section (Figure 5) higher salinity was found to
the east in the layers above 120 m but 3 days later was found
to the west (Figure 6). this is especially clear in the salinity
versus density plots. Over all the sections, salinity in the upper
pycnocline near the 25.5 kg m* isopycnal ranged by 0.3
practical salinity units, indicating a vaniety of sources for water
in the lee. Geostrophic velocities relative 10 the deepest
available data at 200 dbar indicated a northward flow compo-
nent in the western half of both sections and a southward one
in the eastern half. The latter introduces low-salinity water
from the upwelling filament. while the northward flow could
bring in saline oceanic water.

A weak deep chiorophyll maximum (DCM) showed
maximum values over 0.6 mg m” at the westemmost stations
in the earlier sections. Chlorophyil at the sea surface was
genenally < 0.1 mg m” in the lee of the island and only
marginally higher in the well-mixed exposed stauons. The
depths of the DCM and the pycnocline were not significantly
correlated. The DCM in the lee of the island occurred above
the pycnocline (density anomaly ~ 25.7 - 26.0 kg m”’), whereas
in the exposed regions it occurred below. This is possibly a
phytoplankton response to the lower light levels associated
with depression of the interface but more likely reflects
different phyloplankion communities with different light and
nutrient histories. The eastward shift of the decper wake
structure between August 3-4 and 7-8 ts again evident.

3.5 Sea Surface Temperature Imagery Sequence

Corrected SSTs from carly afternoon passes of the NOAA
{4 satellite show the variation of cyclonic eddy. warm fee, and
cool filament between July 24 and August 7 (Plate 2)
Because the NOAA 14 pass of August 7 was cloud-contami-
nated. the evening pass of NOAA 9 1s included Midday
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Figure 4. (a) Variation of CTD surface temperature across the lee region. The approximate position of the wind shear
zone is mdwatgd by wide vertical lines. (b) Vertical profiles of daytime temperature from the sheltered (station 405),
boundary (station 403) and exposed (station 401) regions showing near-surface warming and thermocline depression
in !he I.ee‘ (c) Variation of pycnocline depth across the lee region. The position of the wind shear zone is indicated
as in Figure 4a. The grey curves show mixed layer depth estimated from wind stress.

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
widely in direction because of upwind topography, but most
sites showed consistent speed and direction patterns. The
strongest winds occurred around the end of July. when SSTs
decreased noticeably. Temperatures were warmer on August
3 and 5 when winds weakened slightly. Cloud cover often
obscured the northern coasts of the island. but the south coast
remained cloud-frec The generally well defined warin iee was

closely aligned with the predominant wind direction. Its
length and overall shape were vanable.

Close 10 the lee coast, an area of higher temperature
occurred southwest of Arguineguin and a more persistent one
occurred south of Punta Descojonado. On July 31, the western
patch coincided with a region of null or weak shoreward
winds. Slightly cooler temperatures in the center of the lee
coincided with strongest shoreward winds. The castemn
boundary of the lee was generally marked by a hine of strong
temperature contrast paralicling the cast coast winds. All the

e
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Figure S. Depth sections of (a2) temperature, (b) salinity. (c) density. and (d) chiorophy!l anc corresponding 1sopycnal
sections of (¢) salinity and () chlorophyll across the lee region made on August 2.4

images show surface waters cooler off the west of Gran
Canaria than off the east. because surface Ekman transport
provokes upwelling and downwelling. respectively.

The cyclonic eddy became less disunct as it moved south-
westward st - 0.0S ms'. By August 7. when it reached the

southem edge of the area shown . its surface tempersture signal
was virtually indisunguishahle  Instially. the eddy and
filament were separated by a narrow band of warmer walcrs
from the lee and fanther south entrained around the north and
east of the eddy This hand widened as the eddy moved swsy.
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Throughout the period, two cores of cooler filament waters A sequence of images for July 25 and 26 shows the diurnal
entered from the northwest and merged as they tumned south.  development of the surface temperature signature of the lee
The southern core of cooler water was persistently stronger.  (Plate 3). The coolest temperatures were observed in the
Both showed variauon in small-scale structure. image just after sunrise (~0808 UT) when virtually no wake
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Figure 6. Depth sections of (a) temperature. (hi salinity. (c) density. and (d) chlorophyil and corresponding isopvenal
sections of (e} sahntty and (1) chlorophyll across the lee region made on August 7.8
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anomaly was visiblc. By carly afternoon (~ 1400 UT) a clearly
defined wake rcgion was established with sharp lateral
boundaries. These had wcakened by midevening (2000 UT)
to a diffuse anomaly that weakened gradually through the
night, persisting until at least ~0300 UT on both days.

3.6 SAR and SST Features

The first pair of images (Figure 7a and 7b) depicts the SST
on July 29 at 1050 UT and surface roughness 50 min later.
Midday shore winds, superimposed, show the strong trades at
cast coast sites, weaker winds at inland clevations, and a
reverse or zero flow on the lee coast. SSTs ranged between
19.5 and just over 22°C. The slightly warmer island wake
extended some 60 kmn southwestward from Arguineguin as a
narrow "wil” (TT in Figure 7a) to intersect the tongue of
warmer oceanic water entrained around the cold core eddy
centered near 27.3°N, 16.3°W. Southeast of Gran Canaria, the
offshore limit of the double-core upwelling filament met the
warm tongue, forming a sharp temperature front and a line of
strong shear (SS°) between the southeastward flowing filament
and the northwestward flow in the eddy. The eddy center was
as cold as the filament of upwelled water.

In the corresponding SAR image (Figure 7b) structure in the

surface roughness field extended several island diameters
south of Gran Canaria. Unfortunately, no simultancous in situ
observations could be made to confirm identification of the
offshore wind shear lines. A 34 km wide band of winds
below the 3 m s' SAR threshold was evident near the south-
west coast, where midday coastal winds registered 2-3 m s’
onshore. Backscatter was strong along the anticyclonic wind
shear line extending southwest from near Arguineguin (TTT"),
farther west than is normally encountered. The western
cyclonic shear boundary was evident as a weak contrast in the
1 .
In Figure Tb a series of altemating bright and dark bands,
situated on the eastem side of TT'T", have diffuse edges,
suggesting atmospheric structures. Their eastern limit was ill
defined, while the westem limit was clearer in the north, where
it coincided with the edge of the warm il TT (Figure 7a). It
continued north in a curve along the eastern bound of the
warmest wake waters to intersect the shore. The spacing of the
banding, 2 - 5 km. was compatible with thermally forced
honzontal roll vortices formed preferentially over the warm
tail and extending at a small angie downwind (LeMone, 1973].
Given the reported  inversion layer height of 800 m at
Tenerife, the horizontal 1o vertical aspect ratio would be ~ 3:1
for such structures, as observed. However, the structures seem
analogous o a shaliow water ship wake. with s senies of
transverse waves decaying away from the disturbance point
apparently near pormt T. Although the supporting information
1s meager, the structures appear to onginate at the height of the
inversion layer.

Another clongated bright line SS' represents a localized
current shear along the temperature front between the south-
castward flowing filament and the northwestward moving
warm tongue entrained around the eddy. Fu and Holt [1983)
reported similar structure in a Seasat SAR image in relation o
an offshore intrusion of upwelled water off California A
similar, if weaker. bright line F could be identified near the
castern edge of the southern cold core i the filament neas
27.3°N, 15.5"W, again presumably associated with localized
current shear. The cyclonic eddy centered ot 27 4"N, 16.3"W
produced no signal in the SAR image.

In the northwest of the image (Figure 7b) a streaked
appearance indicates wind rows. indicative of the predominant
wind direcuion [Johannessen eral., 1995). This parallelled the
wind direction at the exposed east coast stations and was
consistent over a wide area, in agreement with surface pressure
(Figure 2a) and scatterometer winds (Plate 12). Wind rows
were also seen in the southeast of the image but not in the lec.
where wind direction is variable. Finally, a group of atmo-
spheric gravity waves (GW) was identifiable near 27.7'N.
16.1"W. About eight waves of wavelength 2.5 km and crest
length < 15 km were discernible in the group.

An estimate of wind speed is possible from the SAR
backscatter intensity if a wind direction is known (or assumed)
at each point in the image. An overall direction of 203" was
taken on the basis of coastal winds, the wind row orientation,
the scatterometer analysis, and daily meteorological charts.
The structure of the wind field immediately downstream of the
island is unknown, 50 these results do not strictly apply to the
lee region. Estimating directions in small areas of the image
from the orientation of wind rows [Lehner ef al., 1998), which
are genenally aligned with the wind, was impossible since in
the lee region no defined windrows were visible. The cali-
brated backscatter values were averaged over S0 x 50 and
subsampled at 25 pixel intervals, yrelding wind speed esti-
mates at 2.5 km resolution.

Estimated wind speed on July 29 (Figure 7c) reached 20 m
s on the eastern flank of the lee. suggesting significant
enhancement. The higher values separated 10 either side of the
wave-like features TT'T™, and a secondary maximum of speed
occurred well downwind near 26 7N Minimum speeds close
10 4 m s'' occurred near the lee coast. with a trough of low
speeds extending southwestward. Esumated speeds outside
the disturbed region were ~ 1[4 ms'. Values were generally
higher than expected but no in siru data at sea were available
for comparison. Small Jocal differences from the assumed
wind ditection do not affect the speed estimate greatly, and
although values in the lee can be affected significantly by
erroneous assumed direction, they would not be increased to
values found outside.

Figure 7d shows the near-infrared AVHRR channel 2 (0.9
um) from NOAA 9, taken 50 min before the ERS SAR 1mage.
This channel is seasitive o solar reflection and reveals 2
remarkable sun glint patiem that parallels exactly the patiern
of waves seen in the SAR image (Figure 7b). confirmung thal
they are caused by wind-induced variations of surface rough-
ness.

The AVHRR image for the following day (Figur: 8a) is
from the pass o1 0759 UT because of extensive cloud cover
Ister in the day. Two hours afier dawn. the warm lee was
barely 1°C warmer than surrounding waters. The island winds
were similar 0 the previous day. but the exiended tail of
warm water was not apparent. The strong temperature contrast
between the cool upwelling filament and the warm waler
tongue entrained around the cyclonic eddy again formed an
almost rectilinear feature (SS°) onented northwest-southeast.
As before, surface waters off northwest Gran Canana were
cooler than off the east coast.

The SAR image for July 30 (Figure 8b) shows particularly
clearly a wake-like feature that extends downwind almost 200
km. Dark areas close (o the south coast of Gran Canana
indicate regions of wind below the threshold value of 3m s |
(confirmed by the adjacent coastal wind vectors) The calm
zone was larger than on the previous day. The boundanes of
the lee appear a» hncar features contrasting in brightness with
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surrounding areas. The eastern (anticyclonic) boundary TTT"
is especially clear as a bright streak some 2 km wide and 180
km long parallel to the wind at the southeastern coast. The
boundary had shifted 15-20 km eastward near the i1sland

The main bright boundary corresponds to the edge of the
trade wind zone. About 100 km south of the island, where 1t
intersected the current shear line SS', the orientation of the
boundary changed, possibly as a result of changing atmo-
spheric stability above the warm tongue. A weaker bright line
BB', ~80 km long, diverged from the first on the southeast
coast of Gran Canaria. Between the two, six darker bands
parallel to the secondary front seem to be weakened examples
of the wave-like structures of the previous day BB'is likely
therefore the diffuse eastern boundary. The current shear SS'
had hardly moved from the previous day. A sec ond bright line
F (shown in zoom in Figure 9a) coincided with another
temperature front on the western limit of the southern fila
ment, again indicating strong horizontal shear

The western (cyclonic) boundary, as a location of surface
Ekman divergence, was less well defined but detectable as a
broad, almost recuilinear feature of weak contrast. It extended
southward from Punta Descojonado through S to converge
with the eastern boundary near the break between SAR frames
The western half of the image shows many wind rows at
separations of 2 - 4 km aligned along the predominant wind
direction (close up in Figure 9b) as in the previous day's
image

Southwest of Gran Canana, atmospherc internal wave
packets (1, 2, and 3) emanate from near Punta Descojonado
toward the southwest. The series is visible as several diffuse
groups of lighter and darker bands oriented northwest-south
cast with a crest length that is short ( about 6 km) nearshore
but increases with distance from the coast. The separation
between the 6 - 10 diffuse crests in each group is ~ 3 km. The
most offshore group is ~ 90 km southwest of the island
Group 2 15 detailed in Figure 9¢

SAR wind speed estimates for July 30 (Figure 8c) were
‘ower than the previous day, except in the northwest of the
region. (The assumed direction was again 203".) Enhanced
wind speed extended some 150 km southwest along the
boundary TTT", but the area of speeds near 20 m s’ was
small. Weaker enhancement occurred along the line BB'. The
lee region was defined by winds < 10 m s and immediately
south west of the island, speeds < 3 m 57 were indicated
There was some evidence of higher speeds in the lee center,

reflecting the return flow seen in the 1n situ measurements on

other days. The lee boundarnies formed zones of strong wind

shear despite uncertainty in wind direction within the lee
Although there were no contemporaneous observations of

ocean winds. a composite wind field measured over 15 days in

August 1993 on R/V Hesperides (Figure 8d) shows the
existence of an extended lee with weak flow counter to the
trade winds. Maximum speeds measured reached the 20 m

indicated on July 29 1995, in similar locations. Wind speed
in the northwest were also similar to the present estimates,

14 m s'. Evidence of sheltering by the nearby i1sland of
Tenerife was also indicated. The 1993 wind field is not nearly
synoptic and the sparse observations limit interpretation, but
the strong similarities with the SAR wind fields are encourag

ing
4. Discussion

Biological enhancement around oceanic islands wa
established by Dory and Ogury [1956], but its physical cause
are less well known. The role of oceanic 1slands in producing
disturbances in the downstream current has been invesugated
in a number of cases. Barkley [1972] concluded that drifter
tracks downstream of Johnson's Atoll in the Pacific North
Equatorial Current were consistent with a von Karman vortex
street. Other observations have indicated disturbance of the
equatorial undercurrent east of the Galapagos [ White, 1973]
and production of eddies west of the Hawanan Island
[Patzert, 1969 Lumpkin, 1998; Flament et al., 1998 |. He)
wood et al. 11990] found an eddy trapped behind Aldabra
Atoll in the Indian Ocean South Equatonal Current. Frequent
production of, principally, cyclonic eddies south of Grar
Canaria has been reported by Aristegui et al. [1994, 1997]
Theoretical and laboratory studies [e.g. Boyer and Davis
1982: Bearman, 1984; Sangrd, 1995; Heywood et al., 1996
show the Earth's rotaton delays eddy shedding to higher
Reynolds numbers and makes the vortex street asymmetrical
by enhancing cyclonic eddies in the Northemm Hemisphere
For islands like Aldabra Atoll, with low topographic relief
downstream flow effects clearly result from the direct distur
bance of the current field by the island. This is less obvious
for mountainous islands, where strong wind regimes may be
perturbed to provide a second source of disturbance to the
oceanic flow [Parzert, 1969]

In the present case, an extended and vanable region
sheltered from the trade winds is present behind Gran Canana

) QY 1) Shear tront | ¢ ' NW

T'he approximate distar
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(and the other Canary Islands). This lee was evident in
AVHRR imagery as a warm surface temperature anomaly due
10 the dominance of surface heating over wind mixing. The
extent of the temperature gradients that bound the lee suggests
that the lines of intense wind shear persisted some 100 km or
more downwind. The direct observations indicated that a
weak return breeze cools the center of the lee, separating two
temperature maxima bencath the areas of weakest wind. This
is compatible with the presence of counterrotating wind eddies
behind the island.

Chopra [1973), from mesoscale pattemns in stratocumulus
cloud, concluded that atmospheric vortices of 10-20 km radius
were shed from altemate flanks of Gran Canaria at roughly 8
hour intervals, as in 8 von Karman vortex street. These
structures formed a wake 60 km wide and 600 km long as they
drifted downwind at some 70% of the ambient wind speed.
Viscous forces made individual vortices expand, weaken, and
disappear after about 30 hours. The observed shift in position
of the eastern lee boundary between July 29 and 30 may result
from atmospheric eddy shedding, although the wind direction
could not be determined from the SAR images.

Atmospheric phenomena associated with the lee region,
including mountain lee waves, convective rolls, and strong
shears in the atmospheric boundary layer, are revealed by the
SAR images. The atmospheric intemnal gravity (or mountain
lee) waves arise near Punta La Aldea, the westernmost part of
the island, where the winds strike shear cliffs rising hundreds
of meters from the sea. Cap clouds frequently form as the
wind passes over the 400 m high coastal peaks before descend-
ing to cross a 5 km wide valley and nsing again over the 600
m high ridges between La Aldea and Descojonado (Figurel).
No similar wave-like features are seen on the east of the island.
where a wide coastal plain slopes gradually into the island
interior. Internal waves in the relatively low inversion layer
are associated with fluctuations in wind velocity extending
down to sea level {Vachon er al., 1995]. Beneath troughs.
increased wind velocity and sea surface roughness produces
brighter bands in the SAR image, while under troughs.
decreased velocity produces darker bands.

Zones of iemperature contrast and current shear were also
visible in the SAR images even though the radar intensity
arises manly from Bragg backscatier by the ~3 cm wind-
driven capillary waves. When the 10 m wind is below a
threshold value of ~ 3 m s ', there is no apprecisble retum
signal [{Donelan and Pierson, 1987], as observed in the
nearshore lee. Gower (1994 reported that for winds between
2 and S m s, surface slicks indicating patterns of current
convergence may appear, but that at higher wind speeds,
current-related features are obscured by the wind signal. Beal
et ul. [1997] identified Guif Stream current features in SAR
images when wind was < 10 m s'. In our case the shear line
(SS" in Figs 7 and 8) was evident in winds up 10 15 m s ',
suggestive of unusually strong shear.

Current gradieats across shear and con vergence zones may
interact with short surface gravity waves, produce refraction of
long surface waves, cause wave breaking. and enhance surface
roughacss [ Robinson. 1985]. The anticycionic wind shear line
was particularly evident in the SAR image of July 30 (Figurc
8). This zone is visible at sea as a region of intense white
capping and chop and a locus of convergence. The enhanced
roughaess may result in overostimation of the CMOD4 wind
spead on the lee . The sir-sea temperature difference
may reduce the accuracy of the speed estimates [Apel, 1994).
especially in the loc where the ses surface lemperature is

17,191

higher. Beal et al |1997] found consistent backscatter diffes-
ences caused by spatial variability of the manne atmospheric
boundary layer stability.

Close to the 1sland. 2 warm surface wake i1n the wind lee
persisted throughout the observauon period, strengthening
during the day and weakening at night. Qutside the lee, surface
heat input is distributed through a well-mixed surface layer.
while inside, near-surface stratification develops. Nighttime
convective overtuming distributes the day time input over the
shallower layers. The CTD sections showed upwelling of the
pycnocline as expected close 1o the cyclonic wind shear line,
but the greatest pycnocline depression was displaced toward
the center of the lee in one section. This may be caused by an
approach of the filament closer 10 the 1sland. Since density
surfaces in the upwelled filament waters are shallower than in
oceanic waters, the filament would tend to counteract
downwelling on the anticyclonic boundary of the lee. The
posiion of maximum deepening therefore varies with the
strength and position of the filament and with the wind.
Vanability of the filament has been reported by A ristegus et al.
[1997] who have shown significant effects on the local
biology. Salinity in the island lee results from the interplay
between the upwelling filament and oceanic background flow.
The salinity field seems to be separated into two halves across
the wake, corresponding to waters from different sources.
including the filament.

What is the relative importance of Ekman pumping and
flow disturbance in producing the eddies? A well-defined
wind lec 1s evident even in the several week composite wind
field. so that mean Ekman forcing must be significant despite
any short term vanability caused by voriex shedding. On the
lec boundaries. horizontal wind shear of 15 m s”' per 2 km
produces upwelling (or downwelling) as suong as that seen at
the Afnican coast; upwelling occurs on the exposed western
coasts of the islands. The Ekman vanspor caused by 10(15)
m s wind with a drag coefficient of 1.3 x 10" a1 28"N s 1.9
(4.3)m?s '. which would cause upwelling (or downwelling) of
11(24)md . assuming a constant rate over a Rossby radius of
15 km. Because of the lack of a sohd boundary downstream,
this upwelling or downwelling of the pycnocline will produce
eddies on a length scale of the lee

Even intermittent wind forcing. as in the Gulf of
Tehuantepec. can produce energetic ocean eddies |Barton et
al.. 1993; Trasvia et al., 1995) There. winds channelled
through a mountain pass extend as a jet over the Pacific Ocean
and spin up ocean eddies  Since there 15 no significant
background current 1n the arca. the Ekman pumping 13 the
direct cause of the eddses. Even in the presence of currents.
wind forcing has been reported 10 spin up eddies north of
Hawait |Parzerr. 1969, Lumpkin. 1998) Chopra [1973]
stressed that vertical transfer of momentum to the ocean would
weaken any vortices below the aimospheric inversion 100
quickly 10 form a voricx street. He interpreted Paszert’s [1969)
conclusion that the Hawaiian ocean eddies were wind driven
as the explanauion for the absence of an stmospheric vortex
street. although subsequent observations show one 1o be
present at imes

Here the existence of a cyclonic oceanic eddy downstream
and a variablc ice in the wind 13 clearly documented. The
cddy. generated cluse (o the island. moved southwestward at
S km d"' as its surfacc lemperaturce signal weakened over the
course of 12 days Mutuslly exclusive ocean eddies and
atmusphern: vartices could. of course. exist st different umes
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Wind downstream of Gran Canaria is persistent and strong so
may be expected to produce or at least enhance oceanic eddies.
This area of filament-eddy exchanges provides an excellent
laboratory: the repeatability and steadiness of the trade wind
regime provides continuous forcing of coastal upwelling and
filaments. while eddies reportedly spin off from Gran Canaria
during most of the year. Both cyclonic and anticyclonic eddies
have been observed south of the island; indeed, recent drifter
observations have followed an anticyclone for 7 months as it
drifted away from the island (P.Sangr4. personal communica-
tion, 1999). Interaction between eddies, filaments, and the
island chain give nise to strong horizontal gradients and to
lateral exchange of properties within a small geographical
area. These can be of considerable significance for distribution
of, say, larval distributions (Rodriguez et al.. 1999] or zoo-
plankion (Herndndez-Leon, 1988). However, there have been
no observations of eddy generation: details of their develop-
ment, cventual fate, and how they interact with filaments
remain poorly known.
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Martinez Cardoso (1948). In a summary of tin meta-
lliferous 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 also mined in the past. Fuertes-
Fuente and Martin-Izard (1998) documented in more
detail a zoned field of rare-element pegmatites in the
AEGC known as Forcarei Sur. These authors proposed
five pegmatite groups, cach group being made up of
pegmatites belonging to different types and subtypes of
the rare-clement class. The degree of differentiation and
rare-metal mineralization of these groups increases with
the distance to the parental granite according to Cerny’s
(1989) model. Two other pegmatite fields, which were
formed from two different parental granites, have been
established in the AEGC (Fuertes-Fuente 1996) known
as Lalin and Forcarei Norte. The former consists of
pegmatites belonging to two types of the rare-element
class and the latter is formed by barren pegmatites of the
muscovite class. Systematic studies of the fluid inclu-
sions associated with these pegmatites have only been
made in two rare-element pegmatites of the Forcarei Sur
field (Fuertes-Fuente and Martin-lzard  1998).
Microthermometric studies and Raman analysis of fluid
inclusions have been done in order to determine the P-V-
T-X conditions of the multistage fluid circulation in the
pegmatites of the three different pegmatite fields (For-
carei Sur, Forcarei Norte and Lalin) from AEGC. The

current work makes use of these data to propose a,.

general model of fluid evolution in relation to the diffe-
rent stages of pegmatite crystallization in the AEGC
pegmatites and to compare fluid systems in the different
classes of AEGC pegmatites.

Geological setting

The AEGC pegmatites are located in the Galicia-Tras-Os-Montes
Zone defined by Farias et al. (1987) in the Vanscan Belt of the
Iberian Massil. This Zone consists of 3 metasedimentary unit (the
Schistose Domain) and a pile of units which form allochthonous
complexes thrusting over the Schistose Domain (Gi! Ibarguchi and
Arenas 1990; Fig. 1).

The area studied consists of the basal unit of one of these slioc-
hthonous complexes and the relative autochthon of the Schistose
Domain, separated by the Lalin-Forcarei Thrust (LFT) (Martinez
Catalin et al. 1996; Fig. |). The aliochthonous basal unit i1s made
up of schists, paragneisses, felsic orthogneisses and amphibohites
(Marquinez 1984; Farias et al 1987) and has been dated as middle-
upper Ordovician and older (Pniem et al. 1970, Van Calsteren et al.
1979, Garcia Garzon et al. 1981). The reistive autochthon, Ordo-
vician or older to lower Devonian in age. 1s formed by schusts. some
of them graphite-rich, and subordinaie quartnies (Marquinez 1984,
Fanas et al. 1987).

The tectonic style of the Galicia-Tras-Os-Montes Zone 1s
dominated by the thrust regsme related to nappe emplacement
during the Variscan Orogeny. There are two Vanscan deformation
events associated with nappe emplacement. DI, recumbent (olds
with axial plane cleavage (S1), and D2. also consisting of recum-
bent folds with axial plane crenulation cleavage or schistosity (S2)

RRR)

Fig. 1 Geological map of the NW [berian Massif showing where the
studied area (AEGC) 1s located in the Galician-Tras-Os-Montes Zone.
(Modified from Marntinez Catalan et al. 1996)

After nappe emplacement the tectonic evolution becomes pre-
dominantly 2 wrench regime during 2 last deformation event (D3)
which is characterized by folds with subvertical axial planes and
shear zones. At the same time, large volumes of synkinematic and
late synkinematic granitoids are emplaced (Ribeiro et al. 1990). As
regards the metamorphism, the aliochthonous basal unit has un-
dergone an early high pressure (HP) metamorphism which charac-
tenzes the allochthonous compilexes but is not observed in the
relative autochthon. The end of this HP metamorphism was dated
by Van Calsteren et al. (1979) and Santos Zalduegwu et al. (1995) at
374 Ma At the end of the emplacement of the allochthonous
complexes into its present positon, both allochthon and relative
sutochthon underwen! 2 metamorphic event under greenschist-fa-
cies conditions (Gil Ibarguch: and Arcnas 1990). Arenas (1985)
suggested that this episode corresponds to s medium-pressure
gradient with an average 7 of 375-425 °C and P of 2.5-3.5 kbar
The study of deformauon-recrystalization relavonshups dunng
Vanscan events shows that the peak of this metamorphism was
reached during D2 (Ribeiro 1970). Summanzed data from the hit-
erature give ages for the main deformation events and metamor-
phism between 360-320 Ma (Dalimeyer et al. 1997) and the late
deformauon has been dated at about 315 £ 10 Ma (Capdevils and
Viaalette 1970)

In the area where AEGC pegmanies outcrop. this medium-
pressure metamorphism vanes {rom the chionte to silhmanite-
orthoclase sograde (Msrtinez Catalin et 81 1996) and s coeval
with the development of a highly evolved schistosty (S2) whaeh 1s
affected by D3 During D} NNW.SSE trending folds with verucal
axial planes, such as the Forcarer and Lalin Synforms (Figs |
and 2) folded the previous structure which 13 a major recumbent
fold whose vergence 15 1o the cast 11s lower limb s aflected by the
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Fig. 2 Geological setting and schemnatic map of the three pegmatitic
fields from the Area Esquistosa de Galicia Central (AEGC), Forcarei
Sur, Forcarei Norte and Lalin. (Adapted {rom Barrera et al. 1989)

Lalin-Forcarei Thrust (LFT). Moreover, during D3, a ductile shear
zone affected the western limb of the Forcarey Synform (Barrera
et al. 1989). Late Variscan NE-SW to W-E faults, affecting the
NNW.SSE trending folds and granitoids, are widespread in the
area. In the investigated area, synkinematic (D3) granitoids are
widely exposed and have been subdivided into two groups on the
basis of petrology and geochemistry (Barrera et al. 1989): (1) cale-
alkaline biotite granites and (2) peraluminous two-mica or mus-
covite granites. The AEGC pegmatites are related to these le-
ucocratic granites (Fuertes-Fuente 1996; Fuertes-Fuente and
Martin-lzard 1998). The emplacement of the peraluminous granites
produced a contact metamorphism which developed andalusite and
biotite. In this area, these granites have not been dated. However,
ages of similar synkinematic (D3) leucocratic granites have been

?gsl;;ned in the range of 330-310 Ma (Capdevila and Vialette

The AEGC pegmatites

These are grouped into three pegmatite fields: Forcarei
Norte, Forcarei Sur and Lalin (Fuertes-Fuente 1996;
Fuertes-Fuente and Martin-lzard 1998; Fig. 2). Each
field is an area populated by pegmatite groups which
have a cogenetic relationship and have been generated
by the same granite. These facts are mainly manifested
by the wholc-.rock geochemistry and mineral chemistry
of the pegmatites (Fuertes-Fuente 1996; Fuertes-Fuente
and_ Martin-lzard 1998). Moreover, in each field the
bodies have. & common structural setting. The Forcarei
Sur pegmatite field is located at the southern end of the
Forcarei Synform western limb within the autochthon.
The host-rock is affected by schistosity (S2) which con-
trols the emplacement of the pegmatite bodies. The
Forcarei Norte field is also controlled by S2 schistosity.
Thus field is located at the northern end of the Forcarei

Synform western limb within both the allochthon and
the autochthon. The Lalin field consists of pegmatites in
the Lalin Synform and at the northern end of the
Forcarei Synform western limb. These bodies are hosted
by both the autochthon and the allochthon, and occur
aligned along NE-SW and E-W fauilts.

The geochemical characteristics, such as moderate to
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 Lalin bodies as rare-
clement 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 concentrations of rare elements
(Fuertes-Fuente 1996). Moreover, the mineral chemistry
of muscovite, K-feldspar and garnet classifies these
pegmatites as intermediate between the rare-element and
muscovite classes (Fuertes-Fuente 1996).

In Forcarei Sur and Lalin several pegmatite groups
are distinguished, each one being made up of pegmatite
bodies of a particular type or subtype. Fuertes-Fuente
(1996) and Fuertes-Fuente and Martin-Izard (1998)
point out that these groups form a spatial sequence of
pegmatite types/subtypes with an increasing degree of
fractionation outward from the parental granite, in
agreement with the zonation model of Cerny (1994). At
Forcarei Sur, from the parental granite outward, the
type/subtype sequence is: (a) barren pegmatites; (b) beryl
type; (c) beryl-columbite-phosphate subtype; (d) albite-
spodumene type and (¢) albite type; at Lalin only albite-
spodumene and albite types 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 metasomatic replacement units. The
latter partially replace the primary crystallization zones
and mainly consist of saccharoidal albite and minor
quantities of quartz. The replacement units are wide-
spread in the albite-type pegmatites of both fields.

The evolved pegmatites (spodumene-albite and albite
types) of Forcarei Sur and Lalin are enniched in Be, Li.
Nb, Ta, Sn and P which are concentrated as beryi, co-
lumbite-tantalite, tantaliferous cassiterite, apaute,
spodumene and montebrasite (the last two in the albite-
spodumene type). Apart from spodumene which only
occurs in the primary crystallization zones, these rare-
clement bearing minerals appear in the replacement units.
Montebrasite and apatite are also present as primary
minerals in the primary crystallization zones. Frequently.
Mn-rich apatite and eosphorite-chjldrenite replace the
carlier metasomatic minerals of the replacement units.
The primary crystallization zones and the replacement
units have cavities which are filled by hydroxyl-herderite,
bertrandite, adularia and quartz. These mincrals also fill
millimetre-sized veins which cross-cut the primary crys-
tallization zones and the replacement umits.

The barren muscovite pegmatites of the Forcarel
Norte field present an internal zoning with zones of
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primary crystallization and, sometimes small patches
with mineralogical and textural charactenstics of the
replacement units but lacking rare-metal mineralization.
Most of these patches are made up of albite and quartz;
when primary crystals of beryl occur within or close to
these patches, this earlier beryl is partially replaced by
later beryl which often forms rims around the former.

The fluid inclusion study was carried out on minerals
from the most fractionated rare-element pegmatites
(albite type) of Lalin and Forcarei Sur and from the
barren muscovite pegmatites of Forcarei Norte. The
selected samples together with the inclusion types oc-
curring in each one are summarized in Table 1.

Analytical techniques

Microthermometric studies of fluid inclusions were
performed on 150-300 um thick plates using a micro-
scope equipped with a UMKS0 Leitz objective and a
Chaixmeca cooling and heating stage (Poty et al. 1976)
in the Laboratory of Fluid Inclusions of Oviedo Uni-
versity (Spain) and Laboratory of Geology of the Uni-
versity of Las Palmas (Spain). The stage was calibrated
with melting-point standards at T > 25 °C and natural
and synthetic fluid inclusions at T<0 °C. The vertical
gradient is less than 0.1 °C at low temperatures within
40 um of the wafer’s surface (Dubois 1992). Measure-
ments of phase changes at or below 31 °C are accurate
to within 20.1 °C and high temperature measurements
to within £2.0 °C. All the inclusions were cooled to

~180 °C. The volumetric fraction of the aqueous liquid.

(fiw) and the volumetric fraction of the volatile-rich
liquid in the volatile-rich phase (fic) have been estimated
by reference to the volumetric chart of Roedder (1984).
Salinity is expressed in wt% equivalent NaCl (Bodnar

1993) and fluid density of volatile-free inclusions was
determined by microthermometry (Potter and Brown

1977, Zhang and Frantz 1987).

The composition of the non-aqueous portion of in-
dividual inclusions was measured using a Dilor X-Y
multichannel modular Raman spectrometer (at CRE-
GU, Nancy. France). Bulk composition and density
were computed from the P-V.T-X properties of
individual inclusions in the C-O-H-(N-S) system (Du-
bessy 1984; Dubessy et al. 1989, 1992; Thiery et al. 1994;

Table | Sample matenal and fluid inclusion types found

ns

Bakker et al. 1996). All data were calculated from the
microthermometric measurements and the Raman gas
analyses, using a clathrate stability model in the H,0-
CH4-Nz-NaCl-KCl CaCl, fluid system, between 253-
293 K and 0-200 MPa (Bakker et al. 1996; Bakker
19:957 1997) and the computer program of Bakker
(1997).

The P-V-T-X properties of aqueous carbonic inclu-
sions were modelled for the H,0-CO,-CHy system using
the equations of state of Kerrick and Jacobs (1981),
Jacobs and Kerrick (1981) and the computer code of
Dubessy (1984). For aqueous inclusions, the isochores
have been drawn in the H;0-NaCl system using the data
from Zhang and Frantz (1987) and the computer pro-
gram Macflincor 0.92 (Brown and Hagemann 1995).

The nomenclature of fluid inclusions is modified from
Cathelinecau et al. (1993) and is based on both micro-
thermometric and Raman data. The type of total
homogenization Th is indicated by ¥ (to vapour phase),
L (to liquid phase) and C (to critical state). The presence
of C-H-O-(N) species is indicated by subscript ¢ (only
C-O-H-N volatile species are detected and H,O is
absent), c-w (both water and C-O-H-N wvolatile species
are present), w-c (water is largely dominant; in general
>80% and CO; has a low density), w-(c) (CO; is only
detected by clathrate melting or by Raman spectrome-
try), and w (no C-H-O-N volatile species are detected by
any methods). The presence of daughter minerals is
shown by subscript s.

Electron images and energy-dispersive analyses of
included crystalline solids were obtained on a JEOL
JSM-6100 Autoscan electron microscope (SEM) and a

LINK EXL-1000 energy-dispersive spectroscopy ana-
lyser (EDS) at Oviedo University.

Microthermometry and Raman spectremetry results

Taking into account the microthermometry and Raman

spectrometry results. together with microscope obser-
vations on the number of phases present at room tem-
perature, gas/hiquid ratios and their origin (primary and
secondary). the studied inclusions in the three AEGC
pegmatite fields can be separated into eight types. Four
of them are aqueous-carbonic inclusions with specific

volume ratio. number of phases at room temperature

Pegmatite field Sampled pegmatite Sampled pegmatite zone and muneral studied (inclusion types)
Class Type Primary crystathization zone Reemplacement unnt
Forcarei Norte Muscovite Barren pegmatites Cocval garnet and beryl (Ls-«) Late beryl overgrowths and quart?

Lalin Rare-clement Albite pegmatites (P and rare-
element nch: Nb. Ta, Be. Sn)*

Rare-clement Aibite pegmatites (P and rare-
element nch. Sn. Bt, Nb. Ta)’

Forcares Sur

Quanz (Lwuc), Lw-c. bu-c V.
Ll Ls2)

Coevs! quariz and beryl
(Lwde), Vw-c, Ve-w)

Later Mn-nch apatne (Lu,,)

* Mincrals with flud inclusions sutable for study were not found
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and origin, the other four are aqueous inclusions with
different salinities and dissolved salts, and one of them
has daughter minerals. In aqueous-carbonic fluid inclu-
sions with low molality of volatiles, the presence of a
volatile phase was identified by the melting of clathrates
or by Raman spectrometry. Clathrate was detected in
the inclusions by the presence of a double freezing event
during cooling (clathrate and ice; Collins 1979). In order
to determine the melting temperature of the clathrate as
accurately as possible, a freeze/refreeze technique was
used (Roedder 1984; Shepherd et al. 1985). The micro-
thermometric and Raman spectrometry resuits are
summarized in Tables 2 and 3, respectively.

Aqueous-carbonic fluid inclusions
Lw-(c) and Lw-c types

These inclusion types are most frequent in samples of the
replacement units 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-
Izard (1998) also described the presence of these inclu-
sions in samples from an albite pegmatite of Forcarei
Sur; in this case, the Lw-(c) type inclusions outline band
sets which 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
the c-axis of the two minerals. According to Roedder's
criteria (1984), we consider Lw-(c) and Lw-c as primary.
However, some Lw-(c) inclusions displaying irregular
shape are aligned along small intragranular fractures,

and are considered as pseudosecondary (Fig. 3).
The sizes vary from 5 to 40 um. These inclusions

contain two phases at room temperature (21 °C) and
show a volumetric fraction of the aqueous phase (fiw)

belweep 60 l.nd 80%: these described pseudosecondary
Lw-(c) inclusions on small intragranular fractures have

higher fiw (90 and 95%).

Tm ice ranges from -7.8 to -3.5 °C at Lalin, -4.5 to
-2 °C at Forcarei Norte. and -3.8 to ~0.8 °C at For-
carei Sur. Te is observed around -20.8 °C. The melting
temperatures of the clathrates (7m c/) are between 6.4
and 11.2 °C at Lalin, and always above 10 °C at For-
carer Sur (10.8 10 16 °C) and Forcarei Norte (10.7 to
13.5 °C). In a few cases, the melting temperature of CO,
(Tm CO,) is detectable (Lw-c type) at around -58 °C.
and the homogenization temperature of CO, (Th CO;)
10 the vapour phase is around 22 °C. Th has two max-

ima, at 265 and 310 °C. The lower temperatures are
observed for the Lw-(c) pseoudosecondary inclusions
along intragranular fractures while the higher tempera-

tures are recorded for the Lw-(c) and Lw-c primary in-
clusions.

Selected Lw-(c) and Lw-¢ Auid inclusions together
with the mentioned pseudosecondary Lw-(c) inclusions
located along small intragranular fractures (Fs-3, Fs-4
and Fn-9) from pegmatites of the three fields were an-

alyzed by Raman spectrometry. The results are shown
for each field in Table 3.

Vw-c type

Vw-c inclusions occur in quartz and beryl from the re-
placement units 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-
(c), but the two types never occur together in the same
cluster. The average size is 3 um at Forcarei Sur, arounq
10 pm at Lalin and between 10 and 20 pm at Forcarei
Norte. They show two phases at room temperature and
the volumetric fraction of the aqueous phase is between
10 and 50%. Based on the criteria by l_{oedd_cr (1984),
they are primary and pseudosecondary inclusions.

Tm CO, has been measured between -57.5 and
—63.5°C. Tm ice ranges between —5.3 and —4.8 °C at
Lalin, between —4 to -2 °C at Forcarei Sur and between
—5.8 and -2.3 °C at Forcarei Norte. Tm cl ranges from
6.5 10 9.3 °C at Lalin, from 9.7 to 11.3 °C at Forcargi
Norte and from 10.8 to 14.5 °C at Forcarei Sur. This
between 300 and 400 °C to the vapour phm and, more
rarely, to the critical phase or to the liquid ph_ase.

Selected Vw-c fluid inclusions from pegmatites of the
three fields were analyzed by Raman spectrometry. Bulk
composition and density were calculated and the results
are shown for each field in Table 3.

Ve-w type

Ve-w inclusions were previously studied by chrtcs-Fu-
ente and Martin-1zard (1998). These inclusions have

only been found in quartz and beryl of the replacement
unit of an albite pegmatite (Forcarei Sur). Most of these

inclusions occur along well-healed fracture planes which
cross-cut several grains. Moreover these fracture planes
cross-cut the menttioned band sets with Lw-(c) inclusions

of the quartz and beryl crystals (Fig. 3). They are sec-
ondary in character (according to Roedder 1984). The
inclusion morphology is rounded. elongate or irregular,
and the size is around 9 um. They have two phases at
room temperature and flw is between 5 and 20%.

Tm CO, is observed between —60 and -62 °C. Th
CO, varies from 6 1o 7 °C 1o the vapour phase. Tm cl
vanes between 11.9 and 12.8 °C and occurs after CO,
homogenization. Tm ice is around -3 °C. Th ranges
between 340 and 360 °C to the vapour phase.

Selected Ve-w fluid inclusions of albite pegmatites from
Forcarei Sur were analyzed by Raman spectrometry. Bulk
composition and density are shown in Table 3.

V type. Ve and Ve-(w) subtvpes

This type only appears in replacement unit samples of
albite pegmatites from the Lalin field. The Vtype has been
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Table 2 Summary of microthermometric data for the different types of fluid inclusions in the AEGC pegmatites®

Inclusion types Ocurrences (host-mineral) Fiw Vs/Vt Fle TmCO, ThCO, Tmcl Tmice Th
Type Ls-w Forcarei Norte (garnet and beryl) %) 95} Eg) 90} - - - - - {-0.2, -1.71 {290,310} L
-0.8 295
60 60 60 48
Types Lw-(c). Lw-" Lalin (quanz) g). 95 - - [~58.3, ~58)* 52 L8 2r L“‘ 11.2]  [-3.5 -7.8] (190,335 L
95 -58.3® 2 G 3 -6 -$ 260 310
87 0* 0* G 63 70 87
Forcarei Norte (quartz and beryl) S&: 95} - ~ - - - [10.7,13.5} [~2,-4.5) 190,335) L
90 12.7 -3 65 310
66 64 6] 6/
Forcare: Sur
(quartz and beryl) {50, 95} - - - - - {10.8, 16} {-08,-38] (193,345) L
80 90 122138 -2 275 310
80 6! 56 78
Type b'w-c Lalin (quartz) {10, 50) - - [-57.4,-60.9} - - [76.5, 9.3) [-4.8,-5.3) 296, 380) G
3 -60.2 .6 -4.8 -5.3 70
39 27 J6 6 39 L(18)
Forcarei Norte (quartz and beryl) [;00. 50) - - {-57.-63.6 - - 9.7, 11.3} {-2.3, -58] (300,390] G
-58 it.2 -3 50 380
s 27 40 43 48
Forcares Sur (quartz and beryl) [210. 40) - - (-58.2, -62) - - (108,145 [-19,-38] [340,400) G
S ~60.4 13.8 ~1.8 368 C(4)
30 15 25 15 21 L(3)
Type Vewr Forcarei Sur (quartz and beryl) (5. 20} - - {-60, ~62} (6. 7} G {119, 12.8) [-3, -3.2} {340, 360) G
10 ~62 6.8 12128 -3 360
1 . ') 1 1 1 11
Type Lu., Forcarei Sur (apatite) 160,950 - - - - - - -22,-39] (220,310) L
80 90 -3-39 235 385
30 30 32
Type V
Subtype Ve Lalin (quartz) - - glo. 40) [-56.8, -58.2} 27.8, 29.3) G - ~ - -
5 ~-574 -58.2 8 29.3
25 25 25
Subtype ¥e-(w) (5. 30} - 10,40] [(-56.9, -S8.4) (27.7,293] G %7.3. 8.8) 6. -1 [3240. 310) G
10 $ 30 ~-57.4 ~58.4 8 29.3 2 -6.5 10
36 37 37 37 28 12 27
Type Lwl Latin (quanaz) (90.98) - - - - - - (-1.4.-25] (140,20} L
90 -2 200
27 24 27
Forcarer Norte (quartz and beryl) gass. 9] - - - - - - {-0.7, -4} {105,175} L
-1.3 175
3 18 31
Tvpe Lx2 Lalin (quanz) [95. 99) - - ~ - - [-15.6, -24.4) (100, 212} L
' 9 -15.6 100 145
50 33 60

* Fiw volumetnc {raction of the aqueous phase; Fic. volumetric fraction of the carbon-rich liquid in the carbon-rich phase; ¥s/ ¥t volumetric [raction of the solid phases; 7mCO;.
meluing temperature of CO;; TRCO,; homogenization temperature of CO,, gaseous state (G), liquid state (L) and critical state (C); Tmcl: melting temperature of clathrate; Tmice:
melting temperature of ice; Th total homogenization temperature, gaseous state {G). liquid state (L) and critical state (C). All temperatures °C. Range (first line), mode (second line) and
aumber of measurements (third hine. italics) are given for each type of fluid in each occurrence

* Type Lw-c only found in some samples from the Lalin pegmatites

(4%}
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Table 3 Microthermometric and Raman data, and interpreted bulk composition of the selected fluid inclusions from the studied AEGC pegmatites*

Fields Types No Microthermometry Raman data Bulk composition
Fiw (FIc) TmCO,; ThCO; Tmcl Tmice Th CcO, CH, N, dv XH;0O XCO; XCHy XN; X NaCl D
Lalin Lw+c) L2-19 80 - - 64 -78 N8 L 82.5 17.4 o 0.1 94 32 0.2 0 25 0.8
Lw-c L2-8 80 -61.4 - 88 -65 3oL 829 7.8 92 02 936 45 02 0.2 1.5 0.8
Li-14 70 ~58.3 26 102 -63 335L 932 67 0 02 923 7 03 0 0.4 0.8
Vw-c L3-25 10 ~566 - 87 -48 370G 100 0 0 01 903 95 0 0 0.1 0.5
L2-14 30 ~60.9 - 176 -53 378 G 91.2 36 5.1 0.1 897 93 03 0.4 0.3 0.4
Vv
Vc (Subtype) Li-9 (25) -566 291G s - - 100 0 0 03 O 100 0 0 0 0.3
Li-1 (40) ~-574 3G - - - 91.8 29 53 03 0 91.7 29 53 0 0.3
L3-20 (30) -582 218G - - - 93.7 60 03 03 o0 93.7 6.0 0.3 0 03
Vc-(w) (Subtype) L3-1 10 -584 288G 8s -7 250 G 92.7 28 44 01 610 35.5 1.0 1.6 0.9 0.6
Forcarei Sur Lw-(c) Fs-2 70 - - 128 -28 0L 444 494 61 02 874 44 49 0.6 27 0.7
Fs-3 80 - - 137 -3 256 L 728 178 93 05 782 157 39 1.9 03 09
Fs-4 90 - - il3 -25 2600L 56.7 243 188 03 899 55 23 1.8 04 09
Vw-c Fsi-1 40 -62 - 12 -2 400 G 532 40.2 6.6 02 914 5.0 28 08 0.6 0.5
Fsi-2 40 -62 - 12 -2 340 G 5812 33 88 0.1 920 42 33 04 06 0.5
Ve-w Fs9-1 5 -62.1 68G 128 -3 360 G 5348 4148 504 01 312 368 273 4.5 0.1 03
Forcarei Norte  Lw-(c) Fn-2 LY - - 127 =2 JisL 738 19.2 6.6 03 9.1 7.2 1.3 0.4 0.5 0.8
Fni-1 80 - - 107 -38 328(L 794 145 60 02 955 40 03 0.1 0.2 08
Fn-9 90 - 13y -3 265 L 77.1 116 11 04 950 40 03 02 006 09
Vw-c Fnl-2 40 - - 112 -43 320L 890 109 O 0.1 893 98 09 0 0.01 0.5
Fn-15 20 - - 95 -3 soCc 100 0 0 o1 798 201 o0 0 0.05 0.3
Fnl-7 3 -636 - 114 -38 360L 709 179 110 01 757 172 40 24 08 05

* Composition in mol%. All other abbreviations as in Table 2 and text apart from: dv: density of volatile-rich phase. D: bulk density of the inclusion. All temperatures in °C

8ty
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Fig. 3 Schematic distribution of fluid inclusions in a banded beryl
from the Forcarei Sur field. (Modified from Fuertes-Fuente and
Martin-Izard 1998)

subdivided into two subtypes, referred to as V¢ and V-
(w), on the basis of the number of phases present at room
temperature. V¢ subtype inclusions have two phases at
room temperature and they are made up of CO,(L) and
CO; (V). Vc-(w) subtype inclusions are three-phase in-
clusions at room temperature and they are composed of
COxL), COxV) and aqueous phase; the volumetric
fraction of the aqueous phase is between 5 and 30%.

Both V¢ and Vce-(w) subtypes occur together and
outline fracture planes which cross-cut several grains.
These fracture planes lie in two directions at right angles.
In each fracture plane the microthermometric measure-
ments are similar. Taking into account Roedder’s crite-
ria, these inclusions are secondary.

Ve inclusions: Tm CO, varies between -56.8 and

-58.2 °C. Th CO,; 1s between 27.8 and 29.3 °C to the
vapour phase.

Ve-(w) inclusions: Tm CO, is between -56.9 and
~58.4 °C, Th CO; is between 27.7 and 29.3 °C to the
vapour phase. Tm ice is around -7 °C. Tm cl is between
7.3 and 8.8 °C. Th occurs between 240 and 310 °C to the
vapour phase.

Selected Ve and Ve«w) fluid inclusions of Lalin
pegmatites were analyzed by Raman spectrometry. Bulk
composition and density are shown in Table 3.

As far as the gas phase of the described aqueous-
carbonic fluid inclusions i1s concerned. the following
facts are noteworthy:

i In the Lalin and Forcarei Norte pegmatite fields, CO,
is the main component of the gas phase and is mixed
with minor CH, and N,, the last of which appearsin a
very low concentration in the Forcarei Norte field. In
the Forcarei Sur field the gas phase is constituted by
CO, and CH, with minor quantities of N,.

Gas phase compositions of the aqueous-carbonic
fluid of the three pegmatite fields are plotted in the CO,-
CH,4-N; ternary plot (Fig. 4). This shows that the CH,
content of the aqueous-carbonic fluids increases from
Lalin to Forcarei Sur, with Forcarei Norte in an inter-
mediate position.

RkL/

Cii,

2 N,

Fig. 4 COrCHeN; ternary plot of the volatile-rich phase in fluid
inclusions from the three pegmatite fields studied

2. The gas phase of the aqueous-carbonic fluid inclusions
displays low density. Lw-(c) inclusions have scattering
gas densities due to the higher gas phase density (dv)
of the Lw-(c) inclusions Fn-9, Fs-3 and Fs4 (Table 3).
Taking into account that these inclusions represent
those associated with small intragranular fractures, a
loss of some components during fracture development
may have occurred.

Aqueous fluid inclusions

Ls-w (ype

These fluid inclusions appear in garnet and beryl
samples taken from primary crystallization zones of
Forcarei Norte pegmatites. In garnet, Ls-w inclusions
are composed of a liquid water-rich phase, a water
vapour bubble and daughter minerals. These inclustons
display the following distribution: (1) aligned in two
oblique directions and, from microscope observation, 1t
is not possible to establish whether these directions are
growth bands. Inclusion morphology is prismatic or
clongate. The vapour phase occupies between 10 and
20% of the total volume of the inclusion; the solid
phases, which occupy between 60 and 80% of the
cavity, are made up of anhedral quartz identified using
an optical microscope. and two or more other crystals
(Fig. 5).(2) These are isolated inclusions with quartz
and other daughter crystals, besides a hquid and a
vapour phase. Both occurrences allow us to classify the
Ls-w inclusions as pnmary according to Roedder’s
criteria.

Apart from quartz, the mineral identufication of Ls-w
inclusions under an optical microscope was difficuit be-
cause of the small size. One daughter mineral. indicated
as s/, was optically charactenzed by its hgh birefrin-
gence. SEM-EDS investigations showed that one of the
included solids was albite. and the others were probably
sihcates. Traces of K, C. Na, Cl and S were occasionally
detected as films on the walls of opened inclusions The
s/ solid could not be identified from SEM-EDS
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| Vapour bubbile

 Quartz

Fig. 5 Photomicrographs of two Ls-w type inclusions in garnet from
the Forcarei Norte pegmatite. These inclusions contain a vapour
phase, a iquid phase, and solid phases comprising quartz and several
non-identified crystals

The first melting of ice (Te) is around -35 °C, and
final ice melting temperatures (Tm ice) range from -0.2
to -1.7 °C. Homogenization temperatures (Th) are be-
tween 290 and 310 °C into the liquid phase. Above Th,
sohd s/ begins to dissolve around 340 °C, and continues
to dissolve up to 440 °C. Partial dissolution of the other
minerals is also observed. Above 500 °C, all Ls-w
inclusions decrepitate.

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

As was previously described, in Forcarei Norte peg-
matites the beryl crystals of the primary crystallization
zones affected by metasomatic replacement show two
stages of growth. These are manifested by the presence
of two zones with different clarity and abundance of
unclusyons (Fig. 6): (I) the first is cloudy with primary
L;-w inclusions of prismatic morphology lying in two
directions: one parallel and the other at right angles to
the c-axis. These Ls-w inclusions display the same mi-
crothermometric behaviour as in garnet. (1) The second
zone is frgquemly located at the border of beryl crystals
or forms irregular bands replacing the cloudy zone. The
beryl IS more transparent and has scarce inclusions
belonging to Lw-(c), Lw-c and Vw-c types (Fig. 6).

Lw,, type

Thl; inclusion Lype only appears in the later metaso-
matic Mn-rich apatite of the replacement units of the
albite pegmatites, and was described by Fuertes-Fuente
and Martin-lzard (1998) in apatite of an albite pegmatite
from the Forcarei Sur field. The inclusions occur in two
ways: 1solated with rectangular or square morphology.

and aligned in two oblique directions with prismatic
morphology. They have two phases at room tempera-
ture. The volumetric fraction of the aqueous phase oc-
cupies between 60 to 80%, and the size ranges from S to
20 um. Taking into account Roedder’s criteria (1984),
these inclusions are considered as pnimary ones.

Te varies between —48 and -50 °C. These tempera-
tures are close to the eutectic temperatures of the H,O-
CaCl, system (Te = —49.8 °C, Crawford 1981). Tm ice
ranges between -2 and —4 °C. Th ranges between 220
and 310 °C to the liquid phase. The salinity is low,
ranging between 4 and 7 wt% equivalent NaCl.

Type Lwl

This type was found in quartz and beryl samples from
the Lalin and Forcarei Norte fields. The inclusions are
observed as fluid inclusion planes which cross-cut sev-

10 po

Fig. 6 Schemauc disinbuuon of flwd inclusions in a pcryl from the
Forcarci Norte field The dark zone 1s the “old beryl” and the clear
sone 1S the “new beryl™
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cral grains and have different oricntation and length.
They arc secondary inclusions on the basis of Roedder
(1984). Inclusion morphology is irregular and size ranges
from | to 10 um. These inclusions are two phases with
volumetric fractions of the aqueous phase ranging from
90 to 98%.

Tm ice varnies between —-1.4 and 2.5°C (24 to
4.5 wt% equivalent NaCl) at Lalin, and from -1 to
-4 °C (1 to 6 wt% equivalent NaCl) at Forcarei Norte.
Th lies between 140 and 203 °C at Lalin and ranges from
105 to 175 °C in the liquid state at Forcarei Norte.

Type Lw2

This type appears in pegmatite samples from the Lalin
field. Lw2 inclusions are observed as fluid inclusion
planes cross-cutting several grains and the V and Lwl
inclusion planes. They are secondary in character. Lw2
inclusions have two phases at room temperature, and the
volumetric fraction of the aqueous phase is around 95%.
They are irregular in morphology and varnable in size,
from | to 10 um. Te is below -50 °C, thus Lw2 inclu-
sions probably contain cations such as Ca, Mg, K and
Na in solution (Crawford 1981). Tm ice ranges between
-16 and -25 °C (19 to 25 wt% equivalent NaCl), and
Th ranges from 100 to 212 °C to the liquid phase.

Chronological relationship between the inclusion types

The Ls-w type occurs as primary inclusions in the garnet
and in the earlier beryl cores (Fig. 6) Both minerals
were taken from primary crystallization zones of the

pegmatites. By contrast, Lw-(c), Lw-¢ and Vw-c lypes-:

appear as primary inclusions in beryl and quartz taken
from replacement units (Fig. 3) or as primary inclusions
in later mineral overgrowths such as the later beryl nms
around the earlier beryl cores with Ls-w inclusions
(Fig. 6). From microscope examination it is not easy to
establish a chronological relationship between Vw-c,
Lw-(c) and Lw-c types. However, the fact that Vw-¢ also
occurs as pseudosecondary inclusions with the same
microthermometric characteristics as ¥V'w-c primary n-
clusions has allowed us to consider the Vw-c inclusion
trapping as later than that of the Lw-(c) and Lw-c in-
clusions but very close in time. Lw,, inclusions occur as
pnmary inclusions in later metasomatic Mn-rich apatite
which in the replacement units replaces some of the
mentioned metasomatic munerals such as the Lu-(c).
Lw-c and Vw-c inclusion-bearing quartz.

Ve-w, V. Lwl and Ln2 appear as secondary flud
inclusions in the cited primary and metasomatic miner-
als. From microscope examination it 15 not possible to
establish a chronological relationship between these
secondary inclusion types

General P-T and bulk chemical evolution

On the basis of the chronological relationship between
the established fluid inclusion types. several stages
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characterized by different fluid composition. pressurc
and temperature conditions can be established during
the formation of these pegmatites. The calculated 1so-
chores for each inclusion type are shown in Fig. 7.

Stage EO: pnmary crystallization

The first stage of fluid trapping (E0) may be represented
by the Ls-w type occurring as primary inclusions in
minerals from the primary crystallization zones. There
are not enough data to obtain the Ls-w isochores be-
cause the true composition of this fluid is not known.
However, on the basis of some microthermometnic data,
such as the partial dissolution of daughter minerals and
the temperature of inclusion decrepitation, it is possible
to infer a trapping temperature of these inclusions above
500 °C. Three later stages can be distinguished in the
three pegmatite fields (Fig. 7).

Stage E|: metasomatic replacement

This stage (El) is represented by fluid inclusions be-
longing to types Lw-(c). Lw-c and Vw-c appearing as
primary inclusions in minerals of the replacement units.
The minimum trapping conditions are given by Th (total
homogenization temperature) and Ph (homogenization
pressure), i.c. 310-335°C and 14-18 kbar for the
Lw-(c) (Lw-c) 1sochores from Lalin. In Forcare: Sur, the
minimum trapping conditions (Th. Ph) are 360 °C and
2.25 kbar. In the case of Forcaret Norte pegmattes, the
Th of Lw-(c) inclusions 1s 315 and 328 °C. and minimum
trapping pressures are 1.9 and 2.25 kbar respectively.
The P-T conditions of trapping may be constrained
by the mineral assemblage. The metasediments in which
these pegmaute fields are emplaced have been affected

Fig. 7 P-T reconstruction dugram with the nochores of the different
flusd inclumon types of the three pepmatite fields from the AEGC The
datality houndary of beote (/) (Yardicy 1989) and the sluminos-
wate stabsbity frekds (2) (Robec and Hemingway 1984) are shown The
durk zomes are the mummum P-T condivsons (or the different stages
(E1. E2 and EV) of trapping for 1ype Ludcjand Lo, dnw, b 0de
and Ve-w), Lwl and Lanl inclusons The £2° and £1° dark cones
represent the stages of trappung of Ic-w and Le . inclusion tynpes
which were only found in the altwie pegmautes from Forcare Sur fickd
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by contact metamorphism due to the parental granites
and their associated pegmatites. The thermal metamor-
phism is characterized by andalusite and biotite. Taking
into account the broad limits of the biotite stability field,
the minimum temperatures lie between 380 and 420 °C
(Yardiey 1989; Fig. 7). Using the maximum stability
conditions and the Lw-(c) and Lw-c isochores, appro-
ximate minimum pressures and temperatures for the
fluid inclusion trapping can be estimated between 2 and
2.5 kbar at 380 °C and between 2.5 and 3.5 kbar at
420 °C for the Lalin and Forcarei Sur fields. In Forcarei
Norte, P-T estimates are around 2.5 and 3 kbar at
380 °C and around 3.5 kbar at 420 °C. These P-T
conditions agree with the presence of andalusite in the
metasediments (Fig. 7). However, pressures above the
andalusite stability limit (around 4 + 0.5 kbar, Robie
and Hemmingway 1984) are obtained for isochores that
represent the Lw-(c) inclusions spatially associated with
small intragranular fractures (Fs-3, Fs-4 and F n-9). This
anomalous pressure of trapping agrees with the previ-
ously mentioned fact that these inclusions have leaked
after trapping,

On the other hand, Vw-¢ inclusions were trapped
under lower pressures. The Ph-Th is around 0.3 kbar
and 370-380 °C at Lalin, between 0.25-0.5 kbar and
340400 °C at Forcarei Sur, and 0.5-0.75 kbar and 320-
360 °C at Forcarei Norte.

As already mentioned, we consider the trapping of
Lw-(c) and Lw-c type inclusions to have been before the
Vw-c type, but close in time. In this way, the tempera-
ture regime during the Vw-¢ fluid inclusion trapping was
pyobably stmilar to that of the Lw-(c) and Lw-c, thus the
biotite stability criterion can also be used, i.e. tempera-
ture between 380 and 420 °C. Taking into account the
homogenization temperatures of type Vw-c fluid inclu-
sions (Th close to 400 °C), we consider a situation close
to the upper biotite stability limit of around 420 °C.
Therefore, in all three pegmatite fields, the estimate of
the P-T pair for the Vw-c inclusion trapping is around
1 kbar .(0.5—0.75 kbar at Lalin; around 0.8 kbar at
Forcarei Sur, and 0.75-1 kbar at Forcarei Norte) at up
to 420 °C (Fig. 7). We can extend the consideration to
the previously described Lw-(c) and Lw-c trapping and
assume a temperature close to the upper biotite stability
limit. In this way, pressures of 3 % 0.5 kbar at tem-
peratures up to 420 °C arc estimated for the Lw-(c) and
Lw-c fluid inclusion trapping.

The drop in pressure during EI from 3 £ 0.5 to
| kbar at temperatures above 420 °C may be due to the
transition from a predominantly lithostatic to a hydro-
static pressure regime, related to the development of the
ductile shear zone which affected the Forcarei Sur and
Norte pegmatite fields during the D3. The intragranular
fractures, which in several cases host Aluid inclusions
with divergent composition and density (e.g Fs-3, Fs-4
and Fn-9), may be related 1o mineral deformation dur-
ing shear. In the Lalin field, thc pegmatite bodies have
intruded through faults developed in the last episode of
the Variscan deformation. The progressive fracturing of

the pegmatitc bodies may reflect the change from pre-
dominantly hthostatic to hydrostatic pressure, beginning
with small intragranular fractures. Larger fractures,
which cross-cut several crystals and are related to type }
inclusions, were developed later.

Stages E2 and E3: late hydrothermal processes

Stage E2 is characterized by secondary complex car-
bonic and aqueous-carbonic fluid inclusions.

In Forcarei Sur field pegmatites, stage E2 (Fig. 7) is
represented by the Ve-w 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 °C.

In Lalin field pegmatites, stage E2 is represented by V
type inclusions. These display low density and show a
minimum trapping pressure close to the true pressure
(Fig. 7). The presence of an aqueous phase in the »Vc-.(w)
subtype allows us to apply the total homogenization
temperature to the representative isochore of ch(w.)
subtype inclusions, and the obtained Th-Ph pair is
250 °C and 0.5 kbar. Thus the thermobarometric con-
ditions for this stage E2 in Lalin pegmatites are around
0.5 kbar and 240-310 °C (from the value range of V-
(w) subtype homogenization temperatures).

Stage E3 is characterized by saline-aqueous (Lwap,
Lwl and Lw2) fluids. At Forcarei Sur, Lw,, inclusion
isochores indicate that the Ph-Th lies between 285 and
310 °C and between 0.3 and 0.6 kbar (Fig. 7). At For-
carei Norte and Lalin stage E3 is characterized t?y lower
minimum temperature and pressure of trapping, be-
tween 100 and 200 °C and below 0.1 kbar respectively.
Taking the steep slope of these isochores into account, a
slight temperature increase produces a'hlgh pressure
increase, but there are no data from mineral geother-
mometers. These inclusions may have been trapped
when the pegmatite bodies were located at lower depth.

Discussion and conclusions

The composition of the different inclusion types {or each
pegmatite field enable us to propose a gencral model of
fluid composition evolution.

The first fluid (Ls-w). which may be referred to as
pegmatitic, is a silicate-nich aqueous fluid. Thg suh;atcs
present within it are quartz, albite and other qmdgnuﬁed
silicates. It may have evolved through crystallization and
cooling of the pegmatite bodies 1o comparatively solute-
poor aqueous fiuid. This aqueous-rich fluid progres-
sively evolved to a low density volatile-rich aqueous fluid
with low salinity which was trapped by Lw-(¢) and Lw-c
inclusions. It 1s distributed widely in all studied peg-
matites and its average composition 1s 93 mol% H>O-
Smol% CO;-0.5mol% CH,-02mol% N, and
i.3 mol% NaCl. It is trapped by mincrals from the
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replacement units. Therefore. 1t is related 10 the peg-
matile stage when the rare-clement mineralization
occurred. The volatile cnrichment may have been due to
a mixture of magmatic fluids and fluids from the host
rock, so the pegmatite was an open system which may
have permitted the mixture of magmatic and host-rock
derived fluids. The fluid described, with a pressure drop
at relatively constant temperature, increases its volatile
content (mainly CO,) and decreases 1ts salinity and H,O
content. The average composition of this fluid, which is
trapped by Vw-c inclusions. is 86.8 mol% H,O,
11 mol% CO,, 1.5mol% CH, 0.5mol% N, and
0.36 mol% NaCl. The last stage of evolution of this fluid
can be inferred from the Vc-w inclusion type of albite
pegmatites from Forcarei Sur. These inclusions indicate
the existence of a later aqueous-carbonic fluid circula-
tion with a slight decrease in temperature and pressure,
probably due to progressive exhumation of these bodies.
In these albite pegmatites, with a decrease in tempera-
ture at constant pressure, there was a subsequent cir-
culation of a hydrothermal aqueous fluid which altered
the pegmatite bodies. From this fluid, later Mn-rich
apatite was formed. In the Lalin field a later stage of
carbonic-aqueous (type V) fluid circulation must be the
result of heterogeneous trapping of a relatively high-
density volatile phase-nch aqueous hydrothermal fluid
introduced into the pegmaute through later fractures.
Taking a general evolution of these bodies into account,
a progressive transition from a magmatic (pegmattic)
stage 10 hydrothermal stage must have occurred.

Finally, there was a airculation of cool hydrothermal
fluids (Lw! and Lw2) which altered the pegmatite bodies
through later fractures when the bodies were close (0 the
surface. The low temperature alterations may have
formed low temperature minerals such as hydroxyl-
herdente, adulana and bertrandite.

In AEGC pegmaute fields, the CH, content of the
aqueous-carbonic fluids increases from Lalin through
Forcare: Norte to Forcarer Sur. This decrease in oxygen
fugacity does not seem to be related to temperature
variations because similar ranges of temperature {or the
aqueous-carbonic fluid trapping are recorded in the
three pegmatite fields. Moreover, there 1s no correlaon
between fO; and mineralogy or the degree of pegmatite
fractionation since the studied albite pegmautes of
Forcarer Sur and Lahn have similar mineralogy and
degree of {ractionation., however. Forcares Sur has a
lower fO, and Lalin a higher one As a possible expla-
nation we are puting forward a very important inter-
action between the fluds and the host rock As
mentoned carlier, the host rock of the studied Forcarer
Norte and Forcarei Sur pegmautes are graphite-rich
schist (the autochthonous sequence). whereas the Lalin
pegmatites studred are hosted by rocks which do not
have this composiion (the allochthonous sequence)
Therefore, the fluid chemistry may have been controlled
by graphite-fluid equilibrauion. 1mplying a source of
fluids external to the pegmatuites (surrounding meta-
morphic senies) The aqueous-carbonic Auvds of the
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Forcarer Sur field arc the CHe-richest In these peg-
matites the replacement units arc often located at the
border zonc of the bodics. and the samples for this study
were taken from those arcas adjacent to the contact with
the host rock. This agrees with graphite-nch host-rock
as a methane source.

The current study has shown that fluid inclusion data
are useful for establishing the composition and evolution
of pegmatitic fluids together with the P-T path model
affecting the pegmatite bodies. This study has revealed
the following major points:

I. The magmatic (“pegmatitic™) fluid in AEGC peg-
matites is preserved in primary fluid inclusions hosted
by garnet. This fluid is aqueous and silicate-rich,
having many of the characterisics of solution-melt
inclusions which were described in Tanco pegmatite
by London (1986). Similar fluid inclusions have also
been found in other fluid inclusion studies in peg-
tll;agt;l&s (Doria et al. 1989; Linnen and Williams-Jones

).

2. This mentioned magmatic fluid evolved through
crystallization and cooling of the pegmatite bodies 1o
aqueous-carbonic fluids. The salinity of these fluids is
similar to that of the low-salinity aqueous or aqueous-
carbonic fluids observed in cassitenite-bearing peg-
matites, e¢.g. La Fregeneda (Mangas and Arnbas
1987), the Nong Sua aplite-pegmatite complex (Lin-
nen and Williams-Jones 1994) and other tin-bearing
pegmatites, e.g. Tanco (London 1986, Thomas and
Spooner 1988).

3. The volatile enrichment may be due 10 a mixture of
magmatic fluds and fluids from the host-rock. Thus,
these pegmatites are an open-sysiem

4. The P-T path model shows an important drop in
pressure (around 2 kbar) at constant temperature We
attnibute it to the change from hithostatic to hydro-
static pressure. which 1s itself due to the development
of a ductile shear zone and fracture system. both of
which affected these bodies This isothermal decom-
pression is indicated in other pegmauite bodies. ¢ g
the Nong Sua aplite-pegmatite complex (Linnen and
Williams-Jones 1994)

5. The dominant controls of rare-clement minerahization
in the replacement units of these pegmaties scem 10
be isothermal decompression and miung with
external carbonic luds
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ARSTRACT
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In Galicia, in the northwestern part of the Iberien Peainsuls, there ars severs! cccurrences of grankic pegmatisss. One
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third episods of fluid circulstion suggests an independent stage of fiuid circulation during lste tectonic eveats, with temperatures
nuhgﬁmlso‘huS‘Cndmhdowo.Sbu.

Keywords: graaitic pegmatite, fluid inclusion, microthermometry, Rames microprobe, P-T peth, fiuid evolution, Franqueirs,
Galicis, Spain.

Sosana

- Us de
En Galics, dans le secosur sord-cusst ds le Péainsule Ioécique, on trouve plusiours massifs de pegmatites granitiques. {
anthHMbwm:w~hrﬂ:
0800cids 4 ua massif hercynien de granite hyperalussiosux & dex micas, mis ea place dens des dunites du domaine de achistes
hmmuwummurmnhwnu“-mm‘.
microsonds Ramen afia de déterminer s composition du paléofiuide ot des conditions de Fﬂluhw-m“
08 migration dass la pegmatits. Nous svons identifié wrols types ¢"inclusions fluides dans I'émerands ot b phinakite,
W“MMbMMMMhﬂcubmm“dﬂ‘hﬁ-
dans la pligées 4 2.5 kher ot 400°C. Uns chuste isotherme ds la pression & prodult ua esosed stads ds pilgeage,  400°C
oo o s e I bt o v P o o Il ke = o b o o . U
ax dohe o du - - gz

mmamumuuﬁmw-mmmmau
température alieat de 160° 4 265°C ot une prossion infirieure & 0.5 kber.

(Tvaduit par la Rédaction)

Mots-clés: pegzaatite granitique, inchesions fiuides, microthermonétrie, micresonds Ramas, trecé ds pressien ot de tomplrature,
évolution de is phass fluids, Prenqueirs, Galice, Bapagae.
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There are scveral occurrences of rare-clement-cn-  those derived from the host rock aiso are discussed.
Eggiﬁog!%o&ﬁr From these results, a fiuid immiscibility in the system

include it Egg?ks -33 ?girgrﬂng

1
EEQ&B 1929, Sinkankas Martinez Catalén ef al gﬁ,ﬁ. v._.rn._.ab-.
03995 al gq‘ggn—o Mountes Zone coansists of two domsins: (1) schistose

E&Eo&ggg granitic rocks (330-310 Ma, Priem & Den Tex 1984,
The purpose of this paper is to present the results of  Serrano Pinto er al §.<I§QR_§
& combined Raman microprobe and fluid-inclusion  The former is composed of metamorphic rocks and the

study carried out on emerald and phenskite from the Lalin-Forcarei Unit, the southern ead of the large

gii the central part of Galicia, Ordencs Complex (Barrera ef al 1989, Monterrubio
in the northwestern Iberian Peninsula. Rosults of these  1991). The Ordencs Complex, as well as the Lalin-

studies allow us to determine the evolution of fluids and  Forcarei Unit, which overthrusts the other groups of the
the P-T-V--X conditions of the multistage circulation &EEEI&S%E
of fluids in the motasomstic zonc around the pegmatite giguuuo!-.ggﬂ et al 1997), con-
and also to establish the conditions of formation of the sists O &oégggi
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geological setting of the Franqueirs pegmatite was out-
lined by Martin-lzard et al (1995, 1996).

The Franqueira deposit occurs between ophiolite
ooupmofctﬁdn.(mcm)mdw
(Braganca and Morais complexes). These complexes
represent fragments of oceanic crust that were thrust
over the schist of the schistose domain during the first
and second phase of the Hercynian Orogeny. Heteroge-
neous two-mica granite (Barrera ef al. 1989) were
emplaced during the third tectonic phase (315 £ 10 Ma:
Capdevila & Vialette 1970). At Franqueina, the pegma-
tite bodies, related to the heterogeneous two-mica gran-
ites, cross-cut an uitramafic rock of dunitic character and
associsted gabbroic rocks.

Martin-Izard et al. (1995) suggested that the dumite
and hornblende gabbro considered here belong to & rem-
nant of peridotitic and gabbroic rocks from the
overthrasted complexes. This suggestion is supported
by the fact that the geochemical and mineralogical char-
scteristics of Franqueire dunite and gabbro are similar
to those of the the Ordencs, Braganca and Morais com-

Later, during the intrusion of the Hercynisn granites,
the dunite and hornblende gabbro could have remained
in the roof zone of the peraluminous heterogeneous two-
mica granites, which normally have a suite of associ-
is eariched in Be, B and P, caused metasomatic alter-
ation of .the adjacent dunite, with formation of
phlogopitite near the pegmatite, and tremolitite bodies
and an anthophyllite rim close to the dunite. The Mg
and Cr of these rocks were provided by the dunite. The
addition of boron and phosphorus resulted in the forma-
tion of tourmaline and sbundant spatite in the metaso-
matic facies, along with In the zones closest
to the pegmatite, the Be spread out in the system and
first developed chrysobery! (“alexandrite™) and phens-

F19.2.  View of the pegmatite dikes, which are lenticuler (A). The pegmatise is hosted by phiogopities (B) aad tremolitiss (C).

kite porphyroblasts, isolated or inteegrown in the phio-
P

The bodies of granitic pegmatites form a network of
narrow, anastomosing subvertical dikes that trend ap-
proximately cast-west. The dike system (Fig. 2) is ex-
posed for 15-20 meters. Dike thickness ranges from 3
to 40 cm. Relics of dunite totally transformed to phio-

The pegmatite bodies show a simple zonation with
an aplitic border. Essential minerals are quartz, albite,
muscovite and scarce K-feldspar, with apatite, tourma-
line and zircon as acoessory minerals. In the main zone
of the pegmatite, albite is the most sbundant minaral,
with quartz in lesser proportion and some mESCOVite.
Within the pegmatitic bodies of grester thickmess, a
bending can be observed in the central zone, in which s
coarse-grained rock alternstes with another of saccha-
roidal appearance. In the coarse-grained facies, theve are
crystals of coarse bladed albite with subbodral albite,
interstitial eubodral quartz, and muscovite plstes. In the

The host rocks hsve a clearly defined contact with
the pegmatites and are of & micscoous nature. The mica
is phlogopite, and is the most sbundant mineral (over
75%, up to 90%) in this facies (Fig. 2). The visibie thick-
ness of this rock is up to three metors, and it crops out
fornlanﬁwm‘s)‘hmb:yiwm
chrysoberyl (“slexandrite™), phenakite, beryl (“emer-
ald”), tourmaline, garmet (mainly almandine), spatite
(ﬂw&'”nﬁ?ﬁrm -

o tviatd i the phiogopite o as skelea
i within emerald, pbenakite and spatite.
Phenakite (Figs. JA(P), 3B] appoars as subbedral and
coloriess prismatic crystais up t0 3 cm in size. Pheaak-
ite commonly hes associsted apatite crystals (Fig. 3A(A)).
wwswwwwﬁhm
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of up to 30 cm [Figs. Zwv. u!.sn!an.oo_o.. lite, but some phlogopite is ggg—oﬂ_@
and Cr content (up to 0.2 wt.%) give it its emerald-like  along dunite contacts, the tremolitite is rimmed by
g—.aﬁogwogl&%&n g—-ﬂnig gg%

i i s

placed the other two Be minerals owing o the increas-  thick inside the tremolite rock. It is dark in color
ing sctivity of HSiO, (st constant temperature) in %l_a.soggl&gg

?b!! Ev&n-ﬁ__rpgl_.lrn&
§+E+§ and chioritized aggregate. Chromisa spinel is found as
(1)  an acccesory mineral, usmally dissemineted, although
occasionally forming small aggregates.
proposed by Barton (1986). Iavarisbly, where chryso-
beryl and phenakite sre together, they are replaced by AvaLyncal Tecwmeques
beryl (emerald) and sppesr as a skeiotal intergrown
within the emerald. Microthermometric studies of finid inclusions were
The phlogopitite grades isto a tremolitite in which performed on sections 100 to 300 um thick using a

_x.g&l.glagﬁ.ﬂ 2). The vis- g%i.ggg
cooling snd heating stage (Poty o1 ol




sions were modeled in torms of the system HyO-COz-  meiting, with reforence 10 the HyO-NaCl system (Pot-

Esgggrgﬁal_ggiul_-st llc..
and Kerrick (1981) and the computer  lent NeCL.

£ 51

tite. Fluids inclusions in chrysobery! are scarccand are L + 00, V + 00; L). The meiting of solid CO; hes
too small (less than 1 pum) for study. been measured at between —60.8° and ~62.1°C. Salini-

Observations show that emerald and phenskite have  ties were Overestimated epproximetely from the final
& significant number of inclusions, isolated or in groups;  melting of joc values and the formmles proposed by
those are interpreted as primary (Figs. 3C, D). Other  Potter et al (1978) for the system H,O-NaCl, and

minecals. In all emerald and pheaskite crystals stadied  the vapor bubble cooupies less then 10% (Fig. 3D).
(more then 10), fiuid inclusions have the ssme morpho-  Thess inclusions ocowr ia both emersid and phenakies
logical characteristics and volumetric ratios. ln!lliu;?ill-i

The finid-incimion studies of the Pranquoira deposit  in charscter. Temperstures of first melting of ice vary
reported by Martin-Izard et al. (1995) indicate the pres- betwesn ~45° and —S5°C; thess temperstures arc lower
ence of three types of inolusions. Type | consists of then the ewectic somperature of the H;0-NeCl system
complex CHs-bearing aqueous inclusions (Fig. 3C). ?kg_g.?g&ig.
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Fnontngcn’ﬂlﬁlnlﬂoﬁﬂ-gg&?%sgi&e?gg
account these temperatures and the experimental dats l&ggg?ﬁaﬂsg

tempasstus of dhathmes; .J..I.lll T totel hemageuisation tenpasstuse, gususus state (U, Sguid et (L) ond eriio! stute
a.t"lWI-o. .lllhluf"l'ttllg
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TABLE 2. RAMAN DATA AND BULK COMPOSITION OF THE FLUID INCLUSIONS SELBCTED
FROM THE FRANQUEIRA DEPOSIT, AND CORRESPONDING MICROTHERMOMETRIC DATA

MICROTHERMOMETRY

RAMANDATA

TYPES  host N'\a!‘l‘-,.‘ly_‘l\-'h.l\h CO,CH, N, & XpXn = La X

mineral
Type-l phomskite Fo-l &0 - - 1104G M4 4 3IN0C - NS 195 023 N2 t L I
Fo2 & - - 9SG 217 4 3G - 852 43 03 NS 24 33 -
Type-l emenld B2 S0 - . S1L 14 5 3SL I1STTHY sS4 01 S 23 & 05 07
Bab-l SO0 - - H1G 14 - 354G 25 %0 IS 012 883 64 95 0% |
Typo2 emennid B3I 50 -394 102G - 134 65 381G & 19s n2s o018 87 15 16 1 29
Bg-l 50 &2 86 - 134 7 370 521 412 67 021 WS 15 29 07

Ramen dets from the Pranqueire deposit. Composition are gives ia mole %. V/V: velumetric tatio; Tigg,: Suliing temperstures of CO,; Thegy:
homogesisstion temparsture of 00, gaseows state (G), iquid state (L) snd critical state (C); Tm,: smebing temperntuse of dlathraty; T, sslting

Semperature
*C. bv: demaity of the volathe-sich phase

03

of iox; Th: total homogenization semperature, gasecus state (G, quid state (1) end critical state (C). All temperatures are givea in

A s N
4
&02 g 53
® é‘z '
m] 1
: — v T v v T v 'q
% % 60 80 100 °-,oﬁ-‘-,'5 " e 8 9
mole % CO, mole % Hz0
l'lype-l(ﬁuukim). )
OType (cmoraid) P02 (menld)

Fio.4. A Volstile density (3v) versxs 00, mole %. B. COy:CH, ratio wersus HyO mole %. Dotermined from Raman asalysis

of individual fluid inclusions from the Franqueira deposit

FipnetlAchomdeuitywmuOO;eonwmofm
volatile-rich phase for each inclusion type. It can be
obeerved that type-1 inclusions may be divided into two
groups, depending on whether appear in phenakite
or emerald. lntheﬁrltane.ﬁ::yohdlo-dchphmhs
a higher density, and no CO,, is detected. But in the sec-
ond case, there is CO;, and the volatile-rich phase has a
lower density. The type-2 inclusions, which only appear
in the core of the emerald, reveal an increase in density
and CO,; content of the volatile-rich phase in relation to
type-1 inclusions of the same mineral.

Taking into account the bulk composition of both
types of inclusion, the 00,/CH, ratio versus H;O con-
tent (Fig. 4B) also shows two differcat groups in type-1
inclusions, depending on whether they appesr in emor-
ald or phenakite. Thus from type-1 fluid trapped in
phenakite 1o type-1 fluid trapped in emerald, there is an
inorease in HyO ot & similar 00y:CH, rutio. The fiuid
trapped in the emerald core (type 2) has a H7O content
similar to type-1 fiuid in emerald but & higher CO;:CHa
ratio.
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F10.6. P-T recoastruction, with the isochores representative of the different types of fiuid inclusion in the Pranquein deposit.
The dark zones are the minimum P-T conditions for the different stages of trapping of typo-1 fiuid inclusions in phensiciee and
emerald, type-2 and type-3 inciusions. The opea circies on isochores represeat the homogenization tempersture aad prossure.
‘The vertical dashed Line represents an average smpersture (400°C) from the tomperature range proposed by Martin-lzard et
al. (1995) taking into acoount that the mineralization is formed by a contact metamocphic—motasometic process.

; g n ¢ L1
200 240 280 320 360 400 440 480 §60 600
Temperature (°C)

Fio. 7. Log mH,SiO, - temperature projection st P = | kber and activity of beryl = 0.1,
showing & path consistent with the evolution of Be-assembiages st Franquein (from
Martin-lzard o1 al. 1995).

join. The absence of euclase indicates a minimum range The type-1 and type-2 fluids trapped in emerald dis-
of temperatures and pressures, Le., aPof4 kbaranda T  play a lower density than type-| fluid trapped in phena-
ranging from 350°C (for P = 1 bar) to about 450°C (for  kite, yielding lower minimum pressures (Ph), in the
P = 4 kbar), in the stability field of andalusite. 0.75-1 kbar range and a minimum temperatures (Th) in
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the 354-381°C range. Taking into account the evolu-
tion of Be-bearing assemblages st Franqueis (Martin-
Izard et al. 1995), we consider that the tempersture did
not change with respect to the first stage, around 400°C
(Fig. 6). If 50, the pressure of this second stage is around
1 kber. These data are also in with the pro-
posal by Martin-Izard ¢ ol (1995)-

During the first kydrothermal stage, the most prob-

able pressure of trapping of type-1 fluid in pheaakite is
sround 2 kber sad & tomperature sround 400°C. This
pressure probably represeats s lithostatic pressure in-
dicstive of s relstively deep structural level (7-8 km).
The type-1 and type-2 inclusions in emensld display
lower denasitics, thms these inclusions were trapped in
the range of 1 kber. Such varistion could be explained
by & pressure drop from lithostatic %o partially kydro-
static conditions during decompression.
The characteristics aad isochores of type-3 finid in-
clusions (Martin-Izard o1 al. 1995) suggest & later uare-
lated episode of hydrothermsl flwid circulstion at
minimem trapping ranging from 160°C w0
265°C and presswres below 0.5 kber.

Descussson

The evolution of the finid associsted with the mets-
somatic process is as follows. Under pressures betweoen
2 and 2.5 kber and s temperature close 0 400°C, a first
stage is developed in which an aqueous-carbonic fiuid,
dominated by HO and of very low salinity, is trapped.
The fiuid is composed of a volstile phese made up of
methane and minor quantities of nitrogen, with an aver-
age composition of 72 mole % H;0, 23.2 mole % CH,
and 4.8 mole % N;. A pressure drop produced a second
stage of finid trapping st 400°C sad 1 kber. During this

1) Atthe beginming of esaeraid crystallisation, prob-
sbly due % s drop in pressure during the sscond stage
and an incvesse ia $i0; activity, the initisl metasomatic

ity (type-1, CH.-rich) kept on getting trapped during the
remainder of the emerald growth. In this way, two im-
miscible fluids are trapped in the emerald core. This
sgroos with & growth of emerald during s stage of het-
erogencous trapping in the system HoO-NaCl-CHe-
OO0;-N,, as was proposed by Martin-izard e1 oL (1995)-

2) Atthe begining of emerald crystallization, s fiuid
(type-2) from the pegmatite body circulatod through the
uzummqplwﬁuhm
kite, which phenakite and, probebly, chrysoberyl
were formed. Note that several suthors have observed
that finids in pegmatitic systems are gemerally domi-
asted by CO; aad H/O: London (1986), Thomes &
Spooner (1983), Koancrup-Madsen & Rose-Hansen
(1982), and FPuertes-Pucate ¢f al. (2000) So, the meth-
soe becomes more dilsted with CO,, and there is sn en-
richment in Hy0, the regult of this mixture being the
type-1 fiuid, found in emerald. The aqueous-carbonic
fiuids from metasomatic tourmaline of the Tanco
(Manitobs) pegmatite host-rock (Thomes & Spoomer
1988) have s svenage composition of 91 mole % H;0,
6 mole % CH,, | mole % C0,, and 2 mole % NeCl,
which is comparsbie with that of type-1 fiuid in emer-
old from Pranqucina. These suthors suggested that the
wonsual chemistry of these finids result from mixing of
s wallrock-derived CHe~Hy0O fiuid, possibly of mets-
morphic origin, with a fiuid released from the pegma-
tite. At the Gravelotic mine (Nwe & Morseani 1993),
eral, occr on the flanks of a highly metasomatized
albitite pegmatite body and in the biotite schist at and
neer its contact. Nwe & Morteani (1993) described an
carliest type-1 inclusion, found in phenakite snd emer-
ald, with low salinity (<6 wt3% NaCl in pheasiite and
<7 wt% NaCl in emerald) and wp t0 18 mole % CH, and
swall ssounts of CO;, Th between 250 and 400°C (Th

> Th emeraid), s type-2 fiuid inclusion found
in emerald, which is varisbie in both CH.~C0; contents
and selinity (6 %0 20 wt% NaCl), Th between 170 and
400°C, and later type-) and typo-4 inclusions with wp to
38 wt% NeQl, CH~OO-fiwe. Thoy indiceted thet the
earfiost fiuids in type-1 inclusions in the phemakite be-
coms slighty more saling in the early cmerald, rimming
the phonakite, with s reduction of ths CH, coment. With
progressive crystallization of more emserald end forme-
tion of type-2 inclusions, salinities increass and beoome
mose varisble within individual crystals. Moseover, CHe
decressss, wheress CO; imcreasss. These suthors ex-
plained thess facts as the result of & mixture between
type-1 Buids with a dense, NeCl brinc
during this stags, cousing s continous wead from type-1
0 type-3 inclusions.

The fiuid inclusions found in Pranqueirs are rather
similer 0 those st Gravelotis; asvertheless, there are
soms important differences, which indicase s somewhat
different evolution of the fiuid. We consider that type-1
fiuid, found in phenakite ot Gravelote and Pranqueirs,
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are quite similsr, but st Franqueira they have no CO,.  (phenakite) fluid; some components of this fluid must
However, the emerald from Franqueira has two types  have boen derived from the pogmatite, since Be, Al and
of fluid inclusion, type-1 (emerald) and type-2 (only Si are nocessary for the formation of phemakite and
found in the emerald core). Neither type of fluid inclu- gigoﬂxaggg
sion shows a varisbie range of salinity, and their ho-  the host rock becsuse beyond the metasomatic zone, it

mogenization temperatures lic within & narrow interval.  contains no phensicite. Thus we legve open the dicussion

In some cases, the type-2 Th is higher than type-1 Th  about the source of type-1 (pheaskite) CHe-rich fiuid.

and, in other cases, both Th renges overlap each other

(Table 1). Thus, st Franqueira, the main difference be- ACKNOWLEDGEMENTS

tween the two types of fluid inclusion in emerald is the .

varisble OO, and CH, contents. We thus considerthata __ This work has been financed by the CICYT, project

mixture with & high-salinity NaCl brine, as at the GBO 91/1077, PB 96/0555. Supported by FP1 of MEC

Geavelotie deposit, is unlikely ® have taken piace st fellowship 0 Pucrtes. We thenk 0 the reviewers for
However,

Franqueirs. . & mixtare botween a CH-H,0 their encoursging suggestions, which have improved

fiuid, which was perhaps derived from the wallrock, significsntly the comsont and clarity of the papor.

with a fiuid released from the pogmatite, as at Tanco,

seems 10 be more likely, o Rerzxmocss
Nevertheloss, the presence of the Hy0-C0, (£ CHy)

inciusions in the emerald crystal core only and the H,0- u»ﬂl.t.eg?i"—“lhir&h

CH~(4 C0;) inclusions in the whole of the emerald ﬁoﬁ!!ﬁ: _i!.l_.

istﬁgggggwﬂ

homogenize 10 vapor, liquid and in some cases the criti- 1997): Clathrates: computer programs 1o caloulste

cal state, indicate that the immiscibility process is the ?Eh[lfxillnl:ll:l..!

more Hkely. If s OO7-rich finid is added during emerald poratures. Compat. Geoscl.

growth, COy-rich inclusions should be found within the L& (1996

whole of the emerald crystal and should only homog- . DussSSY, J. & CAnms@ay, Improve-

enize in one way (liquid or vapor). On the other hand, ments in clathrate modelling. L The Fy0-00; systeem with

posed above, the COy-rich inclusions should be formed Barzzxa, J L. Fasias, P Gorzaiar, F., MARQUINEZ, .. MAR-
when the oxidation process occurs, in other words, dur- ™, LM, MAztewz, JR., Dei Ouvo, A. & De PasLo

ing the crystallization of the emerald core. Moreover, 1.G. (1989): Mapa Geolégico 1:200.000 de Ourense/Verin.

the salt content is very constant and low in all type-1 Memoris explicativa. Publicacidn Instino Technologico

and type-2 inclusions, but it is a littie high in type-2 in- Geominero de Espaha, Madrid, Spoin.

clusions. Mixing of fiuids probably generstes fluids with .

different salinity and OO,:CH, ratios, a3 is the case st  Baxton, M.D. (1986): Phase equilibria and thermodynamic

Gravelotie (Nwe & Morteani 1993). In Franqueins, the %&griié

very constant salinity and 0O;:CH. ratios agroe with  (BASED eytem, wifh petrologic spplications. A=

an immiscibility mode! more than with ¢ mixing of 27

fluids. Bowms, T.5. & HLomson, FLC. (19€3): Caloulation of the
Comoerning the origin of type-1 (phenakite) CH,- 'il‘thclﬁ.la&i!

rich fluid, Thomes & Spooner (1988) postulated thet the mixing in the system H;0-00,-NeCl o phase relations in

wallrock-derived CH,—H;O fiuid formed as a result of  geologic systems: equation of stte for HyO-COr-NeCl

metamorphic resctions involving graphitic sediment. fiuids at high pressures and temperstures. Geockim.

The CH, content of fluid inclusions from the AEGC Cosmechim. Acss €7, 1247-1275.
pegmatite fields cloarty correlated
ER?&-—"’IFRE%“ Baow, PE. & Haameuwey, $.G. (1995): Piuid inclusion dets

reduction and interpretation using Macfiincor on the Mac-
the closeness of the pegmatite samples selected to the intoth. ECROFL Bel. Sec. Exp. Minerel _Iu»,uu.
host rock, this attesting the role of the host rocks in the by

richness in inclusions st Franqueirs DALLGYER, RD., MARTREZ CATALAN, J.R., ARSas, R, On.
(Fig. 5). zhri&rﬁ!t!.ﬂ!& from  LAROUC, I O 97) Dinchronous i
nsg..roringpﬂag iﬁgrﬁ"ﬁ;ii
(Nwe & Morteani 1993). Moreover, we discard the pos- from “Ac™Ar dating of regions! fabrics. Tactonephys.
sibility of a purely metamorphic origin for type-1 377, 307-337.
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ANNUAL REPRODUCTIVE PERIODICITY OF THE SEA URCHIN
DIADEMA ANTILLARUM PHILIPPI IN THE CANARY ISLANDS

M. J. Garrido, R. J Harounand H. A. Lessios

ABSTRACT

The tropical sea urchin Diadema antillarum is found on both coasts of the Atlantic Ocean.
Several studies exist of the reproductive cycles of western Atlantic populations, but despite
the extreme abundance of the species in the Canary Islands, nothing is known about its
reproduction in this region. We present data on annual reproductive periodicity of eastern
Atlantic populations. We determined gonadal indices at two locations in the island of Gran
Canaria, Canary Islands. Though water in the southern location is warmer, reproductive
cycles are similar. Gonadal content increases between October and April (or May), then
declines (presumably due to spawning) until September (or October). The spawning season
coincides with the period of most rapid temperature rise, but the new reproductive cycle is
initiated as temperature continues to increase. In addition to temperature, reproductive cycles
may be related to seasonal increases of benthic algal productivity.

Intraspecific comparisons of reproductive cycles of marine invertebrates can aid in isolat-
ing environmental factors that promote synchrony between individuals and influence the
timing of spawning of each population. Studies of conspecific populations of tropical echi-
noids have revealed wide variation in annual reproductive periodicity (Pearse and Cameron,
1991). In the Indo-West Pacific, Diadema setosum spawns from June to September in both
Japan (Yoshida, 1952) and the Red Sea (Pearse, 1970), and also spawns in the austral sum-
mer months in the Great Barrier Reef (Stephenson, 1934), but it reproduces continuously
throughout the year in the Philippines (Tuason and Gomez, 1979) and Singapore (Hori et al.,
1987). Tripneustes gratilla reproduces from November to April in the Red Sea (Pearse, 1974,
1983), from September to November in Taiwan (Chen and Chang, 1981), from June to No-
vember in the Philippines (Tuason and Gomez, 1979) and from April to June in New South
Wales, Australia (O’Connor et al., 1978). In the Caribbean, Lytechinus variegatus breeds
between April and June in Bermuda (Moore et al., 1963), continuously with no discernible
peaks in Panama (Lessios, 1985) throughout the year but with peaks between May and Au-
gust in Florida (Moore et al., 1963; Moore and Lopez, 1972), between October and Decem-
ber in Puerto Rico (Cameron, 1986), and between June and September in Jamaica (Greenway,
1976). Tripneustes ventricosus breeds continuously in Florida (McPherson, 1965) and in
Panama (Lessios, 1985), but it concentrates its reproduction to mid-winter and mid-summer
in Puerto Rico (Cameron, 1986), or just the summer in Barbados (Lewis, 1958). Echinometra
lucunter in Barbados spawns once a year in wave-swept areas, but twice a year in protected
habitats (Lewis and Storey, 1984). The same species has well-defined 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 to this variation in an-
nual reproductive pattern among different populations. It spawns throughout the year in the
Virgin Islands (Randall et al., 1964) and in Panama (Lessios, 1981), from January to April at
Barbados (Lewis, 1966), from October to December in the Florida Keys (Bauer, 1976), and
from April to October at Bermuda (Iliffe and Pearse, 1982). We were interested in determin-
ing whether populations on the other side of the Atlantic reproduce periodically, and if so, the
nature of the cycles.
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Figure 1. Localities in Gran Canaria Island (eastern Atlantic Ocean) where sea urchins were collected.

MATERIALS AND METHODS

The island of Gran Canaria is located in the Canarian Archipelago, between Tenerife and
Fuerteventura (Fig. 1). The prevailing trade winds blow from the northeast; they drive the sea sur-
face waters southwards, forming the Canary Current. Coastal water temperatures in Gran Canaria
from 1981 to 1985 fluctuated between 18° and 25°C (Llinas, 1988). The northern coast is subjected
to higher turbulence and more mixing of the thermocline; during the winter months it becomes
colder than the southern cosst. Average temperatures in February are 1°C colder in the North than
in the South. These environmenta! differences between North and South coasts of each island are a
common feature of the entire Canary Archipelago (Aristegui et al., 1989).

We established two collecting stations, Sardina de! Norte on the north coast of Gran Canaria, and
Puerto Rico on the south coast (Fig. 1). 22 to 25 individuals of D. antillarum larger than 3 cm in
horizontal diameter were sampled at depths of 4-6 m in monthly intervals from January 1997 to
March 1998 . Collections were made each month at the same phase of the moon, to svoid compli-
cations arising from the lunar spewning cycle, which in D. antillarum is superimposed on the an-
nual cycle (liffe and Pearse, 1982; Lessios, 1984, 1988a, 1991). During each collection, sea surface
tempersture was messured with a hand thermometer.

Two dimensions were measured in each sea urchin 0 the nearest 0.1 mm: (1) the horizontal
diameter of the test st the ambitus, and (2) the oral-sboral axis, as the distance between the spex of
the periproct and the plane defined by the three lowest points of the test at the oral side. Then the ses
urchins were dissected, and the total volume of the gonads was measured to the nearest 0.1 ml by
displacement in sea water. The tests with the spines attached, along with the removed oral piece and
the lantern, were labeled and dried for 24 h at 110°C. Then they were weighed to the nearest 0.01 g.

Gonad content was normalized through the calculation of gonadal indices. We defined gonadal
index in two ways: (1) as the ratio of gonad volume to dry body weight, multiplied by 100 and (2)
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Figure 2. Mean and 1 SD of gonadal index of Diadema antillarum over time at Sardina del Norte .
Gonadal index is calculated as ml of gonad per gram somatic dry weight, multiplied by 100 (triangles),
or as ml of gonad per ml of test volume, multiplied by 100 (circles). Temperature (squares) is
plotted on the right y axis.

as the ratio of gonad volume to test volume, multiplied by 100. Test volume was calculated as that
of a solid created by an ellipse rotated around its shortest axis, i.c., V= (4/3) x a’ b, where a is the
radius of the ambitus and b is 0.5 of the oral-aboral axis.

REsuULTS

As might be expected, there was a tight relationship between test volume and test weight
[Volume (in ml) = —5.65 + 2.32 weight (in g), * = 0.76, P < 0.00001). Thus, fluctuations
in gonadal content through time can be represented without altering conclusions as either
volume of gonad per volume of test, or as volume of gonad per weight of somatic tissuc.
Both in Sardina del Norte (Fig. 2) and at Puerto Rico (Fig. 3) the trends deduced by either
method are equivalent. Gonadal content increases between October and February as sea
water temperatures decline. It continues to increase between February and April (in Sardina
del Norte) or May (in Puerto Rico) as the temperature rises, then declines until September
or October as the temperature continues to rise. The lowest gonadal content of the year
does not coincide with the warmest month, because after October the sea urchins appear
to start a new cycle of building up their gonads, even though the temperature continues to
increase until November. The three months (January to March) sampled in both 1997 and
1998 have similar values of gonadal index between years, suggesting that the fluctuations

are, indeed, periodic.
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Figure 3. Mean and 1 SD of gonadal index of Diadema antillarum over time at Puerto Rico. Gonadal
index is calculated as in Fig. 2. Note change of scale (relative to Figure 2) of the temperature axis on
the right.

Discussion

Though the Canary Archipelago is south of Bermuda, it (along with Madeira) is the
least tropical environment in which D. antillarum is found, because of water temperature
regimes imposed by currents. The differences in water temperature between these areas
are reflected in faunal composition. Unlike Bermuda, the Canaries lack hermatypic cor-
als. Diadema is the only genus of tropical sea urchin extant in the Archipelago (Sanchez
and Batet, 1991). The environment is seasonal not just in temperature, but also in primary
productivity and zooplankton concentration (Braun et al., 1985; Aristegui et al., 1989;
Fernindez de Puelles and Garcia-Braun, 1989). Thus, it is not surprising that populations
in both localities we sampled showed well-defined, synchronized reproductive cycles.
The question is which environmental variable (or combination of variables) controls re-
productive cycles as a proximate or ultimate factor.

Evidence regarding the effects of temperature on gametogenic cycles of echinoids is
often uncertain and sometimes conflicting (review in Pearse and Cameron, 1991). How-
ever, correlations between the reproductive cycles of natural populations and seasonal
temperature fluctustions tend to support the possible existence of 2 link between the two.
This tentative relation between temperature fluctuations and annual reproductive cycles
is seen in previous studies of D. antillarum. On the Atlantic coast of Panama, where
temperature fluctuations are minimal, this species shows little synchronization of the
reproductive cycles of individuals comprising each population (Lessios, 1981). Limited
data support a similar lack of a population-wide cycle in the Virgin Islands (Randall et al,,
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1964). In Florida, where temperature fluctuates seasonally, there is clear accumnulation 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 <1.5° C, Diadema has pronounced repro-
ductive cycles, repeated from one year to the next, with spawning concentrated during the
coldest months of April and May (Lewis, 1966). In Bermuda, another seasonal environ-
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 direct
correlation between temperature and reproduction (iliffe 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 to
temperature per se. The animals appear to begin spawning in April at Sardina del Norte
when the temperature reaches 19°C and in May at Puerto Rico, when the temperature has
reached 20°C. In both locations the period of gonadal 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 23°C in Sardina del Norte and 23.5°C
in Puerto Rico. In both localities, the spawning period coincides with the times of most
rapid temperature increase, up to the point that the gonads reach their minimum relative
size. However they stop declining in September-October, even though the temperature
continues to rise. Iliffe and Pearse (1982) have attributed a similar quiescence of gonadal
growth in D. antillarum at Bermuda to direct inhibition by high temperatures. This may
well be true, but it also possible that this is an indirect result of repeated spawning. If the
decline in gonadal index is the result of the inability of each animal to build up nutrients
faster than they are depleted by the release of gametes, and if reproduction is triggered by
increasing temperatures, a point will be reached at which gonads are at their minimum
size, even as temperature continues to increase. Only when spawning stops, possibly as
the result of a drop in temperature, will gonadal size begin to increase once again.

Of course, 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 scasonally fluctuating
variables that may regulate reproduction in D. antillarum are photoperiod, phytoplankton
blooms, and food availability. Pearse et al. (1986) have shown experimentally that game-
togenesis in Strongylocentrotus purpuratus is under photoperiodic control. McClintock
and Watts (1990) found a similar effect of photoperiod on the annual reproduction of the
tropical species Eucidaris tribuloides. However, if photoperiod affects the reproductive
cycles of D. antillarum, it must do so in different ways on the two sides of the Atlantic.
Even though the latitude of Florida Keys and the Canaries only differs by 3°C, the cycles
of Diadema populations from the two locations are 2 mo out of phase. Phytoplankton
blooms have been shown to trigger spawning in S. droebachiensis (Starr et al., 1990,
1993). However, the seasonal peak in phytoplankton in the Canaries is reached in Febru-
ary, 2-3 mo before D. antillarum initiates its spawning (Braun et al., 1985; Aristegui et
al., 1989; Fernandez de Puelles and Garcia-Braun, 1989). Thus, Diadema 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 factors
of D. antillarum annual reproductive cycles, food availability for the adults may not be
entirely unrelated to reproduction. Though the species suffered severe mass mortality in
the entire western Atlantic during 19834 (Lessios et al., 1984; Lessios, 1988b), its popu-
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lations in the Canaries continue to be extremely dense. Subtidal hard substrata where
Diadema is found are bare of macroalgae, even though shallower areas are thickly cov-
ered by Cystoseira and other erect algae (Johnston, 1969; Carillo Pérez and Cruz Simo,
1992). It is, therefore, possible that Diadema in the Canaries is food limited. No data exist
on seasonal changes in benthic primary productivity. It is, however, known that where
Diadema is absent, biomass of C. albies-marina increases rapidly between March and
June (Medina and Haroun, 1993). This is likely to be due to the Spring disruption of the
thermocline by turbulence that also causes an increase of nutrieats and phytoplankton
blooms. In areas where Diadema is present, these algae may be quickly consumed, so that
there is no visible increase in standing crop; yet, they would represent a seasonal pulse of
nutrition for Diadema . Such a pulse may be a contributing factor to the gonadal buildup
we have seen between March and April. Increased benthic primary productivity due to
turbulence may also account for the earlier initiation of reproduction (despite lower tem-
peratures) in the northern locality, which is more exposed to the trade winds. Of course,
fluctuations in food availability would be a factor in reproduction only to the extent that
reproduction is negatively affected by inadequate food supply during part of the year. It
remains to be determined whether such a limitation exists. Experimental studies are needed
to determine the relative contributions of temperature and food in the control of
gemetogenesis of Diadema.
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Transformacion de coladas basicas alcalinas subaéreas en lavas
almohadilladas en ambiente litoral: un ejemplo del Plioceno,
Norte de la isla de Gran Canaria
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ABSTRACT

This note descrites the transition of a basic lava flow (4.3-4.15 m.y.) belonging to initial events
of Roque Nublo volcanic group to submarine pillow lava flows in the northeastern shoreline of
Gran Canaria island. The host littoral environment is characterized by a flat shallow shelf
covered by a decimeter to meter thick 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 of the shallow shelf. The bottom of the pillows level crops out in the range of 75-140 m
above present sea level, and ic constituted by a 20 m thick level of dominant pillow lava flows,
and minor pillow breccia and hyaloclastite. It is characteristic the absence of hyaloclastite delta,
and the pillow tubes are intrusive in the underlying white marine sediments. A number of
lithofacies (peperitization, in situ hyaloclastite formation, fluidification of sediment, erosion and
bulidozing of sediment) are characteristic of this lower section of pillow pile. The pillow shows
evidence of shallow water column (multiple rind structure), fast flow (hollow pillows) and
moderate degasification of the magma (segregation of phenocrystals towards the glassv rinds).
The upper transition of the pillow pile to pahoehoe flows shows a characteristic lithofacies
constituted by metric feeder tubes filled with hyaloclastites generated in situ.

Key words: pillow lava, subaerial to submarine transition, feeder tubes filled with hyaloclastites
in situ, Gran Canaria.

INTRODUCCION son conocidos desde hace tiempo (Vuagnat 1960; Afonso

et al. 1969: Lietz y Schmincke, 1975; Schmincke ¥y

La llegada de coladas lavicas a un medio subacuético es
un fendémeno conocido desde antiguo. en especial en el
caso de 1slas ocednicas (véase p.e. Jones \ Nelson. 1970):
s caracteristica Ja formacion de nubes de vapor en la zona
de interacci6n agua-magma. la generacién de hialoclastitas
en las zona< de playa y. frecuentemente. un notable incre-
mento areal en la zona emergida como se observé en la
erupcion del Teneguia en la isla de la Palima en el afio 197
(Afonso ¢t al 1974). Por el contrario. la transformacion de
coladas subaéreas en lavas almohadilladas en ambiente Ii-
toral es mucho menos conocida. debido esencialmente a
que por molivos obvios se necesita estudiar afloramientos
de dificil acceso. Los afloramientos de lavas almohadilladas
v su sigmificado general (entrada de flujos livicos subaéreos
canalizados por la red fluvial en una extensa plataforma
marina de baja profundidad) que nos ocupan en esta nota

Staudigel. 1976. ITGE. 1992) v aunque incluso han sido
empleados por su excelencia para ilustrar este tipo de
litofacies subacudticas en obras de ampha difusién (Arafia
v Carracedo. 1978. McPhie e al. 1993) nunca han sido
objeto de estudio especifico.

CONTEXTO GEOLOGICO

El crecimiento subaéreo de Gran Canaria se realizé
durante 3 ciclos magmdticos conocidos como Ciclo I
(Mioceno). Ciclo 11 o Roque Nublo (Plioceno) y Ciclo LI
(Plio-Cuaternario). Entre los Ciclos I v I (entre 8.5 v 5.3
m.a.. aproximadamcnte) existe un periodo de inactividad
volcanica (o atendiendo a datos recientes. habria que deno-
minario como penodo de actividad volcdnica muy residual
—ver Pérez Torrado ¢f al.. este volumen—) en el que tiene
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