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Abstract

Ž ). 87 86Abundances of REEs and Sr, the magnitudes of the positive Eu anomalies EurEu and Srr Sr values in carbonate
gangue of the Late Jurassic Castellanos SEDEX Zn–Pb deposit vary both laterally and, to a lesser extent, vertically. At the
vent-distal site Sr, La and EurEu), determined by laser ablation microprobe analyses of individual grains, increase slightly
from the base of the deposit upward. The LarLu ratio only increases significantly in the upper part of the section. Both

Ž . Ž .Srr SrqCa and Lar LaqCa in total carbonate, determined by ICP spectrometry, remain relatively constant or increase
Ž .slightly from the base upward at the vent-distal location. Values of Srr SrqCa correlate reasonably well with

Ž . )Lar LaqCa throughout most of the vent-distal section. The Sr content and EurEu are higher and La much lower at the
vent-proximal location and all three exhibit very large within-sample variations. La does not correlate with Sr at the

87 86 Ž .vent-proximal site. The Srr Sr values at both distal and proximal sites lie between that for Jurassic Oxfordian seawater
and that of a hydrothermal fluid with a 87SrrSr86 value estimated from 87Srr 86Sr in the carbonate gangue of Cu
mineralization in a nearby feeder channel beneath a small Zn–Pb deposit similar to Castellanos. Mixing of the REE- and
Sr-enriched hydrothermal component with seawater in proportions calculated from the Sr-isotope data will explain the small
vertical variations throughout most of the vent-distal section. However, the very low La abundances, the decoupling of the
La from Sr and EurEu) and the extreme micro-scale heterogeneity of REE distribution at the vent-proximal site suggest
extensive leaching, redistribution and removal of REEs from early-stage carbonates by late-stage hydrothermal fluids at that
location. q 1998 Elsevier Science B.V.

Ž .Keywords: REEs; Sr-isotope; Carbonate; Sedimentary; Exhalative SEDEX

1. Introduction

Ž .A number of sedimentary exhalative SEDEX
sphalerite–galena–barite and sulfide-free barite de-
posits occur within a sandstone–shale sequence of

) Ž .Corresponding author. Tel.: q1 705 673-6575; fax:
Ž .q1 705 675-4898.

Ž .Late Jurassic age in northwestern Cuba Fig. 1 .
Some of the SEDEX sulfide deposits, including
Castellanos, are underlain by cross-cutting Cu-
stringer zones which represent the feeder pipes
through which the hydrothermal fluids vented onto

Ž .the seafloor. Whitehead et al. 1996 attributed dif-
ferences in calcite and dolomite proportions at the
vent-proximal and vent-distal parts of the Castel-

0009-2541r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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Ž .Fig. 1. Map showing geology and location of SEDEX Zn–Pb– "Ba , Cu stockwork and non-sulfide barite deposits, Pinar del Rio region,
Cuba.

lanos deposit to mixing of seawater with Ca-rich,
Mg-deficient hydrothermal fluids, resulting in depo-
sition of dominantly calcite at the vent-proximal site
and dolomite at vent-distal locations.

Hydrothermal fluids discharged from vents are
enriched not only in Ca but also in rare-earth ele-

Ž .ments REEs and Sr, and have much higher
87Srr 86 Sr values than seawater. Important hosts for
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REEs and Sr are carbonates in which those elements
substitute for Ca. Consequently the lateral and verti-
cal variations in the abundance and nature of the

Ž .carbonate gangue calcite vs. dolomite , which re-
sulted from mixing of Ca-rich hydrothermal fluids
with seawater, should be accompanied by variations
in the REE content, in Sr abundances and in
87Srr 86 Sr values. The objective of this study was to
compare the REE and Sr-isotope patterns at the
vent-distal and vent-proximal locations and to inter-
pret these in terms of seawater–hydrothermal mix-
ing. The data were obtained by laser ablation micro-
probe REE analysis of individual carbonate grains,
by ICP analysis for La, Ca and Sr in the total
carbonates of the samples and by 87Srr 86 Sr analysis
of the total carbonates.

The sulfide deposits of northwestern Cuba and
their geological setting have been described briefly

Ž .by Valdes-Nodarse et al. 1993 . The sedimentary
sequence consists dominantly of quartzo-feldspathic
sandstone with thin shale interbeds and somewhat
thicker lenses of black shales several meters to 100
m or more in thickness. The black shales host the
sulfide deposits. The sandstones are cross-bedded

Ž .and ripple-marked. Kuhdoley and Meyerhoff 1971
noted that the San Cayetano Formation also con-
tained abundant remains of plant stems and rare

complete plants indicating accumulation in very shal-
low water under reducing conditions, that allow for
deposition of local carbonaceous shale units.

Ž .Haczewski 1976 noted the strong vertical and lat-
eral lithologic variations which, along with cross-
bedding and ripple marks, indicate accumulation on

Ž .a deltaic coastal plain. Haczewski’s 1976 study of
paleocurrent direction and grain size distribution in
the San Cayetano Formation suggested sediment
transport from a source a few hundred miles to the

Ž .south. Anderson and Schmidt 1983 propose the
Guyanan Shield as a convenient source.

Ž .The 12-million tonne Castellanos deposit Fig. 2
is stratabound but not stratified and is underlain by a

Ž .cross-cutting Cu-stringer zone ;500,000 tonnes
which, as noted above, is believed to represent the

Žfeeder pipe for the Zn–Pb mineralization Whitehead
.et al., 1996 . In contrast to the Castellanos occur-

Žrence, the adjacent Santa Lucia Zn–Pb deposit de-
.posit 3 in Fig. 1 is thinly stratified, lacks an underly-

ing feeder zone and is regarded as a possible distal
equivalent of the Castellanos deposit.

Although the Castellanos sulfides are not thinly
laminated gross layering is manifested by variations
in sulfide mineral proportions which were docu-

Ž .mented by Whitehead et al. 1996 . Other vertical
and lateral variations relate to barite and carbonates

Ž .Fig. 2. Plan view of geology at the Castellanos Zn–Pb–Ba deposit deposit 2 in Fig. 1 . Only the drill holes referred to in the text are
shown. Both holes have azimuths of 1508 and dips of 708.
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which, along with quartz, constitute the secondary
non-metallic gangue in which the Castellanos sul-
fides occur. Parenthetically, it may be noted that the
gangue minerals at the stratified distal Santa Lucia
deposit are mainly the clay mineral constituents of
the host shales. At Castellanos the proportion of
barite to total sulfides is greater at the vent-proximal

Ž . Ž .location C1000 than at the vent-distal site C1007
Ž .to the southwest Whitehead et al., 1996 . Carbonate

abundances tend to parallel barite. Barite and carbon-
ate are the dominant gangue minerals in the vent-
proximal section; quartz is the dominant gangue at
the vent-distal site.

Since microscopic and microprobe data revealed
that calcite and dolomite were essentially the only
Ca- and Mg-bearing minerals present in the fine-

Ž .grained Castellanos gangue, Whitehead et al. 1996
were able to calculate the proportions of these car-
bonate minerals from the whole-rock molar

Ž .CaOr CaOqMgO values, where values of 0.5 rep-
resent only dolomite and values between 0.5 and 1.0
represent mixtures of calcite and dolomite. The mo-

Ž .lar CaOr CaOqMgO values indicate that the basal
carbonates in the vent-proximal section are mainly

Ž .dolomite with minor calcite Fig. 3 ; however, the
proportion of calcite increases rapidly upward, reach-
ing 50% of the total carbonates about 15 m above
the base and close to 100% at the top of the deposit
at the vent site. Dolomite greatly exceeds calcite

Ž .Fig. 3. Molar CaOr CaOqMgO for total carbonates in samples
Ž .calculated from rock analyses, and molar CaOr CaOqMgO

determined for individual carbonate grains by microprobe.

throughout all of the vent-distal section. At the base
of the vent-distal section, the carbonate is entirely
dolomite; the proportion of calcite increases slowly
upward, reaching only about 30%, 60 m above the
base.

Ž .Whitehead et al. 1996 concluded that the differ-
ences in the sulfide patterns between the vent-prox-

Ž . Ž .imal C1000 and vent-distal C1007 sites and the
Ž .dominance of barite and calcite with minor quartz

at the proximal site, compared to mainly quartz with
lesser barite and dolomite at the vent-distal location,
were a consequence of the greater proportion and
faster rate of mixing of hydrothermal fluid with
seawater at the vent-proximal site. The higher pro-
portion of relatively Ca-rich and Mg-deficient hy-
drothermal fluid at the vent-proximal site resulted in
deposition of calcite whereas at the vent-distal loca-
tion dolomite was deposited from fluids with lower
CarMg values, closer to that of normal seawater.

2. Analytical methods

2.1. REE analysis

The only fresh material available for analyses
were small pieces of crushed core from holes that
had been drilled to obtain samples for metallurgical
testing. For that purpose the core had been divided
into 1-m sections and crushed; a portion of the
q1-mm fraction was made available for the present
study. Most fragments were in the 1-mm to 3-mm
range. Both the sulfides and gangue minerals are
very fine grained, commonly about 100 mm or less
and as small as 10 to 20 mm across. Of the three
gangue minerals, quartz, carbonate and barite, only
quartz commonly reaches sizes greater than 200 mm.

For the REE analyses thick polished thin sections
Ž .100 mm or greater of the fragments were prepared
and the carbonates were analyzed by electron micro-
probe and photographed by SEM. Carbon coatings
were removed and the samples cleaned in an ultra-
sonic bath prior to REE determinations by laser

Ž .ablation microprobe LAM –ICP–MS at Memorial
University.

LAM–ICP–MS uses a focused laser beam to
ablate a small amount of a sample contained in a
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closed cell. Ablated material is transported in a
continuous flow of argon to an ICP–MS for isotopic
detection. In the LAM–ICP–MS system used in this
study, several samples, calibration and reference ma-
terials can be held in a cell located on the stage of a
petrographic microscope which provides the special-
ized optics required for viewing and readily locating

Žsample sites in petrographic mounts Jackson et al.,
.1992 . Other details of the LAM–ICP–MS system

Ž .have been provided by Jenner et al. 1994 and its
application to the determination of REE in carbon-

Ž . Ž .ates by Feng 1994 and Kontak and Jackson 1995 .
A major difference in instrumentation from these
studies was that the ICP–MS used was a VH PQIIq
‘S’, an enhanced sensitivity quadrupole ICP–MS

Žrecently developed by Fisons Instruments Gunther¨
.et al., 1995 to provide the sensitivity required to

obtain geologically useful sub-ppm detection limits
with the high resolution sampling possible with UV
laser microprobes.

Operating parameters of the LAM–ICP–MS are
presented in Table 1. For this study, ablation vol-

Žumes were maximized pit diameters typically 40–70
.mm as allowed by grain size by variably defocusing

the laser beam, thereby providing detection limits
required for determination of the extremely low REE
concentrations of the samples. For each analysis,
time-resolved signals were examined and the most
appropriate signal intervals were selected for integra-
tion of background and ablation count rates. The
majority of analyses showed no evidence of signifi-
cant heterogeneity within the ablation volume. How-
ever, several analyses showed notable zoning, evi-
denced by large changes in elementrCa ratio during
the ablation. The BarCa ratio changed by factors of
up to 100 and the REE, particularly LREE, by up to
10 during certain analyses. Where possible, signal
intervals with very high BarCa were not integrated
to minimize BaO interferences on Eu. Otherwise, the
whole signal was integrated, producing an analysis
representing an average for the ablation volume.

Sample concentrations and detection limits for
each analysis were calculated using the algorithms

Ž .described by Longerich et al. 1996 . Median detec-

tion limits for monoisotopic REE for the 196 analy-
Žses made ranged from 4 to 6 ppb cf., 0.14 ppm in

.Kontak and Jackson, 1995 . In the absence of a
suitable carbonate reference material, a fused glass

Ž .bead two fusions at 13008C in a Pt crucible of an
andesite reference material, AGV-1 was analyzed
periodically to monitor precision and accuracy of the

Ž .technique. Precision 1 r.s.d. for the ten analyses
was better than 15% for all the REEs, better than
10% for ten of the REEs. Average relative deviation

Ž .from accepted values Govindaraju, 1989 was
y1.1%.

2.2. Sr-isotope analysis

Strontium was leached from the crushed sample
powders using a procedure modified from Moore
Ž .1994 . Approximately 100 mg of powder were
leached overnight in 4 ml of cold 0.6 N HCl in
clean Savillexq 15-ml beakers. The sample was
transferred into a centrifuge tube and diluted to 10
ml with doubly distilled water and centrifuged for 10
min at 1000 rpm. The supernatant was then filtered
through Qualitative No. 4 filter paper, evaporated to
dryness, and redissolved in 1 ml of 2.5 N HCl.
Strontium was then extracted using cation exchange
chromatography with 2.5 N HCl. Strontium salts
were analyzed for isotopic composition on a VG
Sector 54 multi-collector solid-source mass spec-
trometer in dynamic peak-switching mode, corrected
for fractionation to 87Srr 86 Srs0.1194. The NBS
987 SrCO standard gave 87Srr 86 Srs0.710279"3

Ž .18 s on 10 over the course of this study, and total
procedural blanks were 1.1 to 2.5 ng Sr.

2.3. Sr, La, Ca analysis in total carbonate

Analyses of La, Sr and Ca in total carbonate were
done at X-Ral Laboratories, Don Mills, Ontario by
ICP spectrometry following nitric aqua regia diges-
tion which readily dissolves carbonate but not barite.
Samples containing between 1% and 20% Ba yielded
only 10 ppm to 90 ppm Ba by nitric aqua regia

Fig. 4. NASC-normalized plot of REEs in carbonate grains, vent-distal site, C1007. Profiles for four to six individual grains in each sample
Ž . Ž .are presented. Note that samples are arranged stratigraphically from C1007-91 bottom to C1007-32 top .
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digestion. A few of the samples were also checked
by XRF analyses of pressed powder in order to
determine the La content in barite. The La contents
of the whole-rock pressed powders were essentially
the same as the contents in the carbonates alone.
Since La substitutes more readily for Ba than do the

Žheavier REEs Guichard et al., 1979; Morgan and
.Wandless, 1980 it appears that essentially all of the

REEs partitioned into carbonates rather than barite.
Consequently the REE content in total carbonate
represents the content in the whole sample in which
the gangue consists of carbonate, barite and quartz.

3. REE and Sr patterns

The carbonate minerals for which REE data were
obtained by laser ablation consist of individual car-
bonate grains up to 1 mm but generally less than 200
mm in size, or aggregates, up to 1 mm across, of
even smaller grains intergrown with barite, quartz
and sulfides of equally small grain size. Because the
only material available for analyses were fragments
of crushed core, 1 mm to 3 mm across, it was
usually not possible to recognize different genera-
tions of carbonate. However, SEM examination re-
vealed cross-cutting relationships in a few samples
and zoning in some carbonate grains. Furthermore,
large differences in the REE content of separate
grains in individual fragments suggest two or more
generations of carbonate, particularly in samples from
the vent-proximal site.

Many more grains were analyzed than the maxi-
mum of six shown on the normalized REE plots,
Figs. 4 and 5. Those selected for presentation are
typical of grains with the most frequent values and
the most complete patterns. The REE contents of
some grains were close to the detection limit, partic-
ularly for the heavier REEs. The La, Sr, LarLu
values and the magnitude of the Eu anomaly
Ž ) .EurEu in all of the grains analyzed by laser
ablation are presented in Figs. 6 and 7 where Eu) s
Ž .SmqGd r2.

3.1. Patterns in indiÕidual grains

Stratigraphically upward from the base of the
Ž .deposit at the vent-distal site Fig. 4 , the REE

patterns change from essentially linear with LarLu
Ž .-1 C1007-91 and C1007-82 to somewhat curved

patterns with LarLu-1 and strong positive Eu
Ž .anomalies C1007-65 and C1007-41 and, finally, to

curvilinear patterns with LarLu)1 and strong posi-
Žtive Eu anomalies C1007-32, which is a calcite,

.unlike the lower samples which are dolomites .
ŽThe REE patterns at the vent-proximal site Fig.

.5 are somewhat more erratic than at the vent-distal
location. The lowermost samples, C1000-63 and
C1000-31, have very low REE contents and yield
only partial patterns. The next stratigraphically higher
sample, C1000-25, has strong positive Eu anomalies
and LarLu)1; the REE content varies from grain
to grain with normalized La ranging from near 0.01
to 0.35. The REE patterns of sample C1000-16, 9 m
above C1000-25, are characterized by LarLuf1
and moderate positive Eu anomalies. The subsequent
sample, C1008-06, reverts to patterns similar to those
of C1000-25, with LarLu)1 and strong positive
Eu anomalies. In general the patterns at the vent-

Ž .proximal site Fig. 5 do not display progressive
changes from the bottom to the top of the deposit, as

Ž .they do at the vent-distal location Fig. 4 .
The average and most frequent Sr, La, LarLu and

EurEu) values in individual grains at the vent-distal
Ž .site Fig. 6 remain relatively constant or increase

slightly throughout most of the section; significant
increases occur mainly in the uppermost part, gener-
ally above 50 m.

The erratic distribution of La and EurEu) at the
vent-proximal site is illustrated in Fig. 7 where the
very high values, which plot off the diagram are
shown by numbers beside the small arrows. In sam-
ple 0-25, for example, La values in grains less than 1
mm apart in the same clast range from 0.39 ppm to
10.41 ppm, a 26-fold difference. This is much greater
than the 5- to 10-fold variations at the vent-distal
location.

Fig. 5. NASC-normalized plot of REEs in carbonate grains, vent-proximal site, C1000. Note that samples are arranged stratigraphically from
Ž . Ž .C1000-63 bottom to C1000-06 top .
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Fig. 6. Concentration of Sr and La in ppm and normalized LarLu and EurEu) in all grains analyzed by laser ablation microprobe,
) Ž .vent-distal site, C1007. Eu s SmqGd r2. The dashed lines represent the arithmetic averages, in some cases strongly influenced by a few

erratically high values. Each grain analyzed is represented by an open square, many of which overlap.

In general Sr, La, LarLu and EurEu) trends are
similar at the vent-distal and vent-proximal locations.
However, three differences are evident: at the vent-
proximal location average La content in individual
grains is lower, average EurEu) values are much
higher and as noted above both La and EurEu)

display considerably greater within-sample variation
than at the vent-distal location.

3.2. Sr–La–Ca relationships in total carbonate

The trends shown by Sr, La, LarLu and EurEu)

Ž .in individual carbonate grains Figs. 6 and 7 reflect
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Fig. 7. Ppm Sr, ppm La and normalized LarLu and EurEu) in all grains analyzed by laser ablation microprobe, vent-proximal site, C1000.
) Ž .Eu s SmqGd r2. The dashed line represents arithmetic averages in some cases strongly influenced by erratic high values plotted on the

diagrams. The values in samples plotting off the diagrams are indicated by the numbers beside the small arrows and were not included in
calculating the averages.

the degree of substitution of REEs and Sr for Ca.
Variations in the Sr and La contents in the whole
sample depend on the degree of substitution of these
elements for Ca in individual carbonate grains and
on the amount of Ca in the sample; the amount of Ca

in the sample is, in turn, a function of the amount of
carbonate in the rock and the proportion of calcite to
dolomite. Comparison of trends for individual grains
with those for the whole rock, therefore, requires
comparison of Sr and La contents of individual
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Ž . Ž .carbonate grains Figs. 6 and 7 with Srr SrqCa
Ž .and Lar LaqCa in total carbonate of the sample

Ž .Figs. 8 and 9 .
Ž .The relatively constant Srr SrqCa values from

the base of the deposit to about 42 m above the base

Ž .at the vent-distal site, C1007 Fig. 8B , are a conse-
quence of more or less parallel trends in both Sr and

Ž .Ca Fig. 8A,E both of which decrease stratigraphi-
Ž .cally upward. The increase in Srr SrqCa near the

Ž .top of the deposit Fig. 8B results from larger

Ž . Ž .Fig. 8. Abundances of Sr, La, Ca and derived Srr SaqCa and Lar LaqCa in total carbonate of vent-distal samples, C1007.
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Ž . Ž .Fig. 9. Sr, La, Ca abundances and derived Srr SrqCa and Lar LaqCa in total carbonates at the vent-proximal location, C1000.

increases or smaller decreases in Sr than in Ca and,
in the case of sample 7-32, from a small decrease in
Ca and concurrent small increase in Sr.

Ž .The opposite trends in La and Ca Fig. 8C,E in
Ž .the lower 42 m result in a Lar LaqCa pattern

Ž . Ž .Fig. 8D that is similar to La alone Fig. 8C . Above
Ž .42 m the Lar LaqCa pattern is essentially the

mirror image of Ca. Samples below 42 m display a
Ž .moderately good correlation between Lar LaqCa

Ž .and Srr SrqCa as shown in Fig. 8F where the
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correlation line was calculated omitting the four
uppermost samples. Those samples lie on a different

Ž .trend where Srr SrqCa increases more rapidly
Ž .than Lar LaqCa .

Ž . ŽThe overall patterns of Lar LaqCa and Srr Sr
. Ž .qCa in total carbonate Fig. 8 are similar to the

Ž .trends in La and Sr in individual grains Fig. 6 .
The Sr and Ca contents in total carbonate at the

Ž .vent-proximal location Fig. 9 are higher and the La
content somewhat lower than at the vent-distal loca-

Ž .tion Fig. 8 . Ca fluctuates widely on either side of

0.15 molesr100 g but does not exhibit any consis-
tent trend stratigraphically upward. Strontium dis-

Ž .plays a general overall increase upward Fig. 9A ,
Žresulting in a progressive small increase in Srr Srq

. Ž .Ca Fig. 9B . Except for the single very high
Ž . Ž .Lar LaqCa value Fig. 9D , a result of the very

Ž . Ž .low Ca value Fig. 9E , Lar LaqCa is extremely
low throughout the entire section at the vent-prox-

Ž .imal site. The Lar LaqCa trends in total carbon-
Ž .ates Fig. 9D are, on the whole, similar to the La

trends in the complete population of grains analyzed

Fig. 10. NASC-normalized plots of REEs in carbonate gangue in the Matahambre chalcopyrite breccia-stringer zone.



( )J.F. DaÕies et al.rChemical Geology 144 1998 99–119 113

Ž .by laser ablation Fig. 6 , decreasing slightly strati-
graphically upward and then increasing slightly to-
ward the top of the deposit. Unlike the relationship

Ž .between Sr and La at the vent-distal site Fig. 8F ,
La does not correlate with Sr at the vent-proximal

Ž .location Fig. 9F .

3.3. Matahambre

Because samples from the transgressive Castel-
lanos Cu-stringer zone were not available it was not
possible to compare REE abundances and patterns in
that material with abundances in the Castellanos
Zn–Pb mineralization. However, apart from the rela-
tive sizes of the SEDEX Zn–Pb and feeder-pipe
Cu-stringer zones, the Castellanos and Matahambre
deposits are geologically very similar and occur

Žwithin about 7 km of one another Valdes-Nodarse et
.al., 1993 . Samples of carbonate gangue from the

Matahambre Cu zone, therefore, are assumed to have
been derived from a hydrothermal fluid which, if not
the same as, was at least similar to, that at Castel-
lanos.

The REE data from two samples of carbonate
gangue from the Matahambre Cu deposit are pre-
sented in Fig. 10. Sample M-5B is from a location
about 450 m stratigraphically below, and 500 m
laterally from, the Matahambre Zn–Pb lens. Sample
M-2B is from a site about 50 m directly below the
Zn–Pb mineralization. The carbonates in both sam-
ples are ankerites with variable mMgOrmFeO val-
ues. For example, the six grains analyzed in M-5B
are parts of a single mosaic of grains and lie within 3
mm of one another. Molar MgOrFeO values range
from 0.81 to 2.17. Grains as close together as 200
mm have values of 0.81 and 1.58.

The REE abundances in the Matahambre Cu zone
carbonates are quite variable and are generally
greater, in some grains as much as 10 times greater,
than in those carbonates from the Castellanos Zn–Pb
deposits with the highest REE levels, C1007-41 and

Ž . Ž .C1007-32 Fig. 4 and C1000-25 Fig. 5 . All of the
grains analyzed in M-5B have positive Eu anoma-
lies; four grains from M-2B have similar positive Eu
anomalies, one has a small negative Eu anomaly, and
one has no anomaly.

Sample M-5B has an unusual pattern with most
normalized La levels clustering around 0.2 and Lu

levels that are spread over a range between about
0.05 and 0.5. The pattern is curved with a positive
slope from La to Eu and a negative slope from Eu to
Lu. This is the opposite of the upwardly concave
pattern in samples C1007-65, C1007-41 and C1000-
16. The Eu to Lu patterns of C1007-32 are similar to
that of M-5B.

Except for the fact that one grain in sample M-2B
has a negative Eu anomaly and another has no
anomaly, the REE patterns are very similar to those

Ž .in sample C1007-32 Fig. 4 . The Eu to Lu portion is
also similar to M-5B but the La to Eu portion differs
from M-5B in that La values are extremely variable

Ž .and the patterns are either curved concave upwards
or have negative slopes.

4. 87Srrrrrr 86Sr in total carbonate

The 87Srr 86 Sr values in total carbonate relative
to height above the base of the deposit are presented
in Fig. 11. The ratios in all of the Castellanos
samples lie between Jurassic seawater values and the
ratios in Matahambre vein carbonates, which are
taken to represent the hydrothermal component at

Ž .Castellanos as well Fig. 12 . Also shown in Fig. 12
is the estimate for Jurassic continental crust from
which the hydrothermal fluids are presumed to have
derived most of their REEs and Sr. The sources for
these data are discussed briefly below.

Data on ammonites place the San Cayetano For-
mation, which hosts the SEDEX Zn–Pb deposits of

Žthe region, as Late Jurassic Oxfordian Myczynski
.and Pszczolkowski, 1976; Wierzbowski, 1976 . The

87Srr 86 Sr ratios in five Oxfordian marine limestones
from Mexico range from 0.70674 to 0.70688
Ž .Koepnick et al., 1990 ; the average value is 0.70682.
That value is taken as the 87Srr 86 Sr ratio in seawa-
ter at the time of the Castellanos mineralization.

Galenas from the Castellanos deposit are enriched
in 207Pb reflecting a continental crustal source for the

Ž . 87 86lead Cumming et al., 1981 . The high Srr Sr
values and the relatively high REE content of the
Matahambre hydrothermal carbonate suggest a simi-
lar or the same source for the Sr and REEs. The
Sr-isotope ratio in Jurassic crust is estimated from
87Srr 86 Sr in modern non-carbonate marine sedi-
ments in the Gulf of Mexico, off the coast of North
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Fig. 11. Profiles of 87Srr 86 Sr at the vent-distal and vent-proximal locations.

Carolina, east of Bermuda and east of Puerto Rico,
an area including the island of Cuba. The 87Srr 86 Sr
ratios within this area range from 0.7200 to 0.7317
Ž .Dasch, 1969 . Since Sr-isotopes in non-carbonate
detritus do not equilibrate with seawater these values
record those in the provenance of the sediments. The

Fig. 12. 87Srr 86 Sr in Caribbean sediments, Oxfordian seawater,
Ž .Castellanos SEDEX carbonate gangue squares and dots , Mata-

hambre carbonates and in barite from the distal Sta. Lucia SEDEX
deposit and El Indio barite deposit. See text for sources of data.

87Srr 86 Sr values during the Jurassic would have
been only marginally lower, about 0.7189 to 0.7306.

Since Sr-isotopes are incorporated into minerals
without fractionation, whether the minerals are pre-

Žcipitated chemically or biologically e.g., Veizer,
.1989 , the Castellanos carbonates would be expected

to have 87Srr 86 Sr values similar to those reported by
Ž .Maynard et al. 1995 in barite from the Santa Lucia

Ž .stratified Zn–Pb deposit No. 3 in Fig. 1 , 0.71112,
and in barite from the non-sulfide El Indio deposit
Ž . 87 86No. 8 in Fig. 1 , average 0.71215. The Srr Sr

Žvalues in most of the Castellanos carbonates Fig.
.12 are comparable to, or marginally lower, than the

values in Santa Lucia and El Indio barites.
The Sr-isotope pattern at the vent-distal location

Ž .Fig. 11 is similar to the Sr pattern in individual
Ž . Ž .grains Fig. 6 and to the Srr SrqCa pattern in

Ž . 87 86total carbonate Fig. 8 . Srr Sr does not increase
significantly upward in the lower 50 m of the sec-
tion. Only in the uppermost samples does 87Srr 86 Sr
increase significantly.

The Sr-isotope values fluctuate rather widely at
the vent-proximal site displaying a general increase
upward in the lower 43 m, a pattern that is similar to

Ž . Ž .the Srr SrqCa trend Fig. 9 . Above 43 m
87Srr 86 Sr exhibits an overall decrease, in detail

Ž .paralleling Srr SrqCa except in the uppermost
87 86 Žsample, 0-01, where Srr Sr decreases and Srr Sr

.qCa increases compared to the sample below,
0-06. The average 87Srr 86 Sr decrease near the top
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of the vent-proximal section is the opposite of the
upward increase at the top of the vent-distal section.

5. Discussion

The REE composition of seawater differs consid-
erably from that of hydrothermal fluids. The data of

Ž . Ž .Goldberg et al. 1963 , Martin et al. 1976 and De
Ž .Baar et al. 1985 on seawater, and of Michard

Ž . Ž .1989 and Klinkhammer et al. 1994 on hydrother-
mal fluids, show that hydrothermal fluids have much
higher REE contents than seawater. Most hydrother-
mal fluids are characterized by LarLu)1 and gen-
erally by large positive Eu anomalies. Seawater on
the other hand, has LarLu-1 and, usually, a large
negative Ce anomaly but no Eu anomaly. The nega-
tive Ce anomaly develops as a result of preferential
absorption of Ce4q on Fe–Mn oxyhydroxides. Un-
der anoxic conditions Ce may be released back into
the water column resulting in a smaller negative Ce
anomaly; more rarely no anomaly or even a small
positive anomaly depending on the Ce content of the
seafloor sediment and the degree of recycling.

Rare-earth elements are incorporated into calcite
and Ca-bearing carbonate minerals by substituting

2q 3q ˚Žfor Ca . The LREEs such as La I.R. 1.03 A in
. 2q Ž6-coordination substitute more readily for Ca I.R.

. 3q Ž1.00 than do the HREEs such as Lu I.R. 0.86
˚ . Ž .A . Zhong and Mucci 1995 have confirmed this
experimentally at 258C. Their partition coefficients
for the whole REE spectrum correlate negatively
with the solubilities of the REE carbonate complexes

Ž .as determined by Cantrell and Byrne 1987 . Calcu-
Ž .lations by Wood 1990 show that the stability con-

stants of Lu sulfate, fluoride, chloride and hydroxide
complexes are greater than the corresponding La
complexes up to 3008C. He predicts that the same
trend should prevail for carbonate complexes up to
that temperature. Accordingly, relative to their source
fluids, carbonate minerals should be more enriched

Ž .in LREEs than HREEs, i.e., LarLu carbonate )
Ž .LarLu fluid .

The consequence of the preferential removal of
LREEs from the fluid during crystallization of car-
bonate is to decrease LarLu in the fluid and this
counterbalances, to varying degrees, the increase in
LarLu resulting from the addition of hydrothermal

fluid to the seawater–hydrothermal mix. Thus, dur-
ing crystallization of carbonates and concurrent addi-
tion of hydrothermal fluid to the mixture the LarLu
ratio in the fluid increases or decreases by an amount
dependent on the rate of crystallization of carbonate
and the rate at which the hydrothermal fluid is added
to seawater.

The hydrothermal fluid postulated for the Castel-
lanos deposit is assumed to have been similar to that
from which the carbonate in the Matahambre Cu-
stringer zone was deposited. The average normalized
LarLu values in the two Matahambre carbonate
samples are 1.15 and 3.78. The values in the hy-
drothermal fluid from which these carbonates were
deposited would have been somewhat less but still
greater than the NASC-normalized LarLu in seawa-
ter, about 0.35. Consequently, as expected, simple
mixing of hydrothermal fluid and seawater would
increase not only the REE content but also LarLu in
the mixture relative to pure seawater. Fluids arriving
at the vent-distal site, which will be dealt with first,
should normally have lower REE and LarLu values
than the mixed fluid at the vent-proximal site, be-
cause of removal of REEs from the fluid during
crystallization of carbonate at the vent-proximal site
and along the transport route between the vent-prox-
imal location and vent-distal location.

The more or less linear patterns with LarLuf
0.35 and the presence of only small positive Eu
anomalies in the normalized REE plots for the two
lowermost samples at the vent-distal location
Ž .C1007-91 and C1007-82, Figs. 4 and 6 resemble
seawater patterns except for the absence of negative
Ce anomalies. Since, as in all SEDEX deposits
Ž .Goodfellow et al., 1993 , the depositional environ-
ment was anoxic, with black carbonaceous shales
and abundant Fe sulfide, a negative Ce may not be
expected. Alternatively, if deposition occurred in a
locally starved anoxic basin within a regime of oth-
erwise shallow water or on a deltaic coastal plain
Ž .Kuhdoley and Meyerhoff, 1971; Haczewski, 1976 ,
the aqueous medium would have been similar to
estuarine water which has a REE pattern like that of

Žseawater but lacking a negative Ce anomaly Martin
.et al., 1976 . In any event the REE patterns are

Ž .consistent with the low Car CaqMg values at the
Ž .vent-distal location Fig. 3 , suggesting deposition

from a fluid in which the REE and Ca contents
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Table 2
Sr isotopes — all analyses have within-run precision -0.000012
Ž .2s

87 86 87 86Sample No. Srr Sr Sample No. Srr Sr

C1007-16 0.712717 C1000-1 0.710353
C1007-32 0.710760 C1000-6 0.710990, 0.710977
C1007-41 0.710533 C1000-12 0.710738
C1007-65 0.710566 C1000-16 0.710541
C1007-82 0.711135 C1000-20 0.711453
C1007-91 0.710527 C1000-25 0.711690

C1000-40 0.711598
C1000-63 0.710168

Matahambre
M-2B 0.717794
M-5B 0.714934, 0.714924

correspond more closely to seawater or estuarine
water than to a hydrothermal fluid.

Three different estimates of the proportions of
hydrothermal fluid and Oxfordian seawater that will
yield 87Srr 86 Srs0.710527, the value in the lower-
most sample, 7-91, can be made using the two
87 86 ŽSrr Sr values in Matahambre carbonates Table
.2 and their average. The estimates, based on

87Srr 86Sr s 0.717794, 0.714934 and 0.716364
Ž .average are 34%, 46% and 39% hydrothermal,
respectively.

87 86 Ž . )The Srr Sr values Fig. 11 , Sr, Ca, EurEu
Ž . Žand LarLu in individual grains Fig. 6 and Srr Sr

. Ž . Ž .qCa and Lar LaqCa in total carbonate Fig. 8
remain relatively constant or increase only slightly
from the base of the deposit up to sample 7-32;
regardless of which of the three estimates is used for
the proportion of hydrothermal fluid in the mix from
which sample 7-91 was deposited, an increase of
only 2% or 3% more of the hydrothermal component
would yield the 87Srr 86 Sr value in sample 7-32. The
increases in average Sr, La and EurEu) in sample
7-32 may result in part from this small increase in
hydrothermal component and in part from the fact
that the host carbonate is calcite, the lattice of which
will accept more REEs and Sr than the dolomites of
the lower samples. It appears, therefore, that the
proportion of hydrothermal fluid and seawater did
not change greatly during deposition of the lower 60

Žm of sulfide and gangue up to sample 7-32, Fig.
.11 , implying more or less uniform mixing of hy-

drothermal and seawater components.

The large increase in 87Srr 86 Sr between samples
7-32 and 7-16, for which, unfortunately, REE data
are not available, represents a larger proportion of
hydrothermal component in the fluid from which
sample 7-16 was deposited, estimated at 54%, 73%
or 62% using the high, low and average 87Srr 86 Sr
Matahambre values, respectively.

Average EurEu) values in individual grains are
higher, Sr values are comparable and La values are

Ž .lower at the vent-proximal location Fig. 7 than in
all samples except 7-32 at the vent-distal location
Ž .Fig. 6 . Higher La content and larger LarLu ratios
than at the vent-distal site were expected at the
vent-proximal location, where large quantities of
REE-enriched hydrothermal fluid with LarLu)1
were being discharged. However, as noted, average
La is lower at the vent-proximal site and LarLu
values are comparable at both locations, with most
averages less than 1; the low LarLu ratios are a
consequence of lower Lu as well as lower La at the

Ž .vent-proximal location. The Srr SrqCa values in
Žtotal carbonate are comparable whereas Lar Laq

. ŽCa are much lower at the vent-proximal site com-
.pare Figs. 8 and 9 . It is apparent that La has been
Ž .decoupled from Sr and Eu so that there is no

Ž . Ž .correlation between Lar LaqCa and Srr SrqCa
Ž .at the vent-proximal location Fig. 9F . The varia-

tions in La and EurEu) between different grains in
the same sample are much more extreme at the

Ž .vent-proximal location Figs. 6 and 7 . Finally, al-
though the average 87Srr 86 Sr values are only

Žmarginally higher at the vent-proximal location ex-
cept for the distal sample, 7-16, in which 87Srr 86 Sr

.is much higher the Sr-isotope values fluctuate more
widely at the proximal location.

The very low La content, relative to Ca, at the
vent site, and the decoupling of La from Sr and Eu,
are clearly anomalous and suggest extensive prefer-
ential removal of trivalent REEs from carbonate
minerals by hydrothermal fluids circulating through
gangue that had been deposited during earlier stages
of the mineralizing event. Sr 2q and Eu2q which
have the same charge as Ca2q and for which they
substitute, should be more strongly bound and not as
easily removed as trivalent REEs from the carbonate
structure, thereby possibly accounting for the decou-
pling of La from Sr and Eu. However, in addition to
the wholesale removal of REEs there appears to have
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been at least some redistribution of Sr at the vent-
proximal site where both Sr and 87Srr 86 Sr in total

Ž .carbonates Fig. 9A and Fig. 11 fluctuate much
more widely than at the vent-distal site.

No unequivocal explanation can be offered for the
high Sm levels in some grains of sample C1000-31
Ž .Fig. 5 in which most normalized HREE values are
below 0.0001. However, these Sm anomalies may be
a result of remobilization of REEs. Some remobi-
lized calcites from Pb–Zn veins in the Harz Moun-
tains have similar high Sm values, although they

Žwere not discussed by the authors Moller et al.,¨
.1979, 1984 .

The REE plots of Matahambre sample M-2B are
from grains covering an area of about 1 cm2 within
an ankerite microveinlet cutting quartz. Lanthanum
exhibits an approximate 35-fold spread, comparable
to the range in some of the vent-proximal SEDEX
samples. This spread in La content and the peculiar
pattern in M-5B where La content varies only slightly
whereas Lu displays a 10-fold variation, may attest
to REE redistribution within carbonate or more than
one stage of carbonate deposition in the feeder pipe.

Variations in REE content of grains, less than 1
mm apart within the same clast, are also apparent in

Ž .samples from the vent-distal site Figs. 4 and 6 . The
degree of heterogeneity is less than at the vent-prox-

Ž .imal location Figs. 5 and 7 and there is no evidence
of wholesale removal of REEs from, nor redistribu-
tion of Sr in, the vent-distal samples.

The complexity of REE distribution in carbonate
gangue not only at the vent-proximal site and possi-
bly within the feeder pipe but also at the vent-distal
location, results in part from the great reactivity of
carbonates which are readily dissolved and reprecipi-
tated as a consequence of relatively small changes in
the physico-chemical character of the infiltrating flu-
ids.

The later-stage fluids involved in leaching and
redistribution of REEs that had been incorporated in
earlier-formed carbonates were presumably them-
selves relatively REE-deficient, possibly because of
decreasing hydrothermal activity and low fluidrrock
ratios in the substrate source of the REEs. In any
event, the reworking of earlier-formed carbonate
gangue must have been a very complicated process
involving not only wholesale removal of REEs at the
vent-proximal site, but also local redistribution re-

sulting in very large differences in REE content
between grains only 1 mm or less apart at the
vent-proximal site and possibly at the vent-distal
location, as well as within the feeder pipe at Mata-
hambre.

Ž .Kontak and Jackson 1995 have suggested a
somewhat similar process of fluid degeneration to
explain, at least in part, the extreme heterogeneity in
the REE content of calcite cements in the MVT
Pb–Zn deposit of the Gays River. Early-formed cal-
cite cements with high REE contents were believed
to have been deposited from fluids which had de-
rived their REE contents from underlying detritus
under conditions of high fluidrrock ratios. Later
fluids apparently derived REEs from relatively
REE-deficient dolostone country rock under condi-
tions of relatively low fluidrrock ratios. However,
unlike the Castellanos vent area, there does not
appear to have been any wholesale removal of REEs
from any part of the Gays River deposit. Neverthe-
less, both Castellanos and Gays River illustrate the
within-sample micro-scale heterogeneity in the REE
content of carbonate gangue in these deposits and,
probably, in many others. Laser ablation microprobe
analysis of individual grains is ideally suited to
detection of these within-sample variations but, un-
less a very large number of grains is analyzed, does
not provide a reliable average for the whole sample.
Rare-earth element determinations by both laser ab-
lation analysis of separate grains and bulk analysis of
the whole sample should be considered in studying
mineral deposits in which carbonates, possibly of
more than one generation, constitute a major part of
the gangue.

6. Conclusions

Sr and REE abundances and EurEu) values in
carbonate gangue increase towards the top of the
Late Jurassic Castellanos SEDEX Zn–Pb deposit at
the vent-distal site. These increases resulted from
simple mixing of a hydrothermal fluid, relatively
enriched in REEs, Sr and Ca, with seawater in which
these elements were less abundant. Calculations
based on the Sr-isotope composition of Oxfordian
Ž .Late Jurassic seawater and of the Matahambre hy-
drothermal carbonate gangue suggest mixtures con-
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taining about 40% hydrothermal fluid during deposi-
tion of most of the vent-distal section; the proportion
of hydrothermal phase increased to about 60% to-
wards the top of the section.

La values in individual carbonate grains are lower
and EurEu) values are higher at the vent-proximal

Ž .site than at the vent-distal location. Lar LaqCa
values in total carbonate are also lower at the vent-
proximal site. Sr values are comparable at both
locations. Contrary to expectations, La does not cor-
relate with either Sr or Eu at the proximal location.
Furthermore LarLu values at the proximal site are
no greater than at the distal location, despite the
expulsion of Ca-rich and REE-enriched hydrother-
mal fluids with LarLa)1 at the discharge site.

The low La content relative to Ca, the decoupling
Žof La from Sr and Eu and the extreme up to

.25-fold variations in REE content of grains less than
1 mm apart in the same clast at the vent-proximal
site probably resulted from leaching, redistribution
and partial removal of REEs from carbonates by
later relatively REE-deficient fluids.
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