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Abstract

Copper and Zn isotope ratios of well-characterized samples from three ore facies in the Devonian Alexandrinka volcanic-
hosted massive sulphide (VHMS) deposit, southern Urals, were measured using multi collector ICP-MS (MC-ICP-MS) and
show variations linked to depositional environment and mineralogy. The samples analysed derived from: a) hydrothermal—
metasomatic vein stockwork, b) a hydrothermal vent chimney, and c) reworked clastic sulphides. As the deposit has not been
significantly deformed or metamorphosed after its formation, it represents a pristine example of ancient seafloor mineralization.
Variations in §°Cu (where 8*°Cu=[(**Cu/®Cu)sampie/(*>Cu/"Cl)gangara— 11*1000) and 8°°Zn (where §°°Zn=
[(°°Zn/ 64Zn)smple/ (®5Zn/%*Zn)gandard — 11% 1000) of 0.63 and 0.66%o, respectively, are significantly greater than analytical
uncertainty for both isotope ratios (£ 0.07%o, 20). Very limited isotopic fractionation is observed in primary Cu minerals from
the stockwork and chimney, whereas the Zn isotopic composition of the stockwork varies significantly with the mineralogy.
Chalcopyrite-bearing samples from the stockwork have lighter 8°°Zn by ~0.4%o relative to sphalerite dominated samples, which
may be due to equilibrium partitioning of isotopically light Zn into chalcopyrite during its precipitation. 5°°Zn also showed
significant variation in the chimney, with an enrichment in heavy isotopes toward the chimney rim of ~0.26%o, which may be
caused by changing temperature (hence fractionation factor), or Raleigh distillation. Post-depositional seafloor oxidative
dissolution and re-precipitation in the clastic sediments, possibly coupled with leaching, led to systematic negative shifts in
Cu and Zn isotope compositions relative to the primary sulphides. Copper shows the most pronounced fractionation, consistent
with the reduction of Cu(II) to Cu(I) during supergene mineralization. However, the restricted range in 6°°Cu is unlike modern
sulphides at mid oceanic ridges where a large range of Cu isotope, of up to 3%o has been observed [Rouxel, O., Fouquet, Y.,
Ludden, J.N., 2004. Copper isotope systematics of the Lucky Strike, Rainbow, and Logatchev sea-floor hydrothermal fields on
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1. Introduction

Since the advent of multiple collector inductive-
ly-coupled plasma mass spectrometry (MC-ICP-MS)
it has become possible to study the isotope geo-
chemistry of transition metals in natural systems.
Precisions for Cu and Zn ratios are typically
+0.1%0 (20) or better for both Zn/Cu doping and
sample standard bracketing techniques (Mason et
al., 2004a,b). This has led to the discovery of
significant isotope fractionation of these elements
caused by various geochemical and biogeochemical
processes (Johnson et al., 2004; Larson et al., 2003;
Rouxel et al., 2004; Weiss et al., 2005; Zhu et al.,
2002, 2000).

Owing to elevated metal contents and well-con-
strained formation conditions, ore deposits are partic-
ularly suitable for studies of isotope fractionation.
Consequently, a number of preliminary investigations
of hydrothermal and magmatic ore forming environ-
ments (marine and terrestrial alike) have been con-
ducted and possible controlling mechanisms have
been proposed. Most of this work has concentrated
on Cu (Blix et al., 1957; Gale et al., 1999; Graham et
al., 2004; Jiang et al., 2002; Larson et al., 2003;
Maréchal et al., 1999; Rouxel et al., 2004; Shields
et al., 1965; Zhu et al., 2000), which is expected to
show more significant isotope variations due to the
importance of redox-reactions, with very little infor-
mation on the behaviour of Zn (Wilkinson et al., in
press).

Published 5°°Cu data for primary Cu-rich minerals
from terrestrial and marine hydrothermal deposits dis-
play a relatively narrow range from — 1.06 to 1.41%o
with a mean value of 0.03%o (relative to NIST-SRM
976 Cu) (Gale et al., 1999; Graham et al., 2004;
Larson et al., 2003; Maréchal et al., 1999; Shields et
al., 1965; Walker et al., 1958; Zhu et al., 2000). By
contrast, supergene Cu minerals that formed during
oxidation and weathering of primary sulphide ores

yield a wide range of 8°°Cu values (from —8.4 to
9.1%o, including early TIMS data), with a general shift
towards isotopically heavy compositions compared
with inferred precursor minerals. For example, native
Cu from the Michigan District (USA) defines a rela-
tively narrow range of Cu isotopic compositions of c.
0.1%0 compared to secondary Cu-sulphides and
arsenides from the same deposits that yield a range
of ¢. 2%o (Larson et al., 2003). Large isotopic varia-
tions for Cu have also been reported in a sediment-
hosted hydrothermal vein-type deposit from Jinman,
China (Jiang et al., 2002), with a range in 6°>Cu of
—3.70 to 0.30%0. The most negative 8°°Cu values
were from chalcopyrite precipitated at lower tempera-
tures (c. 150 °C), while the most positive value repre-
sented a chalcopyrite from a high-temperature feeder
vein (c. 286 °C), linking °°Cu to formation temper-
ature. Graham et al. (2004) conducted the only study
on igneous intrusions to date, using three intrusions
that make up the Grasberg Igneous Complex. §*°Cu
showed a limited range from 0.02 to 1.34%o and two
dominant processes were put forward to explain the
observed variation: (i) isotope fractionation during
distillation from the underlying source and establish-
ment of hydrothermal cells associated with each in-
trusion and (ii) isotope fractionation as the ore bearing
fluid moved outward from a central core (Graham et
al., 2004).

Copper isotope data from modern submarine hy-
drothermal vent systems support the link between
shifts in °°Cu and secondary, low-temperature pro-
cesses (Rouxel et al., 2004; Zhu et al., 2000). Chal-
copyrite separates from active hydrothermal chimneys
from the East Pacific Rise, Galapagos Ridge, and
Broken Spur hydrothermal fields, yielded positive
5%Cu values from 0.31 to 1.16%o, while inactive
chimneys from the same sites were systematically
lighter, with 8°°Cu values between —0.48 and
—0.19%0 (Zhu et al., 2000). These variations possibly
reflect selective leaching of ®Cu from the source
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rock, imparting an isotopically heavy signature to the
growing active vents. In a more recent and detailed
study, Rouxel et al. (2004) presented Cu isotope
signatures from black smoker sulphides, massive sul-
phides and their alteration products from three hydro-
thermal fields on the Mid-Atlantic Ridge: Lucky
Strike, Rainbow, and Logatchev. Precipitation of Cu
rich sulphides seemed to have had only a small effect
on the 8%Cu values, compared to the subsequent
alteration which resulted in a shift in $*>Cu of up to
3%o. Massive sulphides characterised by negative
8°°Cu have undergone extensive recrystallisation
(Rouxel et al., 2004).

The isotopic behaviour of Zn in the ore-forming
environment remains very poorly constrained. Sig-
nificant variation of up to 0.75%0 pamu was
reported in the Zn isotopic compositions of sphal-
erite separates from the carbonate-hosted Zn—Pb
deposits of the Irish ore-field (Wilkinson et al., in
press). This work suggested that source rock com-
position or temperature variations were unlikely to
be important controls on the zinc isotope composi-
tion of sphalerite in the ore field. The authors
inferred that the variation was most likely to be
due to kinetic fractionation involving the preferential
incorporation of light Zn isotopes into sphalerite
precipitated rapidly under disequilibrium conditions.
However, they could not rule out the possibility of
mixing of zinc derived from two, isotopically dis-
tinct, sources. Significant isotopic variations for Zn
have also been reported in microbially-mediated
sulphide ores with §°Zn increasing by 0.8%0 in
tandem with an increase in sulphur content of bac-
terial origin (Archer and Vance, 2002). In this study,
the isotopic shifts in Zn mirrored a decrease in
8%°Cu of —0.9%0, suggesting the involvement of
biological processes.

Given the limited data on the Zn and Cu isoto-
pic composition of ore materials and the uncertain-
ties in the controls of isotopic fractionation, we
carried out an investigation of the isotopic variabil-
ity of Cu and Zn in the Alexandrinka volcanic-
hosted massive sulphide (VHMS) ore deposit. This
study gained new insights into Cu and Zn isotope
geochemistry in seafloor hydrothermal systems and
increased the potential to exploit application of
these new isotopic systems to the study of base
metal deposits.

2. Geological background

The Alexandrinka VHMS ore deposit, formed dur-
ing the Middle Devonian, has not been subjected to
pronounced deformation or metamorphism, and thus
represents a virtually pristine example of ancient sea-
floor mineralization (Herrington et al., 2002; Tessalina
et al., 1999, 2001). The deposit contains Cu- and Zn-
rich ores of both primary and secondary origin and
provides an ideal opportunity to investigate the con-
trols on the isotopic composition of Cu and Zn during
moderately high-temperature hydrothermal processes
(up to c. 310 °C) beneath and within submarine vent
complexes, and during low-temperature seafloor
weathering of reworked clastic sulphides.

2.1. Location and geological setting

The Alexandrinka deposit is situated at 52°01'N,
58°50'E, 25 km northeast of Magnitogorsk, in the
southern Urals, Russia (Fig. 1). It is one of a series
of VHMS ore bodies that are hosted in the remnants
of the East-Magnitogorsk island arc (Belogub et al.,
2003; Herrington et al., 2002; Prokin et al., 1998;
Sigov, 1969; Tessalina et al., 1999, 2001). The ore
body is notable for its relative elevated grades of base
(4.4 wt.% Cu and 5.5 wt.% Zn) and precious metals
(2.2 ppm Au and 57 ppm Ag), and has been classified
as a Baimak- or Kuroko-type deposit (Prokin et al.,
1998).

The deposit occurs at the contact between basalts
and underlying rhyolites of the Karamalytsh Forma-
tion. The host rock comprises lavas and hyaloclastites
of aphyric and fine-porphyritic dacites, with frag-
ments of basalt, plagioclase—quartz rhyolite, aphyric
andesite—dacite, secondary quartzite, jasper, and
chloritised volcanic rocks. The ore body lies in a
NE-trending, 10 km long, linear depression that is
thought to reflect the original geometry of the paleo-
hydrothermal field (Tessalina et al., 1999).

2.2. Mechanisms of ore formation

The Alexandrinka deposit represents the remnants
of a collapsed hydrothermal vent complex (Tessalina
et al., 2001). Towards the north of the ore unit, a
degraded sulphide mound is preserved, from which
fragments of hydrothermal vent chimneys have been
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Fig. 1. Locality of the Alexandrinka volcanic hosted massive sulphide deposit (Southern Urals, Russia) within the Devonian paleo-oceanic

structure.

recovered (Herrington et al., 2002). These share a
similar mineral association, texture, and zonation to
vent complexes currently forming on the ocean
floor, e.g. the southern Juan de Fuca Ridge (Shanks
and Seyfried, 1987), and to ancient hydrothermal
chimneys at Kuroko (Scott, 1981), indicating a sea-
floor exhalative origin. Drilling below the sulphide

mound has revealed a stockwork of mineralised
veins, interpreted as the feeder zone to the vent
complex.

The majority of ore-grade material lies to the south
of the sulphide mound. This orebody originated from
the mechanical degradation of the hydrothermal vent
complex and subsequent down-slope transport of sul-
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phide clasts by turbidity flows. Such sedimentary
processing is consistent with the observed lateral-
and vertical-grading of sulphide clasts away from
the sulphide mound (Tessalina et al., 1999).

Syn- and post-depositional remobilisation of pre-
cious and base metals has modified their distribu-
tion within the ore body (Tessalina et al., 1999,
2001). A series of ‘paleo-surfaces’, classified as
seafloor gossans, occur within the ore sequence.
These horizons have undergone extensive alteration
to hematite, chlorite, illite—smectite clays, quartz,
barite, and carbonates. There is evidence that the
metals released during alteration were transported
down-section through the sulphide sediments, be-
fore being partially reprecipitated at depth (Tessa-
lina et al, 2001). This has led to a supergene
assemblage of base-metal sulphides in the lower hor-
izons of the deposit, with the formation of a variety of
secondary ore minerals including covellite (CuS),
chalcocite (Cu,S), and bornite (CusFeS,), in addition
to large quantities of secondary chalcopyrite and
sphalerite.

Fig. 2 shows a schematic drawing of the possible
structure of the hydrothermal vent system including
the three dominant ore-grade facies (see below).

Clastic Sediments
Samples CA and CB

Hydrothermal-Metasomatic
Stockwork
Samples SW

3. Methodology
3.1. Sample descriptions

The Alexandrinka deposit comprises three ore-
grade facies (Tessalina et al., 1999): (1) a hydrother-
mal-metasomatic stockwork; (2) seafloor—hydrother-
mal chimneys; and (3) clastic sedimentary deposits.
From these major zones, specimens were selected for
investigation and samples were taken by microdrill.
Samples represent both mineral separates and mix-
tures. Seafloor sulphides are in general complexly
intergrown and typically very fine grained, therefore
separation of pure mineral phases was very difficult to
achieve, and virtually impossible for the secondary
phases.

A hand specimen from a core drilled below the
sulphide mound, was selected to represent the stock-
work. Six samples (SW-1(a) to SW-1(f)) were drilled
from a traverse perpendicular to the mineralogical
banding, to provide a record of spatial and mineral-
ogical variability through the specimen. The locations
of these samples are shown in Fig. 3A.

A sample of sulphide chimney from the remnant
sulphide mound was selected to represent the seafloor

Seafloor-Hydrothermal
Chimney
Samples HV

Fig. 2. Schematic representation of a hydrothermal vent system indicating the major facies seen at Alexandrinka: hydrothermal-metasomatic
stockwork, seafloor—hydrothermal chimney, and clastic sediments. Three dominant processes were involved in ore genesis (Tessalina et al.,
1999, 2001): (A) Metal-bearing fluids originating from depth migrated up to the seafloor, mineralising the basement rocks (stockwork, SW); (B)
At the seafloor these fluids rapidly precipitated metal sulphides leading to the formation of a hydrothermal vent complex (chimney, HV); (C)
The resultant sulphide mound was then degraded, and sulphide material was transported down-slope by turbidity currents to form sorted clastic
sediment, and post-depositional alteration within the clastic sediments subsequently redistributed Cu and Zn down-section.
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Fig. 3. Photographs of stockwork (a, SW-1) and hydrothermal chimney (b, HV-1) samples used for this study. Sub-sample transect lines and
microdrilling locations are also shown. A) Stockwork sample showing pronounced mineral zonation. Zones comprise chalcopyrite + pyrite (brassy
yellow), galena+minor chalcopyrite and sphalerite (pale grey), sphalerite+minor chalcopyrite and galena (dark grey), and quartz+barite gangue
(white). Coin is 18 mm in diameter. B) Vent sample showing concentric mineral zonation. The sphalerite-dominated core (dark grey) is surrounded
by bands with compositions dominated by chalcopyrite (brassy yellow) or sphalerite. At the outer edge (HV-1(k) to HV-1(m)) the sample is
surrounded by a sphalerite-dominated carapace. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)



176 TED. Mason et al. / Chemical Geology 221 (2005) 170-187

hydrothermal facies. This specimen provided a cross-
section through the preserved chimney structure. Thir-
teen samples (HV-1(a) to HV-1(m), from core to pe-
riphery) were obtained to reflect mineralogical
zonation and to provide a spatial record through the
chimney wall. Precise sample locations are shown in
Fig. 3B.

From the clastic facies, samples representative of
the main textural and mineralogical characteristics
were obtained. These included remnant primary sul-
phides in addition to secondary mineral phases. Eight
samples from six specimens (taken from drill cores
CA-1, CA-3, CB-1, CB-2, and CB-3) were selected.

3.2. Mineralogy

Mineral identification, quantification, and textural
interpretations were carried out using: (1) reflected
and transmitted light microscopy; (2) electron probe
microanalysis (EPMA) of selected mineral phases in
the stockwork (using a Cameca SX50 based at the
Natural History Museum) (Table 1); and (3) bulk
chemistry, determined by ICP-AES concentration
measurements of Cu, Zn, Fe, Pb, Ba and Ca in
sample aliquots used for isotope measurements. It

Table 1

was assumed that chalcopyrite (+covellite), sphaler-
ite, chalcopyrite+pyrite (+hematite), galena, barite,
and calcite were the dominant phases present.

The stockwork specimen comprised coarsely
crystalline pyrite, chalcopyrite, galena, and sphaler-
ite, with interstitial quartz and barite, and exhibited
marked mineralogical banding (Fig. 3a). The chim-
ney sample was composed of three mineralogical
zones: (1) a core of fine-grained sphalerite, sur-
rounded by, (2) a series of concentric chalcopyrite-
or sphalerite-rich overgrowths, in turn enclosed by,
(3) a carapace of sphalerite with galena, pyrite,
marcasite, and minor chalcopyrite (Fig. 3b). The
six specimens representing the clastic facies (from
drill cores CA-1, CA-3, CB-1, CB-2, and CB-3)
comprise samples with high pyrite (>50%) and
low sphalerite (<5%) contents, representing the
upper ore horizons (CA-1 and CA-3), and samples
displaying elevated (>5%) sphalerite and chalcopy-
rite, from the lower ore horizons and flanks (CB-1,
CB-2, and CB-3). The occurrence of a fine-grained
matrix of pyrite and chalcopyrite and fracture-filling
bornite and covellite (Table 2) provides strong evi-
dence for a secondary mineralization event and
alteration.

Sulphur, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Ag, Cd, Sb, Te and Pb concentrations (in wt.%) for representative mineral phases of a stockwork hand

specimen derived from EPMA measurements at different locations

Mineral — Location  Analysis # S Mn  Fe Co Cu Zn As Se Ag Cd Sb Te
Sph 2 #71 32.50 <dt 0.06 <dt <dt 0.07 67.29 <dt <dt <dt 0.54 <dt <dt
2 #72 3234 <dt <dt <dt <dt <dt 66.95 <dt <dt <dt 0.50 <dt <dt
2 #73 3236 <dt 0.08 <dt <dt <dt 66.75 <dt <dt <dt 0.57 <dt <dt
Sph 8 #54 3225 <dt 0.09 <dt <dt <dt 66.18  <dt <dt <dt 0.60 <dt <dt
8 #55 32.17 <dt 020 <dt <dt 0.37 65.62 <dt 0.08 <dt 051 <dt <dt
8 #56 32.19  <dt 041 <dt <dt 047 65.62 <dt 0.05 <dt 050 <dt <dt
Ga 6 #44 13.05 <dt 0.70 <dt <dt 0.82 <dt <dt 044 0.14 <dt 0.09 <dt
6 #45 13.36  <dt 0.76 <dt <dt 0.90 <dt <dt 042 <dt <dt <dt <dt
Cpy 11 #14 3450 <dt 30.19 <dt <dt 3391 1.26 <dt <dt <dt <dt <dt <dt
11 #15 3427 <dt 30.09 <dt <dt 33.47 0.68 <dt <dt <dt <dt <dt <dt
11 #17 34.02 <dt 29.87 <dt <dt 33.82 047 <dt <dt <dt <dt <dt 0.08
Cpy 4 #27 3427 <dt 30.84 <dt <dt 3431 <dt <dt <dt <dt <dt <dt <dt
4 #28 3433 <dt 30.71  <dt <dt 3422 <dt <dt <dt <dt <dt <dt <dt
4 #29 34.08 <dt 30.71 <dt <dt 3425 <dt 0.08 <dt <dt <dt <dt <dt
Py 6 #39 52.70  <dt 47.19 <dt 0.06 0.26 <dt 0.10 0.08 <dt <dt <dt <dt
6 #40 52.80 0.08 47.03 <dt <dt 020 <dt 0.09 <dt <dt <dt <dt <dt
6 #41 53.18 <dt 47.15 <dt <dt <dt <dt <dt <dt <dt <dt <dt <dt
Bn 3 #76 2598 <dt 1.69 <dt <dt 39.66 7.47 1053  <dt 034 020 1535 <dt

Sph=sphalerite (ZnS), cpy =chalcopyrite (CuFeS,), py =pyrite (FeS,), ga=galena (PbS) and bn=bornite (CusFeS,). The atomic weights (amu)
used were for ZnS=97.5, for CuFeS2=183.5, CusFeS,;=501.8, FeS2=119.9, and PbS=239.3. The detection limits (in ppm) were: S, 523; Mn,
572; Fe, 516; Co, 470; Ni, 525; Cu, 635; Zn, 1030; As, 704; Se, 370; Ag, 712; Cd, 901; Sb, 525; Te, 640; Bi, 693; Pb, 3242.



Table 2

8°°Cu and 8°°Zn (in %o), mineralogical data (in %), concentrations of Cu, Zn, Pb, Ba, Ca, and Fe (in ppm) and Cu/Zn ratios for all ore samples analysed using the MC-ICP-MS
(isotopes) and ICP-AES (concentrations)

Ore facies Sample Mineralogy Ba Ca Cu Fe Pb Zn Cuw/Zn §%Zn 8%Cu
(ppm)  (ppm) (ppm)  (ppm)  (ppm)  (ppm) (per mill)  (per mill)
Stockwork SW-1(a)  cpy (100%) 531 108 307000 350000 10600 24100 12.74 —0.431 0.184
SW-1(b) gz (60%)+cpy (30%)+sph (10%) 8020 249 27000 26500 9440 194000 0.14 0.009 0318
SW-1(c)  cpy (100%) 678 161 319000 345000 17700 10300 30.97 —0418 0.163
SW-1(d)  sph (75%)+ga (15%)+cpy (10%) 199 31300 36200 169000 558000  0.06 0.077 0.302
SW-1(e)  cpy (85%)+sph (10%)+ga (5%) 8.6 51.9 280000 276000 68100 113000 2.48 —0.103 0.127
SW-1(f)  ga (70%)+qz (20%)+sph (10%) 61.6 150 1030 5220 578000 86700  0.01 —0.031 0.277
Chimney HV-1(a)  sph (100%) 41.8 179 15800 18800 11300 598000 0.03 —0.027 0.330
HV-1(b)  sph (>95%)+cpy (<5%) 153 300 21900 23200 15500 898000 0.02 0.028 0.291
HV-1(c)  sph (>95%)+cpy (<5%) 82.1 209 27400 33800 7560 887000  0.03 —0.018 0.296
HV-1(d)  cpy (80%)+sph (20%) 1380 176 285000 301000 9150 180000  1.58 0.014 0.288
HV-1(e)  sph (60%)+cpy (40%) 336 459 140000 160000 6750 566000  0.25 0.030 0.281
HV-1(f)  cpy (50%)+sph (50%) 212 137 259000 269000 7250 113000  2.29 0.063 0.278
HV-1(g)  sph (70%)+cpy (25%)+ga (5%) 181 367 93000 102000 49000 618000 0.15 0.100 0.268
HV-1(h)  cpy (75%)+sph (25%) 168 246 274000 307000 6800 169000  1.62 0.084 0.304
HV-1(i)  sph (75%)+cpy (20%)+py (<5%) 184 173 69400 91700 16200 722000  0.10 0.121 0.279
HV-1()  sph (70%)+cpy (20%)+ga (<5%)+py (<5%) 16.6 553 73400 107000 18300 711000  0.10 0.065 0.270
HV-1(k)  sph (55%)+ga (20%)+cpy (15%)+py (10%) 1720 155 53300 138000 195000 443000  0.12 0.167 0.278
HV-1(1)  sph (80%)+ga (10%)+cpy (<5%)+py (<5%) 651 166 35300 58500 71600 691000  0.05 0.231 0.294
HV-1(m) sph (>80%)+py (10%)+cpy (<10%) 436 374 34600 93700 5400 684000  0.05 0.188 0.306
Clastic zone CA-1 py (50%)+cpy (35%)+slc (15%) 357 1590 103000 452000 94 1170 88.03 - 0.054
CA-3(b)  py (80%)+cpy (15%)+slc (5%) 277 151 40000 445000 297 4900 8.16 —0.295 0.278
CB-1(a)  py (50%)+cpy (35%)+sph (10%)+slc (<5%) 224 4380 98000 408000 286 77800 1.26 —0.182 0.043
CB-1(b)  cov (<50%)+cpy (<45%)+py (<25%)+slc (15%)+sph 1370 1170 342000 203000 8030 76100 449 —0.194 —0.300
CB-2(a)  slc (40%)+py (30%)+cpy (20%)+sph (10%) 402 409 53400 272000 3360 67900 0.79 —0.128 —0.058
CB-2(b)  slc (60%)+py (20%)+sph (15%)+(<5%) 519 1000 20800 167000 6670 105000  0.20 - —0.009
CB-3(a)  cpy (60%)+py (40%) 307 87.7 246000 403000 1740 12200 20.16 —0.065 —0.021
CB-3(b)  sph (65%)+py (20%)+cpy (15%) 278 854 76500 182000 866 432000 0.18 —0.049 —0.036

8% Cu values are relative to NIST-SRM 976 Cu and 6°® Zn values are relative to the Lyon group JMC Zn (batch 3-0749 L). In run errors were always below 30 ppm and the over all
uncertainty for the isotope data estimated using the long-term reproducibility of repeated standards was <0.07%o (20) for both ratios. For the abbreviations of the mineral phases, see
Table 1 and qz=quartz and slc=silicates. Mineralogical data are estimated from the concentration data. Samples that deviated from mass-dependent 6°® Zn vs. 8°7 Zn behaviour (see
text) were excluded from the table (2 out of 29).

L8T-0LI (S007) 17C 480020 [po1udyy) / v 12 UOSDI (T L
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Table 3
Ion-exchange procedure for separating Cu and Zn from geological
matrices 1 prior to MC-ICP-MS isotope analysis

Elution step Volume of elute and acid type

1 Pre-treat column with 6 ml 7 M HCI

2 Load sample in 1 ml 7 M HCI

3 Elute 6 ml 7 M HCI

4 Elute 24 ml 7 M HCI and collect the
Cu fraction

5 Elute 10 ml 2 M HCI and collect the
Fe fraction

6 Elute 10 ml 0.1 M HBr+0.5 M HNO;
and collect the Zn

7 Elute 10 ml 0.5 M HNO; and collect

the Cd fraction

This chemistry also yields >98% recoveries of Fe and Cd. Bio-Rad
PolyPrep columns filled with 2.0 ml of the anion exchange resin AG
MP-1 (100-200 mesh size, chloride form, Bio-Rad Laboratories,
CA, USA) were used in conjunction with ultra-pure grade reagents.
Columns were regenerated by back-washing with 10 ml Milli-Q
H,0 before eluting 7 ml 0.5 M HNO; and 2 ml Milli-Q H,O
(repeated three times). The details of the ion exchange procedure
is given elsewhere (Chapman et al., submitted for publication;
Mason, 2003).

Mineralogical and EPMA analysis of the stock-
work (Table 1) showed that sphalerite (sph) and chal-
copyrite (cpy) were dominant, with levels of Cu in
sphalerite and Zn in chalcopyrite normally close to or
below the detection limit (e.g., locations 2 and 4,
respectively). However, significant Cu was occasion-
ally detected in sphalerite (location 8) and Zn in
chalcopyrite (location 11). The bulk analyses of pure
chalcopyrite separates SW-1(a) and SW-1(c) (Table 2)
show that up to 1% Zn may be present in this mineral.
Galena (ga) in general had small Zn concentrations,
but with Cu concentrations of 600-900 ppm. Similar-
ly, pyrite (py) was commonly enriched in Cu (up to
400-500 ppm) but with little Zn (location 6).

3.3. Reagents and standards

Acids and standards were prepared using >18.2
MQ H,0 from a Milli-Q water system (Millipore
Corporation, Bedford, MA, USA). Aristar grade
reagents (VWR, Poole, UK) were used for sample
preparation, and ultra-pure reagents (ROMIL Ltd.,
Cambridge, UK) were used during mass spectrometry.
NIST-SRM 976 Cu metal was used as the reference
Cu isotopic standard. No certified Zn isotopic stan-
dard is currently available, but an aliquot of the

10,000 pg/ml Zn metal solution JMC Zn, prepared
from a Johnson Matthey Zn metal (batch 3-0749 L) by
Maréchal et al. (1999), was used as the Zn isotopic
reference standard.

3.4. Sample preparation

For sulphides free from silicate components, c. 20
mg of powdered material were digested in 5 ml 4:1
conc. HNO5:HCI for 24 to 48 h at 100 to 120 °C in
sealed Savillex PTFE vessels, before being evaporated
to dryness. For samples with silicate components, c.
100 mg of powder were digested in 5:2 ml conc.
HF:HNO; for 24 to 48 h at 100 to 120 °C in sealed
Savillex PTFE vessels. Solutions were evaporated to
dryness, and re-digested in 2 ml conc. HNO; for 24
h at 100 to 120 °C, before being evaporated to dryness
again. All evaporated digests were subsequently dis-
solved in 2 ml 7 M HCI and volumetrically split with
half being used for multi-element ICP—AES analysis,
and half being used for isotope analysis.

Table 4
Operating conditions and collector configurations used in the
Axiom during the study

Instrument parameters

Coolant Ar flow 15 ml/min.
Auxiliary Ar flow 1.2-1.7 I/min.
Nebuliser Ar flow 0.75-0.95 1/min.
Ton energy 4950 V

1250 W forward
(<10 W reflected)
Cones Pt tipped Ni sample
and Ni skimmer

Torch power

Nebuliser type and parameters
Nebuliser type
Spray chamber type

Micro-concentric
Cyclonic+impact-bead set-up

Spray chamber temperature 10 °C
Sample uptake rate c. 400 pl/min
Sensitivity c. 40 V/ppm Cu;

c. 18 V/ppm Zn

Collector (Faraday)
Mass and position 62 (L4) — 63 (L2) — 64(L1) —

65(Ax) — 66(H1) — 67(H2) —

67.5(H3) — 68(H4)

variable from M/AM=400 to

10,000 (set to 400 for ratio)

Mass resolution

For more details, see text.
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Matrix components were separated from Cu and
Zn prior to isotope analysis using anion exchange
chromatography. Table 3 shows the different elution
steps and the acids used. This procedure represents
an amalgamation of two published methods (Maré-
chal et al., 1999; Strelow, 1978) and yields >98%
recoveries of Cu and Zn, circumventing possible pro-
blems related to isotopic fractionation of Cu and Zn
on the columns (Maréchal et al., 1999; Zhu et al.,
2002). Full details of the methodology are given
elsewhere (Chapman et al., submitted for publication;
Mason, 2003).

Total procedural blanks for Cu and Zn were
109+ 8.2 ng (20) and 104 £41 ng (20), respec-
tively, based on four repeats. These represent
<0.02% and <0.30% of the amount of Cu and
Zn analysed for all samples. Isotopic measurements
on the procedural Cu and Zn blank fractions
yielded 6°°Cu and §°°Zn values of 26.6+ 1.2%o0
(20) and —0.08 = 0.05%0 (20), respectively, relative
to NIST-SRM 976 Cu and JMC Zn. Calculations
show that both the Cu and Zn procedural blank
contributions have no significant influence on the
final sample data within the analytical reproducibil-
ity achieved.

4. Mass spectrometry

Isotopic measurements were made using a VG
Axiom MC-ICP-MS (Thermo Elemental, Cheshire,
UK) at the NERC Isotope Geosciences Laboratory
(NIGL), Keyworth, UK.

4.1. Instrumental settings

Samples were introduced to the ICP-source in solu-
tion using a Meinhard micro-concentric nebuliser with
twin cyclonic/impact-bead spray chambers maintained
at 10 °C. All stable isotopes of Cu and Zn, with the
exception of "°Zn, were measured on Faraday collec-
tors using a static collection protocol at a spectral
resolution of M/AM=400. Low 4 and High 3 Faraday
collectors were used to monitor ®*Ni* plus *°Ti'°0"
and '*°Ba" contributions at masses 62 and 67.5, re-
spectively. Table 4 shows the instrument settings used.

Sample and standard analyses comprised 100, 5-
sec integrations, requiring 0.8 pg Cu and 2 pg Zn per
analysis. Instrumental and acid-matrix related interfer-
ence contributions were corrected using an acid blank
on-peak baseline subtraction, and Zn hydride adducts
were corrected following Mason et al. (2004a). Mass
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04 Slope = 1.48 £ 0.23 (20)
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Fig. 4. 6°°Zn versus 6°”Zn for all samples discussed during the study. All 8-values are given relative to the Lyon group JMC Zn (batch 3-0749
L). Weighted regressions have been fitted to the remaining data set using IsoPlot software (Ludwig, 1982). Gradient and intercept estimates for
the regression line are consistent with mass-dependent isotopic variability of Zn, indicating spectral interferences were minimal during data
collection for the majority of the samples analysed. Error bars represent the +2¢ combined internal precision associated with sample and

standard analysed for each individual analysis.
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discrimination effects were corrected using the empir-
ical external normalisation (EEN) procedure, whereby
NIST-SRM 976 Cu and JMC Zn were used as internal
mass discrimination monitors, during Zn and Cu iso-
tope measurements, respectively (Mason et al.,
2004b).

4.2. Potential interferences and their correction

To assess potential isobaric interferences, all Cu
and Zn column separates were analysed by ICP—AES
to identify problematic contaminants that were not
fully eliminated during the sample preparation proce-
dure. For the majority of processed samples, Cu and
Zn dominated the elemental budgets, with minor
amounts (<5%) of K, Ca, Na, and Mg together with
Fe in some Zn fractions. Potassium, calcium, and iron
do not form major spectral interferences in the Cu—Zn
mass range. Although measurements indicated the
production of NaAr" and MgAr", the concentrations
of these species were insignificant relative to the

analytical reproducibility achieved. No significant
Ni" or TiO" interferences were observed during data
collection. Ba*" interferences were corrected using an
offline subtraction assuming natural abundances (Ros-
man and Taylor, 1998) and exponential law mass bias
behaviour. The relative contribution of Ba>" was al-
ways well below 1% in all the samples analysed. To
assess the quality of the interference correction and
the column chemistry for Zn, we analyzed all 5°°Zn
and 6°7Zn data using a three-isotope plot (Fig. 4).
After rejecting two out of 29 data points, the data
define a significant regression with a gradient very
close to the theoretical gradient of 1.48, and an inter-
cept of within error of zero, supporting mass-depen-
dent behavior.

4.3. Measurement reproducibility and accuracy
Reproducibility of the isotope ratio measurements

was estimated by using repeated measurements of
commercial metal standards, following the approach

<— cpy (100%) SW-1(a)

<—— qz(60%)+cpy(30%)+sph (10%) SW-1(b)

<— cpy (100%)

SW-1(c)

<— sph(75%)+ga(15%)+cpy(10%) SW-1(d)

<—  cpy(85%)+sph(10%)+ga(5%) SW-1(e)

<— ga(70%) +qz(20%)+sph(10%)  SW-1(f)
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Fig. 5. Variation in §°*Cu and 8°°Zn within the stockwork facies (SW-1). Error bars present the + 2¢ long-term measurement reproducibility of
isotope measurements. All 8°°Cu and §°°Zn values are relative to the NIST-SRM 976 Cu and Lyon group JMC Zn (batch 3-0749 L),

respectively.
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of other groups (Maréchal et al., 1999; Zhu et al.,
2000). For Cu, 21 repeat analyses of the isotopic
difference between NIST-SRM 976 Cu and an in-
house standard, made over a 9-month period, yielded
a long-term reproducibility for 8°°Cu of + 0.058%o
(20). For Zn, the reproducibility of 8°° Zn measure-
ments based on 10 repeat analyses of the isotopic
difference between JMC Zn and IMP Zn over a 2-
week period was £ 0.07%o0 (20).

The accuracy of the isotope measurements was
assessed measuring selected metal standards using
the GVi IsoProbe MC-ICP-MS (GV Instruments,
Manchester, UK), based in the Natural History Muse-
um/Imperial College London Joint (NHM-ICL JAF)
Analytical Facility, using sample-standard bracketing
following a previously outlined protocol (Mason et al.,
2004b). The relative isotopic compositions of the Cu
and Zn metal standards are in good agreement between
the two instruments, being within error in all cases.
Furthermore, the value for JMC Cu are within uncer-
tainty to those reported by the Lyon group (Maréchal et
al., 1999). No memory effects were noticed.
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5. Isotopic variability of Cu and Zn at
Alexandrinka

Copper and Zn in ore samples from the Alexan-
drinka deposit show a range in 6°°Cu and 5°°Zn values
of —0.30 to 0.32%o and —0.43 to 0.23%o, respectively
(Table 2). These deviations are significant compared to
the analytical uncertainties associated with the long-
term reproducibility. The restricted range in 5*°Cu at
Alexandrinka, including results from the supergene
assemblage in the lower horizons of the deposits, is
unlike modern sulphides at mid oceanic ridges where a
large range of 6°°Cu, of up to 3%o, is observed (Rouxel
et al., 2004; Zhu et al., 2000).

5.1. Isotopic variability in the stockwork

For Zn, significant isotopic variations are observed
in the stockwork samples (Fig. 5), with samples con-
taining pure chalcopyrite (SW-1(a) and SW-1(c))
being depleted in isotopically heavy Zn by c. 0.2%o
pamu relative to samples containing sphalerite, such as

<— sph(>80%)+py(10%)+cpy(10%) HV-1(m)
<— sph(80%)+ga(10%)+cpy(<5%)+py(<5%)  HV-1(l)
<—— sph(55%)+ga(20%)+cpy(15%)+py(10%)  HV-1(k)
<— sph(70%)+cpy(20%)+py(<5%)+ga(<5%)  HV-1(j)
<— sph(75%)+cpy(20%)+py(5%) HV-1(i)
<—— sph(75%)+cpy(25%) HV-1(h)
<— sph(50%)+cpy(50%) HV-1(f)
<— sph(60%)+cpy(40%) HV-1(e)
<— cpy(80%)+sph(20%) HV-1(d)
<— sph(>95%)+cpy(<5%) HV-1(c)
<—— sph(>95%)+cpy(<5%) HV-1(b)
<—— sph(100%) HV-1(a)
mineralogy sample ID

Fig. 6. Variation in §%°Cu and §°Zn from core (HV-1(A)) to periphery (HV-1(m)) through the hydrothermal chimney (HV-1). Error bars present
the + 20 long-term measurement reproducibility of isotope measurements. All §°°Cu and 6°°Zn values are relative to the NIST-SRM 976 Cu

and JMC Zn (batch 3-0749 L) standards, respectively.
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SW-1(b), SW-1(d), SW-1(e), and SW-1(f). Similarly
for Cu, samples dominated by chalcopyrite (SW-1(a),
SW-1(c), and SW-1(e)) are depleted in isotopically
heavy Cu by c. 0.07%o pamu relative to samples dom-
inated by quartz (SW-1(b)), sphalerite (SW-1(d)), and
galena (SW-1(f)) The ranges measured for both 6°°Cu
and 8°°Zn are in good agreement with published data
from other primary Cu and Zn mineralization (Graham
et al., 2004; Larson et al., 2003; Rouxel et al., 2004;
Wilkinson et al., in press).

5.2. Isotopic variability in the chimney

Copper and Zn isotope data from the core to the
periphery of the hydrothermal chimney (HV-1) are

TED. Mason et al. / Chemical Geology 221 (2005) 170-187

presented in Fig. 6. 8°°Cu is invariant within error of
the measurements throughout the chimney wall, and
the average 6®Cu value for the vent material of
0.29+£0.03%0 (20) is within error of the average
composition of the stockwork at 0.23 +0.16%0 (20)
(Fig. 5). The pattern suggests that Cu isotopes are
not significantly fractionated during chimney forma-
tion. In contrast, for Zn, whilst the core yields a
similar composition to the sphalerite-rich stockwork
(Table 2), a systematic increase in 6°°Zn away from
the core is observed, with the periphery being
enriched by up to 0.23%c. This shift is over three
times greater than the analytical uncertainty on the
measurements. Unlike the stockwork, no clear corre-
lation exists between 6°°Zn and mineralogy. All

Clastic Facies —O— O O
(CA and CB)
Chimney (HV) @
A

Stockwork (SW) —HEER-HERDHH

-0.6 -0.4 -0.2 0 0.2 0.4 0.6

3°°Cu (per mill)
Clastic Facies B @+ @
(CA and CB)
; SN e-

Chimney (HV)
Stockwork (SW) @ -0--09-+0-

0.6 -0.4 -0.2 0 0.2 0.4 0.6

5%°zn (per mill)

Fig. 7. Variation in (A) §%°Cu and (B) 6°°Zn in the clastic sediments. All Cu and Zn isotope data are given relative to NIST-SRM 976 Cu and the
Lyon group JMC Zn (batch 3-0749 L) standard, respectively. Analytical errors associated with the measurements are + 0.07%o (£ 20) for both

5%°Cu and §°°Zn.
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samples contain >20% sphalerite, which therefore
dominates the Zn budget of all of the chimney
samples analysed.

5.3. Isotopic variability in the clastic facies

For the clastic ore facies the range in 6°Cu,
from —0.30 to 0.28%o, is five times greater than
the range observed for the stockwork and hydro-
thermal vent samples (Fig. 7 and Table 2). These
results partially fall within the range observed in the
chimney (0.33 to 0.27%0) and stockwork (0.18 to
0.32%0) samples, but extend to significantly lower
8°°Cu values.

The §°°Zn values for samples from the clastic
facies vary between —0.05 and —0.295%c. Again,
this range partially overlaps with stockwork and chim-

ney sample data, and also spread toward lower values
than the chimney sample (Fig. 7).

6. Mechanisms of isotopic fractionation
6.1. Mineralogical fractionation in the stockwork

The isotopic compositions of Zn and Cu within
the stockwork samples are dependent on the miner-
alogy (Table 2; Figs. 6 and 8). The two pure
chalcopyrite separates (SW-1(a) and SW-1(c)) that
have high Cu/Zn ratios are enriched in light Zn
isotopes (6°°Zn of —0.431 and —0.418%0) com-
pared to those samples that contain significant
sphalerite (e.g. SW-1(b), SW-1(d), SW-1(e), and
SW-1(f)). Substitution of Zn for Cu can occur in
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chalcopyrite (Deer et al., 1992), and this is con-
firmed by the high Zn concentrations measured in
the two chalcopyrite separates. The occurrence of
microscopic inclusions of sphalerite in these samples
can be excluded based on reflected light and scan-
ning electron microscopy.

The observed difference in 6°°Zn between coex-
isting chalcopyrite and sphalerite is considered to be
most likely due to equilibrium isotopic fractionation
of Zn between the two minerals during their forma-
tion. Sulphur isotope data from coexisting sulphides
within the stockwork support equilibrium formation
conditions at around 300 °C (Tessalina et al., 1999).
The same mechanism has been suggested for copper
isotope fractionation between coexisting chalcopyrite
and bornite from high-temperature mineral deposits
(Larson et al., 2003).

The copper isotope data also appear to suggest a
mineralogical control. Three of the samples with
high chalcopyrite content (SW-1(a), SW-1(c), and
SW-1(e)) have 8%°Cu values below 0.2%o0 (Table 2,
Fig. 8) whereas samples with higher concentrations
of other phases such as sphalerite and galena (SW-
1(f), SW-1(d)) have &%°Cu values above 0.2%o.
EPMA data confirm that considerable concentra-
tions of Cu are found locally in sphalerite (location
8, Table 1) and galena (location 6, Table 1). The
more pronounced homogeneity in the Cu isotope
composition of chalcopyrite in the stockwork sam-
ples suggests that Cu isotopes are less strongly
fractionated during relatively high-temperature hy-
drothermal precipitation and that the stockwork
zone is protected from later low-temperature mod-
ification that could affect samples from closer to
the seawater interface (e.g. Zhu et al., 2000; Rouxel
et al.,, 2004). Post-depositional homogenisation due
to recrystallisation at very low metamorphic grades
is not likely.

6.2. Zn isotope variation during sphalerite precipita-
tion in the chimney

In the chimney samples, 6°°Zn systematically
increases from core to rim (Fig. 6). The similarity in
5%Zn values between the inner chimney wall and
sphalerite from the stockwork (both of which formed
at ¢. 300 °C from presumably similar fluid composi-
tions) and the spatial distribution through the chimney

wall, suggest a syngenetic origin for the zinc isotope
variation. This is possibly due to temperature-con-
trolled variations in the sphalerite—aqueous zinc frac-
tionation factor, or a localised Raleigh distillation
effect during fluid transport through the porous chim-
ney wall, similar to mechanisms proposed for Zn
isotope variations in Irish Zn—Pb ores (Wilkinson et
al., in press).

6.3. Secondary alteration in the clastic sediments

In the clastic facies the 6%°Cu and, to a lesser
degree, 6°°Zn values are lower than those for the
chimney (Fig. 7). The shift to lighter isotopic compo-
sitions for both metals is associated with the develop-
ment of secondary Cu- and Zn-bearing mineral phases
(Table 2), dominated by secondary sphalerite and
chalcopyrite.

The occurrence in sample CB-1(b) of secondary
covellite with a low 6°Cu value of —0.30%o0 in a
matrix of py+cpy (CB-1(a)) with a §°°Cu value of
0.04%0 (see Table 2 and Fig. 7) is consistent with a
depletion in ®Cu during secondary mineralization.
Preferential incorporation of light “*Cu during covel-
lite precipitation has been demonstrated experimental-
ly (Ehrlich et al., 2004). In addition, previous work
reporting bornite—chalcopyrite mineral pairs from a
variety of ore deposit types suggested an enrichment
of lighter ®*Cu in secondary phases (Larson et al.,
2003; Rouxel et al., 2004). The greater spread of
8%°Cu values in the clastic sulphides compared to
the stockwork and chimney samples agrees with pre-
vious studies where secondary minerals have been
observed to have a greater range copper isotope com-
position compared to the primary deposits (Larson et
al., 2003; Walker et al., 1958).

The wider range in Cu isotope composition within
the clastic facies, relative to the primary mineraliza-
tion, is probably controlled by redox reactions during
remobilization of Cu within the sediment pile. Chal-
copyrite is the dominant primary Cu-bearing mineral
phase within the clastic sediments, and likely repre-
sents the main source of Cu for the secondary min-
eralization. Copper is present within the chalcopyrite
structure as Cu(l) (Greenwood and Whitfield, 1968;
Nakai et al., 1978). However, during oxidative dis-
solution of chalcopyrite, Cu(l) is oxidized to Cu(Il),
with this oxidation step being controlled by the
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physico-chemical conditions under which the disso-
lution occurs (Buckley and Woods, 1984; Hackl et
al., 1995). The presence of oxidised, gossan-like
horizons within the clastic sequence suggests that
conditions at or near to the seafloor were strongly
oxidizing, and Cu released during the decomposition
of primary chalcopyrite is thus predicted to have
been oxidised to Cu(Il). Copper concentrations in
the gossans are very low (c. 50 pg/g), indicating
near-complete removal of Cu during leaching.
Under such conditions the Cu(Il)-bearing fluids gen-
erated would have inherited the isotopic composition
of primary chalcopyrite, with a 8°>Cu composition of
c. 0.27%o (the average of the stockwork and chimney
data). It is considered likely that as this fluid migrat-
ed down-section within the sediment pile and condi-
tions became more reducing, redox conditions
changed sufficiently for Cu(Il) to be reduced back
to Cu(I). This reduction accompanied precipitation of
Cu(I)-bearing phases including chalcopyrite, bornite,
and covellite. Experimental studies have shown that
the reduction of Cu(Il) to Cu(l) induces isotopic
shifts of 3—4%o towards isotopically light composi-
tions in the Cu(l) product (Ehrlich et al., 2004; Zhu
et al., 2002). Thus, the shift towards light Cu isoto-
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pic compositions with secondary mineralization
within the enrichment zone may reflect reduction
of Cu(Il) to Cu(l) associated with this secondary
mineralization event.

7. Conclusions

Isotopic variability for Cu and Zn has been
observed in the Alexandrinka VHMS deposit. The
data allow further constraints to be placed on the
controls and extent of transition metal isotope frac-
tionation in ore deposits and ancient seafloor hydro-
thermal mineralization.

The combined 8°°Cu and §°°Zn values of all three
facies define the three main mechanisms inferred to
control the isotopic compositions of Cu and Zn in the
Alexandrinka deposit (Fig. 9). The initial hydrother-
mal fluid composition has 8°°Cu and 8% Zn values of
0.2+ 0.15%0 and of 0.0+ 0.1%o, respectively. This
agrees well with previously suggested ‘bulk Earth’
(Graham et al., 2004; Larson et al., 2003; Maréchal
et al., 1999; Wilkinson et al., in press).

Fractionation of copper and zinc isotopic signa-
tures away from these initial compositions is thought
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Fig. 9. A summary plot showing 8°°Zn vs. §°°Cu of all three facies assessed within the VMHS deposit, both for primary mineralization
(stockwork, #, and chimney, @) and secondary mineralization and alteration products (¢). The initials fluid has a §°*Cu of 0.2 +0.15 and §°°Zn
of 0.0 + 0.1, which agrees with values suggested for ‘bulk earth’ by other groups (Larson et al., 2003; Wilkinson et al., in press). There are three
major fractionation mechanisms which we postulate: (A) Isotopically light Zn is accommodated into the chalcopyrite structure (samples SW-
1(a) and SW-1(c)). (B) Syngenetic variation in sphalerite isotopic composition enriching heavy Zn toward the periphery of the chimney. (C)

Seafloor alteration (mainly due to re-mineralisation and leaching) leads

to isotopic lighter Cu and Zn signatures in the clastic sediments —

characterised by secondary Cu and Zn minerals — relative to the chimney.
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to be due to three distinct processes, each forming the
major control in a different portion of the deposit.
Broadly these can be summarised as:

A. Equilibrium isotopic partitioning of Zn into chal-
copyrite favours isotopically light Zn being ac-
commodated into the chalcopyrite structure. This
leads to significant isotopic variability for Zn in
the stockwork, where light values coincide with
chalcopyrite-rich areas. This effect is less clear
for Cu.

B. Syngenetic Zn isotope fractionation occurs as
hydrothermal fluids percolate through the po-
rous vent wall. The mechanisms controlling
this variation remain poorly constrained but
we regard the two most likely explanations to
be a temperature-controlled fractionation-factor
variation, or local distillation fractionation exag-
gerating a small inherent mineralogical fraction-
ation. This effect is not significant for Cu.

C. Re-precipitation during gossan genesis as leached
fluids migrated down-section and possibly sea-
floor alteration involving leaching produces a
shift toward lighter isotopic compositions for Cu
and Zn in the clastic sediments, relative to chim-
ney and stockwork. The variation of Cu in the
clastic sediments is larger than in the chimney and
stockwork. This is consistent with redox-induced
isotopic fractionation during the incomplete pre-
cipitation of Cu from enriched brines within the
clastic sulphide pile.

The restricted range in 5°°Cu at the Alexandrinka
VHMS, including within the supergene assemblage
in the lower horizons of the deposits, is unlike
modern sulphides at mid ocean ridges where a
large range of Cu isotope compositions, of up to
3%o, has been reported (Rouxel et al., 2004; Zhu et
al., 2000).
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