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Introduction
IN THEIR pioneering work on the natural variations of the cop-
per isotopes 65Cu and 63Cu, Walker et al. (1958) and Shields
et al. (1965) reported copper isotope variations of several per
mil in copper ores. These results were confirmed by the stud-
ies of Marechal et al. (1999) and Zhu et al. (2000) by more
precise isotope measurements, using multiple-collector in-
ductively coupled plasma mass spectrometry (MC-ICP-MS).
They showed that copper isotope variations, especially in ore
deposits, can be more than 100 times the analytical uncer-
tainty. This new capability for copper isotope measurement
demonstrates the great potential of copper isotopes as possi-
ble tracers in geologic and planetary processes. In a prelimi-
nary study, Zhu et al. (2000) reported large variations in cop-
per isotope composition of up to 1.5 per mil in hydrothermal
sulfides from black smoker chimneys at the East Pacific Rise,
confirming that copper isotope systematics may be useful in-
dicators of processes affecting copper in sea-floor hydrother-
mal systems. 

Sulfides in active sea-floor hydrothermal chimneys can be
formed by three competing processes: (1) direct precipitation
in equilibrium with end-member hydrothermal fluids; (2)

precipitation from the mixing of hot hydrothermal fluid and
cold seawater; and (3) replacement or recrystallization of the
earlier minerals in the chimney walls (Haymon, 1983; Tivey
and Delaney, 1986). Thus, chimneys have growth histories
which are often extremely complex, involving multiple stages
of mineral precipitation, heating, cooling, and mixing. In this
context, sulfur isotope studies provide valuable information
about sulfur sources and precipitation mechanisms (Shanks et
al., 1995). In midocean ridge hydrothermal systems, sulfur
has two main sources: sulfur leached from igneous rocks and
sulfur from the reduction of a small amount of admixed sea-
water-derived sulfate. Trace elements in sulfides may also
provide valuable information concerning the origin of hy-
drothermal fluids, the condition of precipitation of the de-
posits, and subsequent hydrothermal reworking. Certain met-
als such as Cu, Co, and Se appear to show a strong positive
temperature-concentration relationship leading to enrich-
ments of these elements in the sulfides from high-tempera-
ture chimneys (Fouquet et al., 1993; Hannington et al., 1995).
In particular, the variation of the selenium content in hy-
drothermal chimneys and mounds has been used to infer a
high temperature of crystallization of Cu-rich deposits (Au-
clair et al., 1987).

In this paper, we present data on the copper isotope signa-
tures of black smokers, massive sulfides, and their alteration
products in comparison to sulfur isotopes and trace element
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Abstract
In this paper, we present the copper isotope signatures of black smoker sulfides, massive sulfides, and their

alteration products and provide new insights into mineralization processes and applications of copper isotope
geochemistry to sea-floor hydrothermal systems on the Mid-Atlantic Ridge. The hydrothermal systems studied
include the Lucky Strike field at 37°17'N on a basaltic substrate and the Rainbow and Logatchev fields, situ-
ated on ultramafic rock. Copper isotope variation in the hydrothermal precipitates was examined in conjunc-
tion with S isotopes and Se and Co concentrations. The comparison between δ65Cu and Se contents shows that
subsurface precipitation of Cu-rich sulfides does not control significantly the δ65Cu values of the hydrothermal
chimneys. It appears that the major cause of copper isotope fractionation in hydrothermal systems (up to 3‰)
is the sea-floor oxidation of primary copper sulfides. Enrichment in the heavy copper isotope can be explained
by processes occurring at the sea floor, such as hydrothermal reworking of previously altered sulfides by high-
temperature fluid. Massive sulfides characterized by negative δ65Cu values have undergone extensive recrys-
tallization. In these mineralogical assemblages, isotopically heavy copper typical of altered sulfides has been
leached and redeposited in the external zones or incorporated in hydrothermal fluids. Copper isotopes are
therefore a promising tool for the study of supergene processes and the recycling of previously oxidized sul-
fides, as well as a means of characterizing the degree of hydrothermal reworking of large sulfide deposits. Fur-
ther studies of copper isotope fractionation under controlled laboratory experimental conditions are required
to identify copper isotope fractionation during sulfide alteration. In particular, the possible biological media-
tion of copper isotope fractionation during sulfide oxidation may be an important direction for further studies. 
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compositions, in order to gain new insight into copper isotope
geochemistry in sea-floor hydrothermal systems and to ex-
plore the potential application of this new isotopic system to
the study of base metal deposits. The relationship between
copper isotope variations and S isotopes or Se and Co con-
tents is examined to help constrain copper isotope fractiona-
tion processes and to assess the importance of some funda-
mental hydrothermal processes, such as reaction zone
processes, subsea-floor fluid/rock interactions, in situ hy-
drothermal reworking of sulfide chimneys, late-stage alter-
ation of deposits by seawater, and reworking of alteration
products. Samples for this study were collected from three
hydrothermal fields along the Mid-Atlantic Ridge—Lucky
Strike at 37°17'N lying on a basaltic substrate and the Rain-
bow and Logatchev fields, situated on an ultramafic rock. 

Geologic Setting

Lucky Strike hydrothermal field

The Lucky Strike hydrothermal field on the Mid-Atlantic
Ridge at 37°17'N (Fig. 1) was discovered in 1992 during
dredging operations carried out as part of the French-Amer-
ican Ridge Atlantic (FARA) program (Langmuir et al., 1997)
and then studied during the European MARFLUX and
AMORES projects between 1993 and 1999. The field is one
of the largest so far found in the ocean with the active vents
located around a lava lake of 300 m in diameter at a water
depth of 1,500 m (Fouquet et al., 1995). The active part of the
field is restricted to an area located in the central depression
between three volcanic cones composed of older, highly
vesicular volcanic breccia (Fouquet et al., 1994, 1995; Fig. 2).
Vent fluid compositions suggest formation by phase separa-
tion at greater than 1,300 m below the sea floor and reaction
with a relatively oxidized and previously altered substrate

(Von Damm et al., 1998; Charlou et al., 2000). Heterogeneity
in the end-member fluid chemistry suggests one or two dis-
tinct sources of fluid for many of the vents, with different
fluid compositions in the northern and southern parts. A
unique feature of the Lucky Strike hydrothermal field is the
occurrence of layered, silicified volcanic breccia referred to as
“hydrothermal slab” by Fouquet et al. (unpub. data). Chim-
neys and spires are growing through these deposits, and dif-
fuse, low-temperature flow through the cracks in the silicified
substrate is common. 

Rainbow hydrothermal field

The active Rainbow hydrothermal field at 36°13.8'N (Fig.
1) was discovered by the Nautile submersible during the
FLORES cruise in 1997 at water depth between 2,270 and
2,320 m (Fouquet et al., 1994). The field covers an area of
250 × 60 m and is located at a nontransform offset between
the South AMAR and AMAR segments of the Mid-Atlantic
Ridge. This field is one of the most active along the Mid-At-
lantic Ridge, with about ten groups of vigorous black smokers
dispersed over the entire field. Unlike many other vent fields
on the midocean ridges, the vents are situated on an ultra-
mafic substrate which has been exposed by large-scale fault-
ing. Only a small veneer of old basalt occurs at the east-tilted
summit of the Rainbow ridge, 1 km east of the active vents.
The smokers emit intense black fluids having a maximum
temperature of 362°C. Whereas H2S contents are relatively
low, H2 and CH4 are highly enriched (Charlou et al., 2002). A
unique feature of the Rainbow fluids is that they have the
lowest end-member pH, highest chloride concentration, and
highest temperature of any Mid-Atlantic Ridge hydrothermal
vent fluids (Douville et al., 2002). The low pH (2.8) and high
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FIG. 1.  Location of the hydrothermal fields of Lucky Strike, Rainbow, and
Logatchev on the Mid-Atlantic Ridge.

1
6

50

16
0

0

1
7

0
0

1
8

0
0

16
5 0

17
00

 

3
16

W
2

37°18N

32
°1

7W °

Statue of Liberty

Eiffel Tower
US4

PPC

Elisabeth

Bairo Alto

37°17N

500 m

 

 
 Sintra

Y3

LAVA LAKE
 
FAULT

FAULT
RIDGE

ACTIVE
CHIMNEY

DIFFUSE
VENTING

VOLCANIC BRECCIA

PILLOW LAVA

PELAGIC SEDIMENT

HYDROTHERMAL SLABSi-

SMAS IVE SULFIDES

FIG. 2.  Geologic map of the Lucky Strike hydrothermal field, showing the
locations of the identified active chimneys. After Fouquet et al. (unpub.
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metal concentration (Fe, Co, Ni, Cu) of high-temperature
fluids probably result from the combination of seawater-ul-
tramafic rock interaction and phase separation generating Cl-
rich brines (Douville et al., 2002). 

Logatchev hydothermal field

The Logatchev field was discovered by a Russian team dur-
ing 1993 to 1994 (Batuyev et al., 1994; Bogdanov et al., 1995)
at 14°45'N (Fig. 1) and was sampled during the French MI-
CROSMOKE cruise in 1996. Similarly to the Rainbow field,
the Logatchev hydrothermal field is located on ultramafic
rocks at a 2,970-m water depth with gabbroic intrusions locally
cropping out on the sea floor. The field covers an area of 300
× 150 m and contains active high-temperature (350°C) vents
producing copper-rich sulfide mineralization. Logatchev is lo-
cated at the top of the third step of the rift valley wall adjacent
to a major transform fault. The deposits are particularly en-
riched in Cu and Zn and have higher than normal concentra-
tions of trace elements such as Co, Ni, and Au (Mozgova et al.,
1996; Murphy and Meyer, 1998; Y. Fouquet, unpub. data,
2002). The Rainbow and Logatchev fields are located in very
low volcanic activity environments and are clearly controlled
by the tectonic structure of the ridge at the regional scale. 

Description of Samples
Massive sulfides and active chimneys from the Lucky

Strike, Rainbow, and Logatchev fields were sampled during a

French-American diving cruise in 1993 and during DIVA1
(1994, Lucky Strike), FLORES (1997, Rainbow), MI-
CROSMOKE (2002, Logatchev), and IRIS (2001, Rainbow)
cruises. 

Lucky Strike

On the basis of vent structures, mineral abundance, and
zonation, three types of hydrothermal deposits were sampled
at Lucky Strike: Cu-rich deposits, Fe-Ba–rich deposits. and
Ba-Zn–rich deposits. The samples are representative of the
different hydrothermal deposits previously recognized at
Lucky Strike (Langmuir et al., 1997; Fouquet et al., unpub.
data). Active Cu-rich chimneys have mineralogic zonation
from chalcopyrite on the inner walls to anhydrite on the outer
walls. Other minerals present are sphalerite, pyrite, and mar-
casite. The Cu-rich chimneys are typical of active black smok-
ers in other hydrothermal vent fields which form at tempera-
tures higher than 300°C. A maximum of 324°C was measured
in chimneys lined by chalcopyrite at Lucky Strike (Charlou et
al., 2000). Other chimneys are characterized by lower tem-
peratures of hydrothermal mineralization (as low as 170°C)
and are lined by sphalerite in the interiors. The Cu-rich mas-
sive sulfide samples are composed of relics of black smoker
chimneys, still lined with chalcopyrite (Fig. 3a). The chim-
neys studied include Bairo Alto, Eiffel Tower, Elisabeth, US4,
Sintra, and Y3 and cover most of the area of the hydrothermal
field around the lava lake (Fig. 2).
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FIG. 3.  Photographs of selected samples. (a). Cu-rich massive
sulfide (FL-18-11) from the Lucky strike hydrothermal field, show-
ing coarse-grained chalcopyrite which is interpreted to be exten-
sively recrystallized. Iron oxyhydroxides and atacamite coat the
outer rim of the sample. (b). Cu-rich hydrothermal chimney frag-
ment (MS-18-06-2/2-A) from the Logatchev field, showing concen-
tric bands around central conduit. The outer rim is more porous and
characterized by multiple small conduits and diffuse zones, with in-
filling and replacement by chalcopyrite and secondary Cu sulfides,
such as bornite-covellite-digenite. Atacamite occurs as fine-grained
aggregates on the exterior of the chimney in contact with seawater.
(c). Cu-rich black smoker recovered from the Rainbow field (FL-
06-08), showing concentric bands around a composite central con-
duit. External rims are more porous and contain low-temperature
phases such as sphalerite, secondary copper sulfides, and iron oxy-
hydroxides in an external crust. (d). Polished section photograph of
Cu-rich chimney wall (MS-21-03, Logatchev field), showing den-
dritic hematite and bornite replacing massive chalcopyrite (e). Pol-
ished section photograph of Cu-rich chimney wall (MS-18-05, Lo-
gatchev field), showing exsolution lamellae and replacement front
of bornite in euhedral chalcopyrite grains. 



Rainbow 

The samples from the Rainbow hydrothermal field are
mainly black smoker chimney walls composed primarily of
Cu-rich sulfides such as isocubanite and chalcopyrite. In gen-
eral, sphalerite and pyrrhotite are found in the outer parts of
the chimney and alteration products such as Fe oxyhydrox-
ides (goethite) form the external crusts. Locally, hematite and
magnetite, probably of primary origin, are concentrated
within the interior of active chimney walls and/or are associ-
ated with anhydrite within the central conduit. 

Logatchev

Extremely Cu rich samples were recovered from three ac-
tive vents, Anna-Louise, Irina, and Irina II, as well as inactive
vents and massive sulfides. The copper-rich samples consist
almost entirely of chalcopyrite with minor isocubanite. Cobalt
pentlandite minerals (Co9S8) have been identified as irregular
grains associated with chalcopyrite, bornite, isocubanite, and
digenite. Inactive deposits and external rims of active chim-
neys exhibit varying degrees of replacement of chalcopyrite
by a Cu-rich assemblage of bornite, covellite, and digenite
(Fig. 3). Hematite and magnetite have also been found to re-
place chalcopyrite (Fig. 3) or growing in fractures. The sec-
ondary copper sulfides typically coat corroded chalcopyrite
within black smoker walls. Around the exteriors of chimneys
in contact with seawater, covellite and digenite tend to be
completely pseudomorphous after chalcopyrite. Highly al-
tered samples are characterized by abundant atacamite (cop-
per chloride). Anhydrite is minor in the active deposits and
occurs mostly in chimney cavities filling void space. A com-
mon feature of the chimney samples from Logatchev is the
fine, millimeter- to centimeter-scale structural and miner-
alogic zonation in the chimney wall (Fig. 4). Compared to
Rainbow, hydrothermal deposits at Logatchev are more Cu
rich, and alteration assemblages of bornite-covellite are more
common. 

Analytic Methods
Reflected and transmitted light microscopy and electron

microprobe analysis (Cameca SX50) were used for mineral
identification and textural interpretations. Mineral separates
were obtained for geochemical analysis by crushing and hand-
picking under a binocular microscope. Special care was taken
to separate pure mineral phases. Because sea-floor sulfides
are usually complexly intergrown, hand specimens were pre-
selected for their mineralogic homogeneity. Clean separation
of chalcopyrite was achieved by handpicking only well-crys-
tallized grains. However, secondary copper sulfides (bornite
and digenite essentially) were found to be always associated
with minor chalcopyrite, and the complete separation of indi-
vidual secondary copper sulfides was not possible. The sam-
ples of secondary copper sulfides analyzed in this study were
mainly polycrystalline aggregates of bornite and covellite with
minor chalcocite and chalcopyrite.

The sulfur isotope analyses were performed on a VG602D
double-collector mass spectrometer and are presented in
conventional δ34S notation relative to V-CDT (Coplen and
Krouse, 1998). We used the NIST series of sulfide standards
for which we obtained NZ-1 = –0.3 per mil, NZ-2 = 21.6 ± 0.1

per mil, NZ-3 = –31.6 ± 0.1 per mil, NBS-123 = 17.4 ± 0.1
per mil, and NBS-127 = 20.4 ± 0.2 per mil based on replicate
measurements. The precision of the δ34S data presented in
this study is typically ±0.2 per mil (2σ level). The selenium
analyses were performed at the CRPG by atomic absorption
spectrometry following the method described in Marin et al.
(2001).

Copper isotopes, Co/Fe and Cu/Fe ratios were determined
using a multicollector inductively coupled plasma mass spec-
trometer (MC-ICP-MS) Isoprobe (Micromass, UK) operat-
ing at the CRPG-CNRS (Nancy, France). Handpicked min-
erals (copper sulfides and copper chloride) were cleaned in
ethanol and distilled water in ultrasonic bath, dried and
crushed in an agate mortar. Samples were then digested in
open PTFE vessels with 5 ml of concentrated HNO3 and
taken to incipient dryness at 60°C on a hot plate. The solid
residue was then dissolved in 10 ml of 0.1N HNO3. An ap-
propriate weight of samples was used for the chemical disso-
lution in order to obtain a final solution of approximately 500
ppm of Cu. 

Cu and Fe concentrations were determined after diluting
the initial solution 1,000-fold in 0.01N HNO3. Measurements
were made using a peak jumping mode at mass 56 for Fe and
mass 65 for Cu. Three standard solutions at a concentration
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of 0.1, 0.5, and 1 ppm of Fe and Cu were used for calibration.
Co/Fe ratios were determined in multicollection mode using
the isotopic ratio of 57Fe/59Co after diluting the initial solution
10-fold. A separate set of solutions was prepared for copper
isotope analysis by diluting to 1 ppm. 

Mass spectrometry procedures used for copper isotope
analysis were similar to those described by Zhu et al. (2000)
and the isotopic results are reported in the same manner as
proposed for Fe, Cu, and Se isotope measurements by MC-
ICP-MS (Belshaw et al., 2000; Zhu et al., 2000; Rouxel et al.,
2002). This method involves the measurement of a standard
solution (NIST 976 certified international copper isotope
standard) between samples. The isotopic composition of the
sample is expressed as a deviation relative to the standard fol-
lowing the equation: 

Rsplδ65Cu = 1000 × �—— –1�,Rstd

where Rspl is the measured 65Cu/63Cu ratio for the unknown
sample and Rstd is the mean 65Cu/63Cu ratio of the NIST 976
measured before and after the sample. Each data point given
in this study corresponds to the mean of two or three repli-
cate measurements of individual samples. 

The Isoprobe is a single-focusing instrument which incor-
porates the hexapole collision cell technology (Turner et al.,
1998). For the determination of copper isotopes, we used Ar
as a collision gas at a flow rate of 1.5 ml/min. Copper isotope
measurements were made during a one-year period, includ-
ing several duplicate analyses of each sample over that time.
Between individual analytical sessions, we observed slight
variations of the background level for the copper isotopes (be-
tween 1 and 2 mV) which was attributed to Cu interferences
coming from impurities in Ni cones. The interference is con-
stant when using 0.01N HNO3 to dilute the standard and the
samples, and a correction is possible with <0.1 per mil uncer-
tainty. This correction involves the measurement of the blank
acid solution (0.01N HNO3) and subtracting the signal from
both the standard and sample analysis. The uncertainty was
further minimized by matching the concentration of sample
and standard to less than 10 percent difference. 

The samples were introduced into the MC-ICP-MS via a
PFA nebulizer with a cinnabar spray chamber, made by Glass
Expansion, at a flow rate of 100 µl min–1 without using a per-
ilstatic pump. Measurements were made using an autosam-
pler which generally included 14 samples, three standard so-
lutions, and three blanks. The precision of the copper isotope
measurement was evaluated by the measurement of the
NIST 987 standard solutions treated in the same way as an
unknown sample. The replicate measurements of NIST 987
(Fig. 5) indicate a precision of 0.10 per mil at the 2σ level. 

In the technique developed by Zhu et al.(2000), precise
copper isotope compositions have been obtained for Cu-bear-
ing minerals taken directly into solutions that were analyzed
without chemical purification through a chromatographic col-
umn. The major advantage of this method is the simplicity of
sample preparation and the possibility of avoiding any chro-
matographic fractionation of copper isotopes. This is particu-
larly important because copper isotopes fractionate readily on
an anion-exchange column (Maréchal and Albarède, 2002)
and a yield of more than 98 percent must be obtained to

reach an external precision of 0.1 per mil. As the samples an-
alyzed in this study were not subjected to chemical purifica-
tion through a chromatographic column, such isotopic frac-
tionation was avoided. 

However, because the samples were not purified prior to
isotopic analysis, the matrix of the analyte could differ from
that of the standard. In theory, impurities in the sample solu-
tion may produce either complex polyatomic interferences at
masses 63 and 65 and/or induce artifacts by shifting the in-
strumental mass bias for the sample relative to the standard
solutions. Polyatomic interferences are of major concern for
copper isotopes because copper has only two isotopes, which
precludes the verification that isotopic ratios are related only
to mass-dependent fractionation. The potential isobaric inter-
ferences in ICP-MS include 31P16O2

+, 40Ar23Na+, 23Na40Ca+

for 63Cu and 32S16O2H+, 40Ar25Mg, 40Ca16OH for 65Cu (May
and Wiedmeyer, 1998). However, in all samples analyzed in
this study Na, P, and Mg are likely present only in trace
amounts relative to Cu. The possible effects of Fe and S on
the 65Cu/63Cu ratio were examined by adding S and Fe to
NIST 976 solution at a two-fold FeS/Cu molar ratio (Fig. 5).
The replicate measurements confirm that, within error, no
matrix effects caused by high Fe and S biased the isotopic
analysis of copper isotopes in copper sulfides such as
isocubanite, chalcopyrite, or bornite. To confirm further that
sample solutions and standards were effectively identical in
terms of matrix effects, we purified selected samples through
an anion exchange resin (Biorad AG-1X8). Aliquots of 2 ml of
sample were loaded on a column (2 ml of resin) in 8N HCl
and the matrix was eluted with 4 ml of 8N HCl. Cu was then
eluted with 35 ml of 8N HCl. Fe is barely retained on
columns under these conditions. The eluted solution was
then evaporated to dryness and the residue was dissolved in
0.05N HNO3. The results obtained for samples having both
large isotopic composition variations and matrix differences
are presented in Table 1. The results for unprocessed samples
and samples passed through the chromatographic columns
are identical within an uncertainty of 0.2 per mil.

Results
Results of sulfur and copper isotope analyses, together with

selenium concentrations, Co/Fe and Cu/Fe ratios, and a brief
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FIG. 5.  δ65Cu values of isotopic standard SRM 976 (pure copper, metal
form dissolved in HNO3 1%) over different analytical sessions (1-yr period).
The precision of the measurement is estimated to be 0.10 per mil at 2σ level
and the results are not affected by adding Fe and S at 2-fold concentration
relative to copper. 
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description of the samples are given in Tables 2, 3 and 4 for
the Lucky Strike, Logatchev, and Rainbow fields, respec-
tively. Duplicate sampling of copper minerals was undertaken
for several samples in order to test the degree of copper iso-
tope heterogeneity within a single specimen. The difference
in δ65Cu for duplicate samples is significant in some cases
(around 0.5‰), suggesting heterogeneity of copper isotopes
in some samples. However, this variability is clearly of second
order compared to the overall variability observed between
mineral types within and between vents. We recorded an
overall range of 5 per mil in δ65Cu among the different sam-
ples (Fig. 6), which greatly extends the range of 1.7 per mil
obtained in previous studies of chalcopyrite from black
smoker deposits from East Pacific Rise, Galapagos Rift, and
Mid-Atlantic Ridge (Zhu et al., 2000). This difference may be
due to the fact that our study considers a range of different
sample types, including secondary Cu-rich minerals, such as
atacamite, and a larger number of analyses within a single hy-
drothermal field. Relative to active high-temperature hy-
drothermal vents, the old inactive sulfide deposits (chalcopy-
rite from massive sulfides) have lower and in most cases
negative δ65Cu values (Fig. 6). Both negative values and pos-
itive values are thus recorded for black smokers. Excluding
duplicates, the average δ65Cu values for Lucky Strike, Rain-
bow, and Logatchev (including massive sulfides and chimneys

and excluding secondary minerals) have been found to be be-
tween 0.11 and 0.15 per mil for each site. The weighted rep-
resentative averages of each field are thus close to or slightly
higher than values for source rocks (–0.2‰ for basalts, Table
2; and 0.14‰ for peridotite, Table 4). The δ65Cu values ob-
tained for mantle-derived rocks are consistent with previous
studies of copper isotope systematics of basalts and mete-
orites (Luck et al. 2003), suggesting that the Earth reservoir
is close to 0 per mil. 

Primary high-temperature hydrothermal copper sulfides

Lucky Strike: The total range of δ34S values for chalcopyrite
in the samples from Lucky Strike is 1.5 to 4.6 per mil with a
mean of 3.1 per mil, and the spread of values overlap most of
the data for known active chimneys at sediment-starved
ridges (Fig. 7). Despite the variability of ~1 per mil in δ34S
within vents (Table 2), different hydrothermal chimneys tend
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TABLE 1.  δ65Cu Values of Selected Samples Purified through 
Anion Exchange Resin Biorad AG-1X8

δ65Cu2

Sample no. Type δ65Cu1 AG1X8 ∆65Cu3

ALV-2608-2-1 cpy 0.80 0.67 0.13
DV-05-02 cpy –0.21 –0.244 0.03
DV-05-07 cpy –0.15 –0.254 0.10
DV-19-12 a atc 1.23 1.154 0.08
DV-19-12 b atc 0.95 1.064 –0.11
FL-04-01 cpy 0.34 0.16 0.18
FL-06-08 cpy 2.46 2.56 –0.10
FL-07-08 iss –0.08 –0.11 0.03
FL-10-07 bn/cv 3.31 3.42 –0.11
FL-18-11 cpy –0.11 0.084 –0.19
FL-21-03 atc 1.05 1.22 –0.17
FL-21-03 bn/cv 0.08 –0.05 0.13
FL-21-03 atc 1.12 1.27 –0.15
FL-29-02 cpy 0.2 0.294 –0.09
FL-29-07a cpy 0.04 –0.154 0.19
FL-DR atc 0.51 0.594 –0.08
IR-DR-01-G cpy –1.52 –1.30 –0.22
MS-19-09a cpy –0.5 –0.344 –0.16
MS-21-03 cpy 0.23 0.054 0.18
MS-21-06 atc 1.59 1.504 0.09
MS-21-07 cpy –0.60 –0.39 –0.21
MS-21-08 2/2A atc 4.70 4.65 0.05
MS-21-08 2/2A cpy 1.79 1.66 0.13
MS-21-08 2/2B cpy 3.14 2.914 0.23
MS-21-08 2/2E cpy 2.39 2.254 0.14

Abbreviations: atc = atacamite, bn/cv = bornite/covellite assemblages,
cpy = chalcopyrite, iss = isocubanite

1 δ65Cu values of unpurifed samples
2 δ65Cu values of purifed samples through anion exchange resin
3 Difference in δ65Cu values between unpurifed and purified samples
4 Analyses performed on an Nu instrument MC-ICP-MS (Cambridge

University, UK)
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Marine sediments
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FIG. 6.  Diagram showing the distribution of δ65Cu in hydrothermal de-
posits at the Lucky Strike, Rainbow, and Logatchev fields (this study) com-
pared to previous studies of hydrothermal chalcopyrite from the East Pacific
Rise (EPR 21°N and 11°N), Galapagos rift, and Broken Spur on the Mid-At-
lantic Ridge (Zhu et al., 2000) and continental ore deposits (e.g., porphyry
copper deposits: Shields et al., 1965; Maréchal et al., 1999; Zhu et al., 2000).
Dashed zone represents the bulk Earth isotopic composition estimated from
the composition of igneous rocks (Maréchal, 1998) and marine sediments
(Maréchal et al., 1999).

Open diamonds for sea floor and continental ore deposits correspond to
various types of secondary copper minerals such as Cu oxides, Cu chlorides,
Cu carbonates, native Cu, bornite, and chalcocite. Black triangles correspond
to chalcopyrite and isocubanite from active sea-floor hydrothermal chimneys,
whereas open triangles correspond to chalcopyrite from inactive sea-floor hy-
drothermal deposits (massive sulfides, stockworks). 



to have different sulfur isotope signatures; for example, the
Eiffel Tower vent has δ34S values significantly higher than the
Elisabeth vent. Similarly, the δ65Cu values of chalcopyrite
from black smokers and other massive sulfides samples vary

significantly, from –0.5 to +0.8 per mil, whereas the variation
within individual chimneys is less than 0.4 per mil. Active
vents show a tendency to be enriched in the heavier copper
isotope and this correlates with higher δ34S values (Fig. 8).
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TABLE 2.  Results of Chemical and Isotopic Analyses of Cu Minerals from the Lucky Strike Hydrothermal Field

Se δ34S δ65Cu Dup1 Co/Fe Cu/Fe Sample description
Sample no. Type Mineral (ppm) (‰) (‰) (‰) ×104 (g/g) (g/g)

Massive sulfides: Average 3.4 –0.31 Average isotopic values (chalcopyrite)
FL-DR Inactive cpy 182 n.d. –0.10 n.d. 1.1 Massive sulfide composed mostly of pyrite and 
FL-DR Inactive atc n.d. n.d. 0.51 n.d. n.d. marcasite; chalcopyrite is minor and bornite 
FL-DR-03 Inactive cpy 435 3.4 –0.52 –0.19 2.92 1.0 and native sulfur are locally present. 
FL-DR-08-1A Inactive bn/cv 54 1.7 –0.13 0.58 10.8 Atacamite is found in cavities in contact with 

seawater. Some voids filled with barite 
blades

FL-DR-03-09 Inactive cpy 1160 3.3 –0.31 1.38 0.8 Massive sulfide principally composed of 
chalcopyrite; some small veins of covellite

Bairo Alto vent: Average 3.0 0.02 Average isotopic values (chalcopyrite)
DV-05-07 Inactive cpy 202 2.5 –0.15 –0.06 7.51 0.9 Massive sulfide with remnant structures of 

older black smoker chimney fragments
FL-24-01 Active cpy 805 2.5 0.02 0.05 1.35 1.0 Fine euhedral aggregates of chalcopyrite lining 

large tortuous conduit
FL-29-02 Active cpy 1340 3.9 0.20 3.44 0.8 Chimney with coarse-grained chalcopyrite 

lining conduit

Eiffel Tower vent: Average 4.6 0.65 Average isotopic values (chalcopyrite)
FL-20-04a Active cpy 161 4.5 0.49 0.53 <0.21 1.0 Chalcopyrite lining conduit of black smoker
DV-02-01 Active cpy 1195 4.6 0.80 0.44 1.0 Euhedral chalcopyrite filling conduit

Elisabeth vent: 1.7 –0.13 Average isotopic values (chalcopyrite)
DV-19-12 Inactive atc n.d. n.d. 1.23 n.d. 13.3 Atacamite aggregates with minor marcasite 
DV-19-12 Inactive atc n.d. n.d. 0.95 n.d. 1.5 inclusions in barite-rich hydrothermal crust
FL-24-03 Active cpy 1460 1.5 –0.29 –0.40 1.68 1.0 Thin chimney wall with chalcopyrite lining 

central conduit
FL-29-07A Active cpy 295 1.8 0.04 0.18 2.58 0.9 Porous chimney with a number of conduits 

filled with chalcopyrite

US4 vent:
ALV-2608-2-1 Active cpy 315 4.6 0.80 0.47 0.6 Euhedral to anhedral chalcopyrite filling 

central chimney conduit

Sintra vent: Average 2.6 –0.06 Average isotopic values (chalcopyrite)
DV-05-02-2/2 Inactive cpy 213 1.9 –0.21 –0.61 1.50 1.0 Massive sulfide with fossil conduit filled with 
DV-05-02-1/2 Inactive cpy 340 2.7 0.14 <0.06 1.0 chalcopyrite
FL-18-11 Inactive cpy 1640 3.1 –0.11 0.09 <0.24 1.0 Massive sulfide composed of coarse-grained 
FL-18-11 Inactive atc n.d. n.d. 0.97 13.4 chalcopyrite, locally altered

Toilet vent:
FL-21-03 Inactive bn/cv 11 n.d. 0.08 n.d. 6.5 Secondary Cu-sulfides and atacamite 
FL-21-03 Inactive atc n.d. n.d. 1.05 n.d. 42.3 aggregates in barite-rich hydrothermal crust
FL-21-03 Inactive atc n.d. n.d. 1.12 n.d. 30.0

Y3 vent: 3.9 0.17 Average isotopic values (chalcopyrite)
DV-01-05 Active cpy 890 3.9 0.21 0.14 0.85 1.0 Euhedral/massive chalcopyrite linning conduit
FL-18-07 Active cpy 24 n.d. 0.26 <0.23 1.0 Euhedral/massive chalcopyrite from chimney 

wall
FL-21-02 Active cpy 1130 3.9 0.04 18.25 0.7 Thin chimney wall with chalcopyrite lining 

central conduit

Average values at Lucky Strike 3.4 0.16 All chalcopyrite samples

Lava Lake (basalts):
DV-1-2 –0.162 Volcanic glass (Cu content: 78 ppm)
DV-19-6 –0.202 Volcanic glass (Cu content: 87 ppm)

Abbreviations: atc = atacamite, bn/cv = polycrystalline aggregate of bornite and covellite, cpy = chalcopyrite ; n.d. = not determined
1 Duplicate sample and δ65Cu analysis
2 Analyses performed on an Nu instrument MC-ICP-MS (Cambridge University, UK) after chemical purification of Cu through anion exchange resin



Chalcopyrite from massive sulfide samples and inactive de-
posits is consistently depleted in 65Cu relative to active vents.
This agrees with the general observation of Zhu et al. (2000)
for the East Pacific Rise hydrothermal fields, in which
inactive deposits are depleted in 65Cu relative to active high-
temperature hydrothermal vents. Selenium levels in chal-
copyrite vary greatly, from 213 to 1,640 ppm, but no correla-
tion is observed with the Co/Fe ratio, which is in contrast with
the coenrichment of Co and Se observed in other Cu-rich de-
posits (Fouquet et al., 1993).

Logatchev field: Chalopyrite is the major copper sulfide
phase studied at Logatchev. Isocubanite occurs locally and
contains abundant chalcopyrite exsolution lamellae. Electron
microprobe analyses reveal that this isocubanite is consis-
tently enriched in Co relative to the associated chalcopyrite

(Fig. 9). The Se content in the Logatchev copper sulfides is
high, typically between 1,000 and 1,500 ppm, which is consis-
tent with the observation of Auclair et al. (1987) that Se is en-
riched in high-temperature sulfide mineral assemblages of
black smoker deposits. Active and inactive high-temperature
chimneys have a restricted range of δ34S between 4.6 and 6.1
per mil, with an overall average of 5 per mil. These data,
when compared to other δ34S values of copper sulfides from
other hydrothermal fields (Table 4) are among the highest ob-
served so far (Fig. 7). In contrast to the homogeneous δ34S
values of the samples, δ65Cu values of the copper sulfides are
highly variable and range from +3.62 to –0.98 per mil. These
data overlap all the data obtained for chalcopyrite-isocuban-
ite in the other deposits but are less variable than for conti-
nental ore deposits (e.g., porphyry copper deposits; Fig. 6).
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TABLE 3.  Results of Chemical and Isotopic Analyses of Cu Minerals from the Logatchev Hydrothermal Field

Se δ34S δ65Cu Dup1 Co/Fe Cu/Fe Sample description
Sample no. Type Mineral (ppm) (‰) (‰) (‰) ×104 (g/g) (g/g)

Anna-Louise vent: Average 4.9 1.43 Average isotopic values (chalcopyrite)
MS-18-10a Active cpy 1180 5.0 0.12 n.d. 1.0 Massive chalcopyrite filling conduit
MS-18-10a atc Inactive atc n.d.2 n.d. 0.37 n.d. 1.5 Atacamite from external crust of altered 

chimney
MS-21-08-1/2 B Active cpy 1533 4.8 0.95 13.05 n.d. Chalcopyrite filling conduit, trace of alteration
MS-21-08-1/2 A Active cpy 1621 4.6 0.91 13.67 1.0 Euhedral chalcopyrite filling conduit
MS-21-08-1/2 B Inactive bn/cv 1240 4.9 2.60 5.02 n.d. External crust of altered chimney
MS-21-08-2/2 A Inactive atc n.d. n.d. 4.70 n.d. 30.2 External crust of altered chimney
MS-21-08-2/2 A Inactive bn/cv 833 4.7 2.70 2.69 2.11 16.9 External crust of altered chimney
MS-21-08-2/2 A Active cpy 1601 5.0 2.04 1.79 13.22 1.0 External crust of altered chimney
MS-21-08-2/2 B Active cpy 1392 4.9 3.14 3.62 14.32 1.0 Euhedral to anhedral chalcopyrite within 

chimney wall
MS-21-08-2/2 C Active cpy 1252 4.7 2.63 2.58 11.24 1.0 Euhedral to anhedral chalcopyrite within 

chimney wall
MS-21-08-2/2 D Active cpy 1200 4.6 2.06 2.20 10.76 1.0 Euhedral to anhedral chalcopyrite within 

chimney wall
MS-21-08-2/2 E Active cpy 1402 5.1 2.43 2.39 11.67 1.0 Euhedral to anhedral chalcopyrite within 

chimney wall
Irina vent: Average 5.1 0.66 Average isotopic values (chalcopyrite)

MS-18-09 Active cpy 1567 5.3 0.25 6.79 1.0 Euhedral to anhedral chalcopyrite filling 
conduit

MS-18-05 Active cpy 1008 5.0 1.07 13.26 1.0 Euhedral to anhedral chalcopyrite filling 
conduit

MS-18-05 Inactive bn/cv 473 n.d. 2.21 9.29 5.6 External crust of altered chimney

Near Irina vent:
MS-21-06 Inactive atc n.d. n.d. 1.59 0.96 n.d. 11.4 Atacamite aggregate in altered crust 
MS-21-06 Inactive bn/cv 121 4.5 –0.71 –0.15 14.86 18.6 Cu-rich deposits composed principally of 

covellite

Irina II vent:
MS-21-03 Active cpy n.d. 5.6 0.23 8.14 1.0 Massive chalcopyrite filling conduit

Near Irina II vent:
MS-21-07 Inactive cpy 932 6.1 –0.98 –0.60 43.27 1.0 Massive chalcopyrite in massive sulfide with 

conduit-like structures

Massive sulfides: Average 5.1 –0.63 Average isotopic values (chalcopyrite)
MS-19-09a Inactive cpy n.d. 4.6 –0.50 6.72 1.0 Massive chalcopyrite in massive sulfide with 

conduit-like structures
MS-19-09b Inactive cpy n.d. 5.6 –0.77 26.24 1.0 Massive chalcopyrite in massive sulfide with 

conduit-like structures

Average values at Logatchev 5.35 0.14 All chalcopyrite samples

Abbreviations: atc = atacamite, bn/cv = polycrystalline aggregate of bornite and covellite, cpy = chalcopyrite ; n.d. = not determined
1 Duplicate sample and δ65Cu analysis



As in the Lucky Strike field, the active vents yield the highest
values, whereas relict massive sulfides are depleted in 65Cu
with negative δ65Cu values. Variations of Se content and
sulfur and copper isotopes in a typical chimney wall are
presented in Figure 10 and show that large variations of
δ65Cu values (up to 1.83‰) can be recorded within a single
cross section of a chimney wall. 

Rainbow Field: Isocubanite is one of the most abundant
phases in the Rainbow field black smokers. As in the Lo-
gatchev field, isocubanite is enriched in Co relative to chalo-
copyrite and is responsible for the high Co contents observed
in bulk analyses of Rainbow specimens (Fouquet et al., 1997).
The Co/Fe versus Cu/Fe relationship in the sulfide assem-
blages supports this general observation (Fig. 9). 

The copper sulfide chimneys at Rainbow have δ34S values
that range from 2.2 to 4.4 per mil, with an overall average of
3.6 per mil. The sulfur isotope compositions vary according to
the mineralogical facies and the degree of hydrothermal re-
working of the chimney. Inactive chimneys with fine-grained
sulfides in the central conduit have the highest δ34S values. In
contrast, the lowest δ34S value measured for active chimneys
is 2.2 per mil for chalcopyrite-isocubanite lining the interior

of the chimney and may be considered as a close approxima-
tion of the δ34S value representative of the end-member hy-
drothermal fluid. This interpretation is supported by the se-
lenium concentrations, which reach a maximum value of
about 1,500 ppm in the interior of the chimney. Copper iso-
topes at Rainbow show the same variations as at Logatchev
and Lucky Strike with δ65Cu values in active high-tempera-
ture vents being consistently enriched in 65Cu (up to 2.20‰)
and inactive vents having low δ64Cu values (as low as
–0.58‰). 

Secondary copper sulfides and copper chlorides 

Secondary copper sulfides such as bornite, digenite, and
covellite are typical of the alteration assemblages found in the
outer walls of black smoker chimneys (Haymon, 1983) and
are mineralogically similar to some supergene gossans overly-
ing ancient massive sulfide deposits on land (Hannington et
al., 1988). Bornite, digenite, and covellite assemblages and
copper chlorides (atacamite, paratacamite) that have been
separated from chalcopyrite show significant enrichment in
65Cu relative to high-temperature primary chalopyrite (Fig.
11). Shields et al. (1965) found a similar 65Cu enrichment of
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TABLE 4.  Results of Chemical and Isotopic Analyses of Cu Minerals from the Rainbow Hydrothermal Field

Se δ34S δ65Cu Dup1 Co/Fe Cu/Fe Sample description
Sample no. Type Mineral (ppm) (‰) (‰) (‰) ×104 (g/g) (g/g)

FL-03-01A Active iss n.d. 3.2 0.05 257.4 0.3 Euhedral chalcopyrite filling conduit, 
trace of alteration

FL-03-01 Active iss 14.0 4.3 0.10 232.6 0.3 Fine-grained chalcopyrite filling conduit
FL-04-01 Active cpy/iss n.d. 3.3 –0.34 208.6 0.7 Euhedral chalcopyrite filling conduit
FL-06-08 Active cpy 1253 2.2 2.30 2.46 16.7 1.0 Euhedral chalcopyrite
FL-07-08 Active iss 22 3.1 –0.16 –0.08 182.9 0.4 Euhedral to fine-grained chalcopyrite
FL-10-07 Inactive bn/cv 460 n.d. 3.31 Euhedral to fine-grained secondary Cu 

sulfides
FL-10-07 Active cpy/iss 1315 2.2 0.38 0.55 20.9 1.0 Euhedral chalcopyrite filling conduit, 

trace of alteration
FL-10-18 Active iss 34 2.2 –0.09 293.0 0.4 Euhedral chalcopyrite filling conduit
FL-10-19 Active iss 435 3.5 0.02 –0.09 214.6 0.6 Euhedral chalcopyrite filling conduit
FL-10-19 Active iss 65 4.4 –0.10 –0.11 226.8 0.6 Fine-grained chalcopyrite filling conduit
IR-89-01 vent n.d. 0.85 Average isotopic values (chalcopyrite and 

isocubanite)
IR-89-01 (A) Active cpy/iss n.d. n.d. 0.62 0.66 109.5 0.7 Primary Cu sulfides sampled along active 
IR-89-01 (C) Active iss n.d. n.d. 0.25 129.1 0.4 black smoker chimney conduit (1 meter 
IR-89-01 (E) Active cpy n.d. n.d. 0.20 17.7 1.0 long), from bottom (A) to top (H)
IR-89-01 (F) Active cpy n.d. n.d. 0.72 11.7 1.0
IR-89-01 (G) Active cpy n.d. n.d. 1.28 11.8 1.0
IR-89-01 (H) Active cpy n.d. n.d. 1.41 32.2 1.0
IR-89-01 (X) Active cpy n.d. n.d. 1.50 13.8 1.0 Broken pieces from active chimney

Massive sulfides
IR-DR-01-G Inactive iss n.d. n.d. –0.37 182.2 0.5 Cpy and iss from highly altered massive sulfide
IR-DR-01-G Inactive iss/bn n.d. n.d. –1.52 145.3 1.4
IR-DR-02-J-01 Inactive iss/po n.d. n.d. 0.28 404.6 0.2 Massive sulfide composed principally of 

isocubanite and pyrrhotite

Average values at Rainbow 3.16 0.11 All chalcopyrite and isocubanite samples

Ultrabasic substratum
FL-08-05 0.142 Altered ultramafic rock (serpentinite), 

Cu content: 690 ppm

Abbreviations: atc = atacamite, bn/cv = polycrystalline aggregate of bornite and covellite, cpy = chalcopyrite, iss = isocubanite; n.d. = not determined
1 Duplicate sample and δ65Cu analysis
2 Analyses performed on a Nu instrument MC-ICP-MS (Cambridge University, UK) after chemical purification of Cu through anion exchange resin



up to 9 per mil in secondary copper phases from different
types of continental ore deposits, including copper carbon-
ates (e.g., azurite, aurichalcite), copper sulfates (e.g.,
brochantite), and copper oxides (e.g., cuprite), suggesting
that copper enriched in the oxidized zone of ore deposits is
highly fractionated relative to the primary copper sulfides. 

Discussion
Previous studies of copper isotope composition of chal-

copyrite from hydrothermal fields (Zhu et al., 2000) showed a
large variation in δ65Cu values. High-temperature active vents
from East Pacific Rise 21°N have δ65Cu values from 0.34 to
1.15 per mil, whereas copper sulfides in inactive vents from
the Galapagos Rift at 86°W have δ65Cu values within a small
range of –0.44 and –0.24 per mil (Zhu et al., 2000). Data pre-
sented here for Mid-Atlantic Ridge deposits confirm the en-
richment of 65Cu in higher temperature assemblages and ex-
tend the range of positive δ65Cu values to as high as 5 per mil.
Both negative and positive values are recorded for hydrother-
mal deposits, and, relative to active high temperature hy-
drothermal vents, the old inactive sulfide deposits (chalcopy-
rite from massive sulfides) have lower and in most cases
negative δ65Cu values (Fig. 6). 

Although the single δ65Cu value obtained for serpentinite is
close to the basaltic value (Table 4), we do not rule out that
extensive alteration of the ultramafic rocks prior to the initia-
tion of the high-temperature hydrothermal venting may frac-
tionate copper isotopes. The ultramafic rocks at Rainbow and
Logatchev have a major impact on the chemistry of these
fields when compared to Lucky Strike. However, the
weighted average of copper isotope ratios at Rainbow and Lo-
gactchev is close to the δ65Cu value of the serpentinite, and
the copper isotopes of the source rock are probably not frac-
tionated relative to the upper mantle. Furthermore, the
δ65Cu range observed within each field (up to 4‰) cannot be
explained simply by different δ65Cu values in the source
rocks. At Lucky Strike, boiling of the end-member hy-
drothermal fluid has a major impact on the chemistry of the
fluids (Charlou et al., 2000) and may possibly account for cop-
per isotope fractionation in the end member. However, the
variability of δ65Cu values of chalcopyrite among the different
samples from Lucky Strike is less than for other fields (Fig. 6)
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FIG. 7.  Representative sulfur isotope variations in sulfides from different
sea-floor hydrothermal deposits in unsedimented midocean ridges. Refer-
ence data for Lucky Strike, Rainbow and Logatchev (this study), Snake Pit
(Kase et al., 1990), Broken Spur (Duckworth et al., 1995), EPR 21°N (Arnold
and Sheppard, 1981; Styrt et al., 1981; Woodruff and Shanks, 1988), EPR 11-
13°N (Bluth and Ohmoto, 1988), Juan de Fuca (Shanks and Seyfried, 1987).

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.0 2.0 3.0 4.0 5.0

δ6
5 C

u

δ34S

US4
Eiffel Tower

Y3
Bairo Alto

Sintra

Elisabeth

FIG. 8.  δ65Cu vs. δ34S plot for chalcopyrite from active vents in the Lucky
Strike field. Bars, where indicated, show the spread of δ65Cu values of sam-
ples from the same vent area. 
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FIG. 9.  Cu/Fe vs. Co/Fe in primary copper sulfides in samples from Lo-
gatchev and Rainbow (open diamond and filled diamond, respectively) ob-
tained for handpicked minerals. Crosses correspond to the analyses of cop-
per sulfide at Logatchev obtained by electron microprobe. Chalcopyrite
(CuFeS2) is the major phase at Logatchev, whereas isocubanite (CuFe2S3)
occurs at Rainbow, together with an unidentified phase having a composi-
tion approaching CuFe3S4, probably an intermediate solid solution (iss).
This phase is known to occur in sea-floor hydrothermal sulfides as de-
scribed by Wintenberger et al. (1994). Co is consistently enriched in Fe-
rich Cu sulfides.



and the average of copper isotope value at Lucky Strike is
close to the basaltic value. Although high-salinity fluids at
Rainbow indicate venting of a brine phase (750 mM Cl) pro-
duced during phase separation and low-salinity fluids are
venting at Lucky Strike, there is no significant difference in
the copper isotope compositions of the associated sulfides.
This suggests that boiling processes or source rocks are un-
likely to have had an important effect on copper isotope sys-
tematics in these deposits, and much of the variability of
δ65Cu values is the result of mass fractionation processes oc-
curring at or near the sea floor.

In high-temperature hydrothermal systems, copper iso-
topes can be fractionated by a variety of processes: (1) during
leaching of copper from the substrate, (2) during precipita-
tion, (3) by hydrothermal reworking of copper sulfides below
sea floor by hydrothermal vents, and (4) by late-stage
processes occurring at low temperature. The latter include
the alteration of primary hydrothermal copper sulfides by
seawater and possibly by bacterial leaching of sulfides. All of
these processes may contribute to the variability of copper

isotopes observed within vents and also between active chim-
neys and older massive sulfides. By comparing copper iso-
topes to other tracers such as sulfur isotopes and Se and Co
contents of sulfides, we can evaluate the importance of each
process for copper isotope fractionation as discussed below. 

Sulfur and copper isotope relationships

Three important factors operating at different scales con-
tribute to the δ34S variations of the sulfides: (1) the seawa-
ter/rock ratio in the reaction zone, producing δ34S variability
between hydrothermal fields in different geologic settings; (2)
subsurface mixing and sulfate reduction as the fluid-flow
pathways open and close, producing δ34S variability between
vents; and (3) in situ reduction of sulfate from entrained sea-
water, producing δ34S variability within a single vent. Because
copper is highly depleted in seawater relative to hydrothermal
fluids (Cu concentration of 7 × 10–9 and 10–40 ×10–6 mol/kg,
respectively; Elderfield et al., 1993), mixing models which
have been used to explain S isotope variation in hydrothermal
sulfides are unlikely to apply to copper isotope variations. A
direct comparison between copper and S isotopes shows that,
as expected, these two isotopic systems are not correlated in
sea-floor hydrothermal systems (Fig. 12). The largest δ65Cu
variation is observed at Logatchev, but these samples have es-
sentially uniform δ34S values in chalcopyrite. However, δ34S
values are systematically higher at Logatchev than in other
fields, and δ65Cu values are also the highest observed for ac-
tive vents. 

At Lucky Strike, the tendency toward enrichment in the
heavy copper isotope with increasing δ34S (Fig. 8) may be ex-
plained by the unusual setting of the vents. Cooper et al.
(2000) and Fouquet et al. (unpub. data) suggest that, in addi-
tion to high-temperature fluids originating at depth, there is
also widespread diffuse venting caused by shallow circulation
of convectively heated seawater beneath the extensive silici-
fied volcanic deposits. Lower δ34S values in the chimneys are
thought to represent sulfur derived from the high-tempera-
ture end-member fluids, whereas higher δ34S values reflect
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local seawater sulfate reduction in the shallow part of the sys-
tem. Sulfate reduction may be caused by Fe2+ in the high-
temperature hydrothermal fluids or in sulfides precipitated in
the subsea floor. Copper isotope fractionation in this case may
be due to efficient subsea-floor precipitation of copper sul-
fide during mixing and kinetic isotope effects that favor in-
corporation of the light isotope in the precipitating sulfides,
enriching the vent fluids in 65Cu. Alternatively, Cu and S may
be leached from preexisting copper sulfides with high δ65Cu
and high δ34S. The relative importance of these processes is
evaluated below.

Subsea-floor sulfide precipitation 

Chalcopyrite solubility is strongly temperature dependent
(Seyfried and Ding, 1995), and the Cu concentration in high-
temperature vent fluids decreases sharply with temperatures
from 360° to 250°C (Metz and Trefry, 2000). High-tempera-
ture copper sulfides such as chalcopyrite precipitate during
conductive cooling of the hydrothermal fluid or during mix-
ing with seawater. As copper is removed during the ascent of
the fluid, the δ65Cu of the remaining copper dissolved in the
fluid might be expected to change significantly because of the
isotope fractionation between dissolved copper species and
copper sulfides. In addition, experimental investigation of
ion-exchange fractionation of copper isotopes (Maréchal and
Albarède, 2002) suggests that a shift of up to 0.68 per mil
might result from an equilibrium fractionation between cop-
per chloro or polynuclear complexes (e.g., CuHS° and
Cu(HS)2–), which may also be present (Crerar and Barnes,
1976; Mountain and Seward, 1999). The degree of Cu deple-
tion in the fluid can be inferred from the Se content of sul-
fides, as Se is effectively scavenged by high-temperature sul-
fides. In sea-floor hydrothermal systems, the substitution of
Se for S in sulfides may be favored by strongly reducing hy-
drothermal fluids at high temperatures and low pH (Auclair
et al., 1987; Hannington et al., 1991) and Se is precipitated
preferentially over sulfur (Huston et al., 1995). Copper sul-
fide precipitation at depth or at the subsea floor should pro-
duce a decrease in the Se/Cu ratio in the hydrothermal fluids.
This may account for the large range of Se contents observed
in chalcopyrite from the Lucky Strike and Rainbow fields,
where some chalcopyrite is notably depleted in Se (ranging
from 24–1,640 ppm). In contrast, the uniformly high Se con-
centration in chalcopyrite at Logatchev suggests that the hy-
drothermal fluid has undergone relatively little depletion
prior to venting. The lack of correlation between δ65Cu of
chalcopyrite and Se content at Logatchev (Fig. 12) is also a
strong argument that subsurface copper sulfide precipitation
has a limited effect on the δ65Cu signature in this field. 

Copper isotope fractionation during maturation 
of hydrothermal deposits 

High-temperature sulfides, formed at an early stage of the
hydrothermal process, are known to undergo extensive chem-
ical and textural modifications during chimney growth, accu-
mulation of the massive sulfide deposits, and subsequent
weathering (Goldfarb et al., 1983; Haymon, 1983; Knott et
al., 1995). 

Chimney growth: Dissolution and reprecipitation of copper
sulfide occurs along the black smoker conduit, producing the
commonly observed smooth surfaces of chalcopyrite lining
the central conduit, as well as concentric bands within the
chimney wall. This process is clearly seen in the conduits of
black smokers at Logatchev (Figs. 3–4, 9). As suggested by
Murphy and Meyer (1998), the width of the bands implies
that changes of fluid velocity or temperature were relatively
rapid and that dissolution and replacement took place over a
limited area (millimiters to centimeters) within a single con-
duit. These effects may be explained by changes in fluid ve-
locity or temperature caused by the local input of seawater at
the base of the chimneys through the porous substrate or
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(plot b). The largest δ65Cu variation is observed at Logatchev but without a
significant change in chalcopyrite δ34S values or Se concentration. However,
for the Logatchev field, δ34S values are systematically higher than in other
fields and δ65Cu values are also the highest observed for active vents. 



through ephemeral cracks in the chimney walls. Variations in
δ34S confirm the periodic incursion of seawater through the
chimney wall (Fig. 10), and this is also reflected in δ65Cu val-
ues of chalcopyrite (Fig. 10, Table 4), which may vary by up
to 1.3 per mil. The variation in δ65Cu within a single chimney
may therefore reflect a combination of changing δ65Cu
through time and in situ fractionation caused by dissolution-
reprecipitation of chalcopyrite.

Reworking process: A complex reworking process has been
suggested to explain high Cu and Co values in hydrothermal
fluids (e.g., Metz and Trefry, 2000). This process may be of
major importance at the Logatchev hydrothermal field and
could account for the exceptional enrichment of copper and
gold (Murphy and Meyer, 1998). The difference in Co con-
centrations in primary copper sulfides at Lucky Strike, Lo-
gatchev, and Rainbow is, however, best explained either by
source-rock composition, with hydrothermal fields located on
ultramafic substrates enriched in Co (Douville et al., 2002),
or by mineralogy, with isocubanite at Logatchev and Rainbow
enriched in Co relative to chalcopyrite (Fig. 10). Enrichment
of Co due to remobilization is therefore considered to be lim-
ited and unrelated to copper isotope fractionation.

Evidence from older, recrystallized massive sulfides seems
to indicate that dissolution and reprecipitation can cause a
significant decrease in δ65Cu in the residual sulfides. Mineral
replacement processes are common within the massive sul-
fides. If heavy Cu is released during the reworking and/or al-
teration of chalcopyrite (see below), the residual sulfides
should have their δ65Cu values shifted toward negative values
as the replacement reactions proceed. 

Alteration of primary copper sulfides: Oxidation of chal-
copyrite by seawater produces a supergene secondary as-
semblage of Cu-rich sulfides, Cu chlorine phases (ata-
camite), and rare native Cu (Hannington et al., 1988).
Digenite is the principal secondary copper sulfide, replacing
chalcopyrite along fractures within grains and subsequently
around the margins of chalcopyrite. Copper is released from
primary chalcopyrite and redeposited within secondary sul-
fides by chemical migration to the margins of altered primary
sulfide grains. Digenite, covellite, and bornite may also occur
as exsolution lamellae in high-temperature Cu-rich phases
(Goldfarb et al., 1983). Most of the secondary copper miner-
als in Cu-rich samples recovered from the Logatchev field
suggest formation by a combination of these processes (Fig.
3e). In this study, only polycrystalline aggregates of bornite
and covellite situated in the external rim of copper sulfide
deposits (i.e., resulting from sea-floor oxidation) have been
analyzed. The comparison of δ65Cu values of coexisting min-
erals, shows that secondary copper released during the alter-
ation of chalcopyrite is enriched in 65Cu by up to 3 per mil
relative to primary copper in chalcopyrite (Fig. 11). During
supergene alteration, significant isotopic fractionation can
occur at low temperature, possibly due to copper isotope
partitioning (equilibrium or kinetic) between different cop-
per compounds. However, no experimental data are available
for copper isotope fractionation between sulfides or between
Cu-Cl minerals (such as atacamite) and Cu-S minerals.
Therefore, the importance of this process remains uncertain.
As suggested already by Shields et al. (1965), the fractiona-
tion of the copper isotopes appears to be strongly related to

secondary processes wherein copper is transported, eventu-
ally oxidized and reprecipitated. 

Microbes such as Thiobacillus ferrooxidans are well known
to catalyze, directly or indirectly, sulfide mineral oxidation
(Nordstrom and Southam, 1997), and they are widespread
and abundant in sea-floor hydrothermal systems (Jannasch,
1995). The possible biological mediation of copper isotope
fractionation during sulfide alteration is an important area for
further studies. 

A model of copper isotope systematics in 
sea-floor hydrothermal systems

Massive sulfide accumulations on the sea floor are products
of primary concentration and replacement recrystallization by
reaction with later hydrothermal fluid. Massive sulfides may
also be affected by alteration of sulfides in contact with sea-
water. All these processes are known to produce chemical
zoning of the deposits and may affect their copper isotope sig-
natures. Mineralogical zonation within a deposit is known to
result from hydrothermal reworking, in which low-tempera-
ture phases, such as sphalerite, are dissolved by later, higher
temperature fluids and redistributed toward the outer mar-
gins of the deposits (Hannington et al., 1995). Secondary cop-
per sulfide and atacamite are lower temperature phases
formed as a result of sea-floor oxidation of chalopyrite or by
hydrothermal fluid-seawater mixing. Secondary copper
phases such as bornite and atacamite may also be affected by
hydrothermal reworking and can be remobilized by high-
temperature fluids. Krasnov et al. (1995) attributed the ex-
treme copper enrichment of Logatchev to the maturity of the
field, in which early-formed sulfides were extensively re-
worked by later fluids. The strong enrichment in 65Cu in most
active chimneys at this field may reflect the dissolution of sec-
ondary Cu-rich sulfides by the later hydrothermal fluids. 

Based on these observations, a model for producing large
δ65Cu variations in sea-floor hydrothermal deposits is sug-
gested in Figure 13. During stage 1, hydrothermal activity is
restricted to a focused discharge zone leading to the forma-
tion of typical black smoker chimneys with relatively little in-
teraction with seawater. Hydrothermal deposits formed dur-
ing this stage are Cu and Se rich, with minor deviation of their
S and Cu isotope composition relative to end-member hy-
drothermal fluid values of around 1.5 and 0 per mil, respec-
tively. The Rainbow hydrothermal field is considered to be
mainly at stage 1, although locally high δ65Cu values are
recorded, implying a longer history of hydrothermal activity
in some areas. Stage 2 is characterized by subsea-floor pre-
cipitation of sulfides forming stockwork zones and the contin-
ued formation of sulfides leading to the formation of a hy-
drothermal mound (Hannington et al., 1995). Cu-rich
stockwork mineralization may form during seawater-hy-
drothermal fluid mixing or during conductive cooling or boil-
ing of the hydrothermal fluid. Subsea-floor sulfide precipita-
tion is not expected to greatly fractionate copper isotopes, and
the δ65Cu values of sulfides are therefore not affected. Dur-
ing this stage, Se contents of the fluid decrease and δ34S val-
ues may increase due to reduction of seawater sulfate en-
trained in the stockwork zone. Hydrothermal chimneys
formed during stage 2 are common at the Lucky Strike hy-
drothermal field. During stage 3, low-temperature circulation
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of seawater leads to the formation of low-temperature sec-
ondary phases, including secondary copper sulfides (digenite-
covellite). Atacamite or iron oxyhydroxides may result from
direct oxidation of the sulfides by seawater. At this stage, sec-
ondary copper phases, and in particular atacamite, are en-
riched in the heavy copper isotope relative to primary copper
sulfides with δ65Cu of up to 3 per mil. Stage 4 involves reac-
tivation of the hydrothermal system which may dissolve the
low-temperature phases. Stage 4 probably characterizes the
type of hydrothermal activity at the Logatchev field. Copper
sulfides precipitated in the new generation of black smokers
will have a high Se content, higher δ65Cu values, and variable
δ34S, reflecting mixing between S and Cu derived from the
fluid and leached from the preexisting massive sulfides and
secondary copper sulfides. 

Conclusions
This study provides further insights into natural variations

of copper isotopes in hydrothermal systems by enlarging the
range of copper deposits examined to date and by coupling
δ65Cu values with trace elements (Co, Se) and S isotopes. The
comparison between δ65Cu and Se contents shows that sub-
sea-floor precipitation of Cu-rich sulfides has only a small ef-
fect on the δ65Cu values of the hydrothermal fluids. We pro-
pose that the major cause of copper isotope fractionation in a
hydrothermal system (up to 3‰) is the alteration of copper
sulfides. Overall, the variations of δ65Cu values in high-tem-
perature vents can thus be explained by processes occurring
at or near the sea floor, and remobilization of previously

altered sulfides and mixing with the high-temperature fluid
explain the enrichment in heavy isotopes observed at some
vents. Massive sulfides characterized by negative δ65Cu val-
ues have undergone extensive recrystallization. In these de-
posits, altered sulfides with high δ65Cu values have been
leached and redeposited in the external zones or incorporated
in hydrothermal fluids. Copper isotopes therefore may be a
promising tool for the study of recycling of oxidized ore de-
posits and the assessment of remobilization of trace elements.
The copper isotope systematics of hydrothermal systems may
be tested further by comparison between δ65Cu values and
gold content, as high gold grades are commonly associated
with secondary Cu-rich sulfides (Hannington et al., 1988).
However, studies of copper isotope fractionation under con-
trolled laboratory conditions are now urgently required to un-
ravel the intrinsic processes of copper isotope fractionation. 
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