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Abstract This paper presents the first combined Cu and Zn isotopic study of altered oceanic crust at
Integrated Ocean Drilling Program (IODP) Hole 1256D that penetrates a volcanic section, a lava-dyke
transition zone, a sheeted dyke complex, and a plutonic complex. In the volcanic section, all but one rocks
have Cu and Zn isotopic compositions similar to fresh mid-ocean ridge basalt (MORB), reflecting restricted
seawater circulation and low oxygen fugacity. Rocks in the transition zone have MORB-like §5°Cu and 8°¢Zn,
indicating the dominant influence of basalt-derived Cu and Zn during alteration. Rocks in the dyke complex
have more variable §%*Cu (—0.50-0.90%o) and 8°Zn (0.19-0.55%o) and those in the plutonic complex have
8%°Cu of —0.43 to 0.20%o and 3°°Zn of 0.21 to 0.41%o. The rocks with heavier §°°Zn and heavier or lighter
85°Cu relative to MORB are characterized by Cu-Zn depletions, low Li/Yb (<1.0) and low §'80 (<5%o),
suggesting that hydrothermal extraction during high temperature alteration of oceanic crust can result in
significant Cu and Zn isotope fractionation. Such large Cu and Zn isotopic variations are the results of redox
transformation of Cu as well as Cu and Zn isotope fractionation between altered basaltic rocks and dissolved
Cu and Zn species in hydrothermal fluids (e.g., [CuCls]'~, Zn(HS)4>7). This work is the first to define the
distribution of Cu and Zn isotopes in an intact oceanic crust with concentration-weighted averages of §°°Cu
(0.05 % 0.03%0) and 5°6Zn (0.27 + 0.01%o). The potential implications of these new observations are discussed.

1. Introduction

Alteration of oceanic crust by seawater plays an important role in controlling global fluxes of elements, and
recycling of altered oceanic crust (AOC) in subduction zones provides a means for chemical interaction
between the hydrosphere, island arc magmatic systems, and the Earth’s mantle [Staudigel et al., 1995].
Metalloid and metal isotope analyses have revealed complex hydrothermal processes, primary mineral disso-
lution, secondary mineral precipitation, element fluxes, and redox reactions during oceanic crust alteration,
which are associated with resolvable fractionation of C-O-S-Li-Fe isotopes [e.g., Hart et al., 1999; Furnes
et al, 2001; Chan et al., 2002; Rouxel et al., 2003; Gao et al., 2012] but limited fractionation of Mg [Huang
et al, 2015a] and V isotopes [Prytulak et al., 2013].

Copper and Zn are the first-row transition metal elements with two (®>Cu, ®>Cu) and five (®*zn, 6Zn, 5zn,
587n, 7°Zn) stable isotopes, respectively [Lodders, 2003]. The potential mechanisms that may fractionate Cu
and Zn isotopes during hydrothermal processes include redox reactions (only for Cu isotopes) [e.g., Rouxel
et al., 2004; Markl et al., 2006], mineral dissolution and precipitation [e.g., Rouxel et al., 2004; Mathur et al.,
2005; John et al., 2008; Kimball et al., 2009; Li et al., 2010; Mathur and Fantle, 2015], sorption onto clay minerals
or Fe-Mn (hydr)oxides [e.g., Maréchal et al., 2000; Balistrieri et al., 2008; Little et al., 2014a; Li et al., 2015], com-
plexation by organic compounds [e.g., Bigalke et al., 2010], and equilibrium fractionation between different
Cu and Zn species [e.g. Black et al, 2011: Fujii et al, 2013; Pons et al, 2011; Dekov et al, 2013].
Measurements of Cu and Zn isotopes in ancient and active hydrothermal systems have uncovered large var-
iations in 85°Cu (—17.0 to 10.0%o) and §°°Zn (—0.43 to 1.33%o) values of hydrothermal fluids and sulfide
minerals that precipitated from such fluids [e.g., Rouxel et al., 2004; Mathur et al., 2005, 2009, 2012; Mason
et al.,, 2005; Wilkinson et al., 2005; Markl et al., 2006; John et al., 2008; Kim et al., 2014]. Precipitation of isotopi-
cally light Zn sulfide (e.g., sphalerite) at relatively low temperatures (<250°C) might be the primary factor
causing the observed §°Zn variations [Wilkinson et al., 2005; John et al., 2008], and the highly variable
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8%°Cu values have been attributed to Cu isotope fractionation during redox reactions, between dissolved Cu
species and minerals in hydrothermal systems [Rouxel et al., 2004; Markl et al., 2006].

Copper is a chalcophile element and mainly hosted by easily altered sulfide phases [e.g., Doe, 1994; Fellows
and Canil, 2012], whereas Zn is more lithophile over chalcophile and hosted by not only sulfide phases but
also other minerals (e.g., spinel, olivine, and pyroxene). In addition, Cu is a redox-sensitive element with three
oxidation states (0, +1, +2), while Zn is a monovalent element (+2) in natural systems. As redox changes can
significantly fractionate Cu but not Zn isotopes, these differences may result in different behavior of Cu and
Zn isotopes during oceanic crust alteration that happens under conditions of variable oxygen fugacity and
involves mineral dissolution and precipitation [e.g., Wilson et al., 2006; Alt et al., 2010; Dziony et al., 2014].
Study of abyssal peridotite has shown that seafloor alteration at different settings can result in different
magnitude and direction of Zn isotope fractionation [Savage et al., 2013]. Previous studies show that
submarine seawater-derived hydrothermal fluids are enriched in Cu and Zn relative to seawater [e.g.,
Campbell et al., 1988a, 1988b]. This is interpreted as being caused by leaching of Cu and Zn from the AOC
during high-T hydrothermal alteration due to high solubility of both metals at temperatures of >350°C
[Seewald and Seyfried, 1990]. Measurements of altered rocks from oceanic and ophiolitic sections further
suggest that Cu and Zn losses irregularly occur in the dyke and plutonic complexes [e.g., Alt et al., 2010
and references therein]. Thus, large Cu and Zn isotope fractionation might be expected during oceanic crust
alteration, especially at high temperatures.

Knowledge of Cu and Zn isotopic compositions of the AOC offers the potential to enhance our understanding
of the Earth’s mantle Cu and Zn isotopic heterogeneity and facilitate the use of Cu and Zn isotopes as tracers
of recycled crustal materials. Orogenic and mantle peridotites can display large variations in Cu isotopic com-
positions, with 8%°>Cu from —0.64%o to 1.82%o [Liu et al., 2015; Savage et al., 2014, 2015]. Based on the light
rare earth element (LREE) enrichment features of these samples, such large Cu isotope variations have been
attributed to mantle metasomatism by melts/fluids derived from the subducted AOC. This mechanism was
also applied to explain variable Cu isotopic compositions observed in some arc and continental basalts [Liu
et al, 2015]. However, as the Cu isotopic composition of the AOC is, so far, unknown, these explanations
are speculative.

To investigate the downhole variations in Cu and Zn isotopic compositions of an intact oceanic crust and the
behavior of Cu and Zn isotopes during oceanic crust alteration, we here present the first combined Cu and Zn
isotope analyses on altered oceanic crustal rocks recovered from IODP Site 1256 at the East Pacific Rise (EPR).
Our results show (1) that low-T hydrothermal alteration results in limited Cu and Zn isotope fractionation in the
AOC, while significant Cu and Zn isotope fractionation occurred during high-T hydrothermal alteration; (2) that
the bulk AOC at Site 1256 has mantle-like concentration-weighted average Cu and Zn isotopic compositions.

2. Geological Background and Sample Descriptions

Integrated ODP Site 1256 (6°44.2'N, 91°56.1'W) is situated in the Guatemala Basin on the Cocos plate at the
eastern flank of the EPR (Figure 1). The oceanic crust at this site formed ~15 Ma ago during an episode of
superfast ocean ridge spreading (~220 mm/yr) [Wilson et al., 2006]. The 1271.6 m of drilled crustal rocks were
recovered at Site 1256 after penetrating ~250 m of sediments [Wilson et al., 2006; Teagle et al., 2006, 2012]
(Figure 2). As revealed by preliminary downhole stratigraphy established from shipboard core observations
and wire line log interpretations onboard [Wilson et al., 2003, 2006; Teagle et al., 2006], the drilled oceanic
crust, from top to bottom, consists of (1) the volcanic section (~250-1004.2 m below seafloor, bsf); (2) the
lava-dyke transition zone (1004.2-1060.9 m bsf); (3) the sheeted dyke complex (1060.9-1406.6 m bsf); and
(4) the plutonic complex (1406.6-1521.3 m bsf).

The volcanic section comprises ponded lavas, inflated flows, sheet flows, and massive flows. The lava-dyke
transition zone, composed of sheet and massive flows, represents a mixing zone between the upwelling
hydrothermal fluids and downwelling seawater [Alt et al, 2010]. The sheeted dyke complex consists of
aphyric basalt intruded by vertical dykes. The lowermost dykes (1348.3-1406.6 m bsf) are partially to comple-
tely recrystallized to distinctive granoblastic textures and granulite assemblages [Koepke et al., 2008; Alt et al.,
2010]. The plutonic complex contains a 52 m thick upper gabbro and a 24 m thick lower gabbro separated by
two granoblastically recrystallized dyke screens [e.g., Harris et al., 2015].
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Figure 1. Location of IODP Site 1256 at the Cocos Plate in the eastern Pacific (modified after Gao et al. [2012]). Isochrons at
5 Ma intervals are indicated.

The degree of hydrothermal alteration generally increases with increasing depth as manifested by downhole
increase of alteration temperatures (Figure 2a). Temperatures of hydrothermal mineral formation, obtained
from oxygen isotope measurements of saponite, celadonite, anhydrite, and quartz, range between ~50
and ~135°C in the volcanic section (Figures 2a and 2b). The presence of chlorite, albite, and actinolite
indicates that the lava-dyke transition zone was subjected to greenshcist facies metamorphism with altera-
tion temperatures of ~130-180°C (Figure 2a) [Teagle et al., 2006; Alt et al., 2010]. Within the sheeted dyke
complex, an early stage of hydrothermal alteration at ~400-850°C is indicated by whole-rock depletions of
Cu and Zn (Figures 3a and 3b) and the presence of secondary minerals in rocks and veins, including pyroxene,
plagioclase, amphibole, chlorite, epidoite, titanite, and pyrite [Alt et al, 2010]. Subsequent contact meta-
morphism caused by intrusion of gabbro bodies at ~850-950°C has resulted in granoblastic textures in the
lowermost dykes [Koepke et al., 2008; Alt et al., 2010]. The plutonic complex experienced metamorphic
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Figure 2. Downhole variations of (a) alteration temperatures, (b) 380, () Li/Yb, and (d) oxygen fugacity through the oceanic crust at IODP Site 1256. Alteration
temperatures were estimated from experimentally determined secondary mineral-water oxygenisotopefractionation factors, fluidinclusions,and Ti-in-amphibole
(Amp)geothermometry[Altetal.,2010]. Anhydritesoutsidethetrend (lightyellowemptysquares)recordeitherdisequilibriumtemperaturesofpprecipitationorprecipitation
during collapse and cooling of the system. Oxygen fugacity (ANNO) was calculated using magnetite-ilmenite thermo-oxybarometry [Koepke et al., 2008; Dziony et al.,
2014]. The dashed rectangle illustrates similar oxygen fugacity in the volcanic section [Wilson et al., 2006]. The gray bar and line denote the average 3'%0 and Li/Yb of
MORB, respectively [Harmon and Hoefs, 1995; Gao et al., 2012]. The data for 5'%0and Li/Yb are taken from Table 1. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article).
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Figure 3. Profiles of (a, b) Cu and Zn concentrations and (c, d) isotopic compositions through the oceanic crust at IODP Site 1256. Reference Cu and Zn concentra-
tions (gray lines) for MORB are 90 ppm and 100 ppm, respectively [Le Roux et al., 2010; Fellows and Canil, 2012]. Gray bars denote the range of 8%°cu (0.07 £ 0.06%0)
[Liu et al., 2015; Savage et al., 2015] and 8%7n (0.28 + 0.05%o) [Chen et al., 2013] of MORB. Symbols are the same as those in Figure 2, and the data are taken from
Table 1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article).

conditions (i.e., early amphibolite to later greenshcist facies) similar to those in the lower dykes [Alt et al.,
2010]. The presence of prehnite, laumontite, and calcite in the plutonic complex further reflects decreasing
alteration temperatures and more evolved hydrothermal fluids at the late stage [Alt et al., 2010]. Downhole
increase of alteration temperatures is clearly reflected by whole-rock 8'80 data in rocks from Hole 1256D
(Figure 2b) [Gao et al., 2012]. Downhole variations in Li-Sr isotopic compositions and Li/Yb ratios (Figure 2c)
reveal channelized hydrothermal fluid activity during the accretion and evolution of the oceanic crust at Site
1256 [Gao et al., 2012; Harris et al., 2015]. High oxygen fugacity (fO,, ANNO up to 3.3) (Figure 2d) records the
late-stage oxidation during hydrothermal alteration in the lowermost granoblastic dyke and the plutonic
complex [Koepke et al., 2008; Dziony et al., 2014].

Forty-nine samples from Site 1256, including 39 basalts, 6 gabbros, 2 gabbronorite, 1 breccia, and 1 dolerite
were analyzed for Cu and Zn isotopic compositions. These samples represent all the rock types present in the
core, cover six sections of the drilled oceanic crust, and span a broad range in depths from 258.5 to 1502.7 m
bsf (Figure 2). They have variable Cu and Zn contents ranging from 13.0 to 199 ppm and 27.1 to 193 ppm,
respectively, except for the breccia containing much higher contents of Cu (16836 ppm) and Zn (234 ppm)
(Figures 3a and 3b). The studied samples have §'80 ranging from 3.0%o to 8.6%o [Gao et al., 2012]
(Figure 2b).

3. Analytical Methods

The detailed procedures for sample digestion, column chemistry, and instrumental analysis are reported in
previous studies [Liu et al., 2014a, 2014b; Lv et al., 2016]. Only a brief description is given below.

3.1. Sample Dissolution and Chemical Purification

Between 6 and 52 mg whole-rock powder samples were weighted into Savillex screw top beakers and then
digested using a mixture of double-distilled HF + HNO3 + HCI. After complete dissolution, 1 ml 8 N HCI
+0.001% H,0, was added to the beaker and then heated to dryness at 80°C. This process was repeated 2
or 3 times to ensure that all cations were converted to chloride species. The final residues were dissolved
in Tml 8 N HCl+ 0.001% H,0, in preparation for ion exchange separation.

The procedure for Cu and Zn puirification is modified from Maréchal et al. [1999] and outlined in Liu et al.
[2014a]. Separation of Cu and Zn from matrix elements was accomplished by a single-column ion exchange
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chromatography using 2 ml Bio-Rad strong anion resin AG-MP-1M (100-200 mesh, chloride form). Matrix
elements (e.g., Na, Mg, Al, K, Ca, Ti, Cr, Ni, Mn, etc.) were eluted in the first 10ml 8 N HCl +0.001% H,0,,
leaving Fe, Co, Cu, and Zn retained on the resin. Cu was collected in the following 26 ml 8 N HCI + 0.001%
H,0,, and then Co and Fe were eluted as matrix elements using 18 ml 2N HCl +0.001% H,0,. After further
eluting matrix elements and conditioning using 2ml 0.5N HNOs, Zn was collected in the following 10 ml
0.5 N HNOs. The column chemistry was carried out twice in order to obtain pure Cu and Zn solutions. The
Cu and Zn fractions were evaporated to dryness, dissolved in 0.5ml 3% HNOs, and then reevaporated to
dryness at 80°C, aiming to remove all chlorine. The residues were redissolved in 1 ml 3% HNOj in preparation
for isotope analysis. The total procedural blanks for Cu and Zn are ~2 ng and ~6 ng, respectively, which are
considered negligible relative to ~1.5 pg loaded Cu and Zn. Matrix Na, Ti, Fe, and Mg were checked in the
eluted Cu fractions, and Ti, Al, Mg, Cr, and Ni in the eluted Zn fractions, which can significantly impact the
accuracy of Cu and Zn isotope analysis due to molecular spectral interference [e.g., Pribil et al., 2010; Liu
et al, 2014a; Lv et al., 2016]. The concentration ratios of interference cation (i.e., Na, Ti, Fe, and Mg) to Cu
are always <0.09, and cation (i.e., Ti, Al, Mg, Cr, and Ni) to Zn ratios are always <0.23, which are considered
negligible and have no significant effect on the accuracy of Cu and Zn isotope analysis [Liu et al., 2014a; Lv
et al.,, 2016].

3.2. Instrumental Analysis

Copper and Zn isotope ratios were measured using a standard sample-standard bracketing method on a
Themo-Finnigan Neptune plus MC-ICP-MS at the Isotope Geochemistry Laboratory of the China University
of Geosciences, Beijing. Prior to analysis, unknown samples and standards were diluted to 100 ppb for Cu
and 200 ppb for Zn in 3% HNO3, respectively. Both Cu and Zn isotope measurements were performed using
wet plasma at low-resolution mode, and each measurement consists of 3 or 4 blocks of 40 cycles with ~8s
integration. Copper and Zn isotopic data are reported in standard & notation in per mil against international
reference materials SRM NIST 976 and JMC 3-0749L, respectively:

/<6SCU/63CU>

Nt o 687 — (66 or 682n/64Zn) /(66 or 682n/64zn)
sample

né®Cu = {(65Cu/63Cu) %1000

-1
sample NIST 976

—1} x 1000
JMC 3-0749 L

The long-term external reproducibility is £0.05%o (25D) for both 8°°Cu and 8°¢Zn [Liu et al., 2014a, 2016].
8%°Cu and §%6Zn values of international rock standards (e.g., BHVO-2, BCR-2, and BIR-1a) obtained in this
study (Table 1) agree well within error with those reported by previous studies [Archer and Vance, 2004;
Chen et al., 2013, 2016; Bigalke et al.,, 2010; Liu et al., 2014a, 2014b, 2015; Sossi et al., 2015; Savage et al.,
2015; Lv et al., 2016]. In a three-isotope plot (5°3Zn versus 5°°Zn; not shown), all measured samples, including
international rock standards and AOC samples, define a line with a slope of 0.4998, indicating mass-
dependent fractionation. This further indicates insignificant analytical artifacts from unresolved isobaric inter-
ferences on Zn isotopes.

4, Results

The Cu and Zn concentrations and isotopic compositions of all the investigated rocks from IODP Site 1256 are
listed in Table 1. Rocks from the volcanic section show a relatively small range of Cu (47.5 to 93.7 ppm) and Zn
(66.5 to 137 ppm) concentrations and display relatively limited §°°Cu (—0.02 to 0.14%o) and §°®Zn (0.18 to
0.36%o) variations (Figure 3), except for an altered basalt (57R/2, 648.02 m bsf) that has a slightly higher
5%°Cu value of 0.23%o (Figure 3c). Rocks from the transition zone, having Cu from 69.2 to 86.1 ppm and Zn
from 99.6 to 132 ppm, have §%°Cu of 0.05 to 0.12%o and 8°6Zn of ca. 0.21%o) (Figure 3). With the exception
of a volcanic breccia (140R/1, 1114.72 m bsf) that has very high Cu (16836 ppm) and Zn (237.8 ppm) contents,
rocks from the sheeted dyke complex and the plutonic complex have Cu and Zn contents ranging from 13.0
to 198.8ppm and from 27.1 t0193.3 ppm, respectively (Figures 3a and 3b). They have 5°°Cu and §%Zn
ranging from —0.50 to 0.90%o0 and 0.19 to 0.55%o, respectively (Figures 3¢ and 3d), exceeding the ranges
of mid-ocean ridge basalts (MORBs) (§%°Cu=0.07+0.06%0 [Liu et al, 2015; Savage et al, 2015];
8%9Zn =0.28 £ 0.05%o [Ben Othman et al., 2006; Chen et al.,, 2013]).
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Figure 4. Li/Yb ratio versus (a) 3%°Cu and (b) 3%7n as well as 5'80 versus (c) 8%°Cu and (d) 8%7n in the studied AOC
samples at IODP Site 1256. The vertical gray bars denote the average Li/Yb ratio (1.75) and 5'80 of MORB [Harmon and
Hoefs, 1995; Gao et al., 2012], while the parallel gray bars represent the ranges of $%°Cu and 5%Zn of MORB [Chen et al.,
2013; Liu et al., 2015; Savage et al., 2015]. Symbols are the same as those in Figure 2, and the data are taken from Table 1.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article).

5. Discussion

5.1. Distribution of Cu and Zn and Their Isotopes in the Oceanic Crust

5.1.1. The Volcanic Section

Overall, the volcanic section is slightly to moderately altered with a highly altered 0.41 m interval at 648 m bsf
that has been interpreted as the presence of a narrow zone of focused fluid flow [Alt et al., 2010]. Estimation
from oxygen isotopes of secondary minerals (i.e., saponite, celadonite, quartz, and anhydrite) indicates that
this section was altered by seawater at temperatures of ~50 to ~135°C (Figure 2a) [Alt et al., 2010], consistent
with the elevated 520 relative to MORB observed in this section (Figure 2b). Sample 57R/2 (648.02 m bsf)
collected from the zone of focused fluid flow has a heavier Cu isotopic composition relative to MORB
(Figure 3c) and the highest §'80 and Li/Yb among the investigated samples (Figures 2b and 2c). Thus, such
heavy Cu isotopic composition in sample 57R/2 might be attributed to Cu isotope fractionation with prefer-
ential loss of ®3Cu to the fluid during fluid-rock interaction at an extreme condition (i.e., focused fluid flow).
Lithium/Yb can be used to indicate fluid-rock interaction intensity and 5'80 values reflect the variations of
alteration temperatures during oceanic crust alteration [e.g., Muehlenbachs and Clayton, 1972; Gao et al.,
2012]. The high 580 values are in accordance with low alteration temperatures (<200°C) in the volcanic
section (Figures 2a and 2b). Under such low temperatures, high (>1.75) and low (<1.75) Li/Yb ratios denote
high and low seawater/rock ratios, respectively [Gao et al., 2012]. Except for sample 57R/2, the rest of the
rocks in the volcanic section have MORB-like Cu and Zn isotopic compositions (Figures 3c and 3d). In addition,
there exist no correlations of §%°Cu (§°6Zn) with Li/Yb (Figure 4) and §'80 (Figure 4). These features suggest
that alteration of oceanic crust at low temperatures results in limited Cu and Zn isotope fractionation at bulk
rock scale, regardless of seawater/rock ratios.

Copper and Zn have a very low solubility in fluids at temperatures of <350°C and thus can be regarded as
nearly conservative elements during low-T alteration of oceanic crust [Seewald and Seyfried, 1990]. This is sup-
ported by the observation that most of the rocks in the volcanic section show no significant losses of Cu and
Zn relative to MORB (Figures 3a and 3b). The conservative behavior at low temperatures may be responsible
for the relatively limited ranges of 8°°Cu and °°Zn values in the volcanic section rocks. Exceptionally, some
altered rocks show loss of Cu during fluid-rock interactions, as indicated by their low Cu contents (e.g.,
47.5 ppm, 8R/1 at 276.5 m bsf) (Figure 3a). However, their Cu isotopic compositions are similar to those of
MORB (Figure 3c). This can be ascribed to there being no redox changes during the Cu leaching processes,
because limited Cu isotope fractionation occurs during precipitation and dissolution of Cu-rich minerals
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(e.g., sulfide) without redox changes [e.g., Ehrlich et al., 2004]. Alternatively, the lack of Cu isotope fractiona-
tion in this sample may be due to reservoir effects. Rocks with very high Cu contents (>150 ppm), reflecting
sulfide accumulation, have MORB-like Cu isotopic compositions (Figures 3a and 3c), potentially suggesting
that coexisting primary minerals (e.g., sulfide and silicate) and basaltic glass have similar Cu isotopic compo-
sitions. Certain tiny Cu-bearing minerals might have been dissolved completely during fluid-rock interactions,
leading to Cu depletion but no Cu isotope variations in the residual rocks.

Magnesite-ilmenite thermo-oxybarometery results show relatively high temperatures (760-850°C) and low
oxygen fugacities (ANNO=—2.2 to —1.1) in the lava pond samples from the Site 1256 volcanic section
(Figure 2d) [Koepke et al., 2008; Dziony et al., 2014]. Such T-f(O,) conditions were established at the end of
the magmatic stage or during the onset of rapid cooling of this unit [Dziony et al., 2014]. This suggests that
these lava pond samples record the oxidation state of the magma. That is, low-T alteration did not increase
their oxygen fugacity. Given no systematic change with depth in oxidation state of rocks in this section
[Wilson et al., 2006], other samples should have oxygen fugacity similar to those of the two lava pond rocks.
Under conditions of such low oxygen fugacity, Cu is always present as Cu*' in magmas and altered rocks
during oceanic crust accretion and alteration [e.g., Ripley et al., 2002; Dekov et al., 2013].

Collectively, low solubility of Cu and Zn in hydrothermal fluids at low alteration temperatures and the
absence of redox changes at low oxygen fugacity are the major factors resulting in the limited Cu and Zn
isotope fractionation in the Site 1256 volcanic section.

5.1.2. The Transition Zone

Subsurface mixing of upwelling hydrothermal fluids with cooler seawater in the transition zone is illustrated
by the stepwise increase in alteration grade and temperatures (Figure 2a). Elevated whole-rock & Sr/%6sr
ratios relative to MORB also signify the influence of seawater [Harris et al., 2015]. However, seawater has
inconsequential concentrations of Cu and Zn compared to hydrothermal fluids [Seewald and Seyfried, 1990;
John et al.,, 2008; Little et al., 2014b]. When the upwelling high-T fluids mixed with cool seawater, the Cu
and Zn budgets of the mixed fluids are mainly controlled by Cu and Zn leached from basalts in the high-T
deep zones. In other words, the mixed fluids should have Cu and Zn isotopic compositions similar to
high-T hydrothermal fluids rather than seawater that has §°°Cu of ~0.90%o0 and §°°Zn of ~0.50%o [Vance
et al., 2008; Little et al., 2014b].

Measurements of active vent fluids have revealed that high-T hydrothermal fluids (>300°C) have 8°¢Zn
values similar to those of MORB [John et al., 2008]. Thus, the mixed fluids should have a MORB-like Zn iso-
topic composition. In addition, temperatures of the mixed fluids should be similar to those recorded in
rocks from the transition zone (~130-180°C, Figure 2a). Thus, interaction of such low-T fluids is unlikely
to alter the Zn isotopic compositions of the transition zone rocks and thus explain the limited range of
8°6Zn values observed (~0.21%o) (Figure 3d). No direct measurements of hydrothermal fluids for Cu isotopic
compositions have been carried out so far. Copper-rich sulfide in hydrothermal systems show extremely
large 8%°Cu variations from —17.0 to 10.0%o [e.g., Rouxel et al., 2004; Mason et al., 2005; Wilkinson et al.,
2005; Mathur et al., 2005, 2009, 2012; Markl et al., 2006; Kim et al., 2014]. However, such Cu isotopic varia-
tions cannot directly reflect those of hydrothermal fluids, because of Cu isotope fractionation induced by
kinetic processes (e.g., diffusion), redox reactions, and/or multiple cycles of sulfide precipitation and disso-
lution. Previous experimental results showed that redox reactions from Cu®* to Cu™ can cause Cu isotope
fractionation of ~4%o at 20°C [Zhu et al., 2002; Ehrlich et al., 2004], much smaller than the 8%°Cu range of
hydrothermal sulfides described above. Although the magnitude and direction of diffusion-driven kinetic
Cu isotope fractionation during sulfide precipitation are unclear, the ~27%o variations in 5°°Cu of sulfides,
to some extent, must reflect the heterogeneous Cu isotopic compositions of hydrothermal fluids that
precipitated sulfides. Thus, we infer that the mixed fluids may have a MORB-like Cu isotopic composition
or a distinct Cu isotopic composition from MORB. The similarity of °°Cu between the transition zone rocks
and MORB (Figure 3c) implies that limited Cu isotope variation occurred during oceanic crust alteration by
the low-T mixed fluids.

5.1.3. The Sheeted Dyke Complex and Plutonic Complex

Copper and Zn concentrations are much more variable in the sheeted dyke complex and the
plutonic complex (Figures 3a and 3b), consistent with the observation of Alt et al. [2010]. The high Zn con-
centrations (>150 ppm) (Figure 3b) and the extremely high Cu concentration in the volcanic breccia
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Figure 5. (a) 8%7n versus 565Cu, (b) Cu versus 665Cu, and (c) Zn versus
3%°Zn in the studied AOC samples at IODP Site 1256. The average Cu
and Zn concentrations for MORB (gray square) are 90 ppm and 100 ppm,
respectively [Le Roux et al., 2010; Fellows and Canil, 2012]. Average MORB
and seawater 3%°Cu and 5%6Zn values are taken from references Vance
et al. [2008], Chen et al. [2013], Little et al. [2014b], Liu et al. [2015], and
Savage et al. [2015]. Symbols are the same as those in Figure 2, and the
data are taken from Table 1. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article).

(140R/1, 1114.72 m bsf) (Figure 3a)
reflect local sphalerite/chalcopyrite
mineralization, consistent with the
occurrence of sphalerite-/chalcopyrite-
bearing veins and mineralized breccia
in the sheeted dykes [Alt et al, 2010].
Alt et al. [2010] found that Cu-rich
(>150ppm) altered gabbros contain
recrystallized igneous sulfides, reflect-
ing igneous accumulation of Cu-Fe and
Fe sulfides. The high Cu concentration
(>150 ppm) in a gabbro (Figure 3a) thus
can be reasonably explained by igneous
Cu-rich sulfide accumulation. Variable
depletions in Cu below ~1180 m bsf
and in Zn below ~1300 m bsf can be
observed (Figures 3a and 3b) Alt et al.,
2010]. Copper in seafloor basaltic rocks
is dominantly hosted by primary chalco-
pyrite with trace amounts of Cu hosted
by primary magmatic Fe sulfides and
silicates (e.g., olivine, basaltic glass)
[Dekov et al, 2013]. Zn in seafloor
basalts is hosted by primary magmatic
sulfides (e.g., sphalerite) and silicates
(e.g., olivine, pyroxene). Due to high
solubility of Cu and Zn in hydrothermal
fluids at temperatures of >350°C
[Seewald and Seyfried, 1990], such metal
depletions probably resulted from
high-T hydrothermal alteration of pri-
mary minerals (e.g., sulfide and olivine)
and basaltic glass, which might be con-
sidered as a principal process causing
release of Cu and Zn from seafloor
basaltic rocks.

Relative to MORB, larger §°°Cu and
8%6Zn variations are observed in the
lowermost sheeted dyke and the pluto-
nic complex (Figures 3c and 3d). The
localized variations in 5°°Cu and §%°Zn
reflect a channelized fluid flow, as
revealed by increases in Sr/%°5r in the
same location of Hole 1256D [Harris
et al., 2015]. The relationship between
8%°Cu and §%Zn cannot be simply
explained by a binary mixing between
MORB and seawater (Figure 5a). It is
noted that samples with large §°Cu
and §%Zn variations are generally
accompanied by lower Li/Yb ratios
(Figures 4a and 4b), lower §'80 values
(Figures 4c and 4d), and lower Cu and
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Table 2. Mass Balance Model for Cu and Zn in the Intact Oceanic Crust at IODP Site 1256

Depth Interval® Avg. Cu© Avg. 8%°Cu® Avg. Zn° Avg. 5°6Zn¢ 25D
Lithostratigraphy (m) (ppm) (%0) 2SD (ppm) (%0)
Volcanic section 754.5 78 0.07 0.11 84 0.28 0.08
Transition zone 56.7 78 0.08 0.09 116 0.21 0.01
Upper sheeted dyke 15 (14) 287.4 1199 (82) 0.05 (0.05) 0.31 118 (110) 0.24 (0.25) 0.07
Lowermost sheeted dyke 583 51 0.53 0.57 52 0.47 0.14
Plutonic complex 114.7 81 —0.15 0.37 32 0.32 0.15
Bulk AOC® 0.05 (0.07) 0.03 0.27 (0.26) 0.01

N denotes the number of samples analyzed and used for the calculation of average values in each section. The numbers in parentheses denote the values
calculated without consideration of the volcanic breccia (140R/1, 1114.72 m bsf) which has an abnormally high Cu content (Table 1).

he depth interval for each section is cited from Teagle et al. [2006, 2012]. As bulk rocks from different sections have similar density [Teagle et al., 2006], the total

mass of each section is proportional to its depth interval that was used to calculate the concentration-weighted average 35°Cu and 5°°Zn values of bulk oceanic

crust at IODP Site 1256.

“Average (Avg.) Cu and Zn contents as well as 85°Cu and §%°Zn values for each section analyzed here.
Weighted average 6 ~Cu and &°"Zn values of the bulk altered oceanic crust (AOC) derived from mass balance calculation, using Cu and Zn percentage in the
bulk oceanic crust of each section as the weight.

Zn contents (Figures 5b and 5c) relative to MORB. These features suggest that intense hydrothermal
fluid-rock interactions at high temperatures, generally associated with Cu and Zn depletions of rocks, result
in the observed Cu and Zn isotope variations.

Experimental and theoretical works have demonstrated that redox changes from Cu*' to Cu*? can result in
significant Cu isotope fractionation, with the latter being enriched in the heavy isotope (®°Cu) [e.g., Zhu et al,
2002; Ehrlich et al., 2004; Mathur et al., 2005; Fujii et al., 2013]. At the range of fO, typical of basaltic rocks, cu'
is the dominant valence state and dominantly hosted by sulfide [e.g., Ripley et al., 2002; Lee et al., 2012]. High
fO, in the lowermost dykes and the plutonic complex (Figure 2d) is favorable for oxidizing cu™ in altered
rocks to Cu*? in hydrothermal fluids, leaving the residual Cu enriched in light isotopes. This may explain
low §%°Cu values (down to —0.50%o) in some rocks (Figure 3c). This explanation is consistent with the results
of previous leach experiments that the residue is enriched in ®Cu relative to starting Cu-sulfides (e.g., chal-
copyrite, bornite, and chalcocite) [Fernandez and Borrok, 2009; Kimball et al., 2009; Wall et al., 2011]. In addi-
tion to redox changes, Cu isotope fractionation can occur between different Cu species in hydrothermal
fluids [Seo et al., 2007; Fujii et al,, 2013]. Among Cu'~ species, [CuCl;]'~ is the most depleted in ®*Cu with
A65Cu[cU(H5)2]1_ - (cuci3yi— of 0.15 even at temperature of 600°C [Seo et al., 2007], while among Cu*~ species,
Cudl; is the most depleted [Fujii et al., 2013]. Thus, [CuCI3]1’ in hydrothermal fluids should be enriched in
83Cu relative to Cu sulfide in seafloor basaltic rocks. Previous studies show that high-T hydrothermal fluids
contain large amounts of CI™ (at least 300 to 700 mM) [e.g., Von Damm et al., 1985; John et al., 2008]. Thus,
Cu isotope fractionation between sulfide and [CuCl;]'~ with increasing hydrothermal extraction of Cu in
the high-T reaction zone may explain high §°°Cu values observed in rocks from the lowermost dyke
(Figures 3c and 5b).

Theoretical calculations [Black et al., 2011] and studies of ore minerals [Wilkinson et al., 2005] and hydrother-
mal vent fluids [John et al., 2008] suggest that Zn sulfide and chloride complexes are enriched in light iso-
topes (4*Zn). Thus, Zn isotope fractionation between basaltic rocks and Zn sulfide and chloride complexes
in hydrothermal fluids during the process of Zn loss would interpret the heavier Zn isotopic compositions
and lower Zn concentrations relative to MORB, observed in most rocks from the lowermost dyke and the plu-
tonic complex (Figures 3b, 3d, and 5c).

5.2. Implications

In this study, the bulk AOC at IODP Site 1256 has concentration-weighted average 85°Cu of 0.05 + 0.03%o and
8%6Zn of 0.27 +0.01%o (Table 2), similar to those of the mantle or fresh MORB (§5°Cu = 0.06 + 0.20%o [Liu et al.,
2015] or 0.07 +0.10%o [Savage et al., 2015], §%5Zn = 0.28 + 0.05%o [Chen et al., 2013]). The findings of mantle-
like Cu and Zn isotopic compositions of AOC have important geochemical implications.

Previous studies have shown that orogenic and xenolith peridotites display highly variable §°>Cu from —0.68
to 1.82%o [Savage et al., 2014; Liu et al., 2015]. It is noted that peridotites characterized by LREE enrichments
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and the presence of secondary minerals (e.g., phlogopite) show more heterogeneous Cu isotopic composi-
tions relative to peridotites devoid of metasomatism. Liu et al. [2015] also observed that basalts from
Eastern China and Kamchatka arc have variable 5°>Cu from —0.19 to 0.47%o. Notably, arc lavas with higher
Ba/Nb ratios tend to have larger variations in 8°°Cu [see Liu et al.,, 2015, Figure 7]. All these features suggest
that abnormal 8%°Cu observed in peridotites and basalts probably resulted from metasomatism by fluids
sourced from hydrothermally altered oceanic crust [Savage et al., 2014; Liu et al., 2015]. To generate 2.5%o
Cu isotopic variations of the metasomatized peridotites from the mantle-like Cu isotopic composition of
the AOC, there must be one or more processes fractionating Cu isotopes significantly. It is well known that
slab-derived fluids have high oxygen fugacity above the sulfide-sulfur oxide buffer [Sun et al, 2007].
Addition of such oxidizing fluids to mantle peridotites would cause oxidative breakdown of sulfides [e.g.,
Liu et al,, 2011]. As ®°Cu is preferentially leached into the fluids during sulfide redox reaction [e.g., Mathur
et al, 2005, 2012], this process results in 4>Cu depletion in the metasomatized peridotites and 8>Cu enrich-
ment in the fluids. Precipitation of secondary minerals (e.g., Cu-rich sulfides and oxides) from such 65Cu-rich
fluids may shift the peridotites to heavy Cu isotopic compositions. Thus, primary sulfide dissolution and sec-
ondary mineral precipitation together may explain the highly heterogeneous Cu isotopic compositions
observed in metasomatized peridotites.

Liu et al. [2016] recently found that the Eastern China basalts with age of <110 Ma have heavier °°Zn values
(0.30%o to 0.63%o) relative to the mantle (0.28 £0.05%o) [Chen et al., 2013]. It is well known that marine
carbonates have heavy §°°Zn of 0.91 +0.41%o (2SD, N=52) [Pichat et al., 2003]. Together with the fact that
these basalts have light Mg isotopic compositions [Yang et al., 2012; Huang et al., 2015b], Liu et al. [2016]
attributed such heavy §°6Zn of basalts to the incorporation of marine carbonates into their mantle sources.
However, trace element and Sr-Nd-Pb isotopic evidence suggests that the mantle sources of the <110 Ma
basalts contain variable amounts of recycled AOC [e.g., Xu, 2014]. The mantle-like Zn isotopic composition
of the AOC at Site 1256 confirms that the abnormal heavy §°°Zn of the <110 Ma Eastern China basalts should
result from recycled marine carbonates rather than recycled AOC. Thus, Zn isotopes can be used as a new and
useful tool of tracing deep marine carbonate cycling in the Earth’s mantle [Liu et al., 2016].

6. Conclusion

This study presents the first combined study of Cu and Zn isotopic compositions on rocks recovered from the
intact oceanic crust at IODP Site 1256 in the eastern equatorial Pacific. The following conclusions can be
made:

1. Except for one sample at 648.02 m bsf that has slightly heavier Cu isotopic composition compared with
MORB, rocks from the volcanic section have MORB-like Cu and Zn isotopic compositions. The limited iso-
tope fractionation is interpreted as the result of limited mobility of Cu and Zn as well as low oxygen fuga-
city during low-T (<200°C) seawater alteration of oceanic crust.

2. Rocks from the transition zone have both §°°Cu and 8°°Zn similar to those of MORB. Such features may be
ascribed to insignificant Cu and Zn loss and/or gain during alteration of the transition zone rocks by the
low-T mixed fluids between seawater and high-T hydrothermal fluids.

3. The sheeted dyke complex and the plutonic complex exhibit highly variable concentrations of Cu and
Zn. The high metal contents reflect local Cu/Zn-rich sulfide accumulation during igneous processes or
mineralization, whereas the low contents indicate leaching of metals during hydrothermal alteration
at high temperatures (>350°C). Rocks in both sections have variable Cu and Zn isotopic compositions,
significantly exceeding the range of MORB. The §%°Cu and §°¢Zn variations are coupled with Cu and
Zn depletions as well as very low Li/Yb (<1.0) and 8'80 (<5%o), indicating that Cu and Zn isotopes
can be fractionated during high-temperature hydrothermal alteration of oceanic crust. Redox transfor-
mation of Cu as well as Cu and Zn isotope fractionation between altered basaltic rocks and dissolved
Cu and Zn species in hydrothermal fluids (e.g., [CuCls]'~, Zn(HS)4%") account for such large Cu and
Zn variations.

4. The mantle-like average Cu and Zn isotopic compositions of the AOC have at least two important implica-
tions. The highly heterogeneous Cu isotopic compositions of the lithospheric mantle may largely result
from oxidative sulfide dissolution and secondary mineral precipitation. Zinc isotopes are sensitive to car-
bonate cycling and can be used as a powerful tool of tracing deep carbon cycling in the Earth’s mantle.
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