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Abstract

To investigate the behavior of Mg isotopes during low-temperature alteration of oceanic crust and to further under-
stand its role in the global Mg cycle, we measured the Mg isotopic compositions (*Mg/**Mg and **Mg/**Mg) of a set of
samples of altered oceanic crust (AOC) recovered from the Ocean Drilling Program Hole 801C, the reference site for old
crust (~170 Ma) subducting in the Pacific. The measured 5°°Mg values range from —1.70%0 to 0.21%o, deviating from
that of pristine oceanic basalts (—0.25 + 0.07%¢). Composite samples of volcanoclastic breccia that have experienced
relatively intense alteration have larger variation in 8**Mg values (—1.01%o to 0.15%0) than composite samples of massive
basaltic flows (—0.53%0 to —0.04%0), indicating significant Mg isotope fractionation during low-temperature alteration of
the oceanic crust. Moreover, the upper off-axis basement has on average lower 3**Mg values (—1.70%0 to —0.04%o) than
the lower on-axis basement (—0.16%0 to 0.21%0). These findings, combined with the co-variations between MgO content
and FeO*/CaO ratio and between °°Mg and FeO*/CaO ratio, suggest that formation of Mg-bearing minerals (i.e.,
saponite and calcite) during low-temperature alteration of the oceanic crust accounts for the highly variable §°°Mg of
AOC. Early formation of saponite under anoxic condition preferentially takes up heavy Mg isotopes and accounts for
Mg enrichment and relatively high §°°Mg in the on-axis basement. Subsequent precipitation of carbonates results in
the dilution of Mg and relatively low 3**Mg in the off-axis basement. In addition, accumulation of carbonate-rich
interflow sediments in the upper basement may contribute further to the low 8*°Mg. A weighted average §°°Mg value
of 0.00 4 0.09%o0 is estimated for the AOC at Site 801, implying that low-temperature alteration of oceanic crust drives
the ocean to a lighter Mg isotopic composition, and thus requires additional carbonate precipitation to maintain a
steady-state Mg isotopic composition of seawater. A mass balance calculation suggests that the Mg output flux due
to low-temperature alteration of the oceanic crust equals ~12% of the annual Mg riverine input, indicating that AOC
is a significant sink of Mg in seawater. Our study further highlights that recycling of AOC with highly variable
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3?°Mg along with overlying marine sediments into the mantle through subduction may generate Mg isotopic heterogene-

ity in the mantle at small scales.
© 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Oceanic crust undergoes extensive seawater alteration
prior to subduction into trenches. This process not only
modifies compositions of seawater and the upper oceanic
crust (Hart et al., 1974; Seyfried et al., 1984; Elderfield
et al., 1999; Chan et al., 2002), but also regulates long-
term climate change by uptake of carbon (Staudigel et al.,
1989, 1996; Alt and Teagle, 1999; Coogan and Gillis,
2013). Ultimately, the altered oceanic crust (AOC) is recy-
cled into the mantle by subduction, making an important
contribution to mantle heterogeneity (Hofmann, 1997;
Kelley et al., 2005; Chauvel et al., 2008). Thus, knowledge
of the composition of AOC is pivotal to understanding
the cycling of elements and its impact on the composition
of the Earth’s mantle.

As a major element in both the silicate Earth and
hydrosphere, Mg is critical in deciphering the chemical
evolution of the oceans and change of the global climate,
which is borne out by the co-variation between seawater
Mg/Ca and climate throughout Earth’s history (Hardie,
1996; Stanley and Hardie, 1998; Demicco et al., 2005). In
general, Mg is transferred from continents to the oceans
via river and groundwater discharge, and is sequestered
mainly by carbonate deposition and alteration of the ocea-
nic crust on the ridge axis and the ridge flank (Drever,
1974; Elderfield and Schultz, 1996). Based on heat flow
anomalies and compositions of hot springs, between 10%
and 40% of the riverine input of Mg is estimated to be
taken up by hydrothermal alteration of the oceanic crust
along the axis (Mottl and Wheat, 1994). A higher uptake
flux of Mg is expected during low-temperature alteration
of the oceanic crust on the ridge flank since approximately
two-thirds of the hydrothermal heat is lost there (Mottl,
2003). However, accurate assessment of the Mg uptake flux
associated with low-temperature alteration of the oceanic
crust is still not clear due to the large variation in alteration
temperature and the small change in composition of the
ridge flank fluids (Staudigel, 2014). This hinders our under-
standing of the controlling factors on the cycling of Mg in
the oceans and the linkage between climate and seawater
chemistry.

Magnesium isotopes may provide a potential constraint
on the geochemical cycling of Mg in the oceans and the
magnitude of Mg flux into the oceanic crust during low-
temperature alteration, because the main inputs and sinks
of seawater Mg have distinctive isotopic compositions.
The current riverine input has an average 8**Mg value of
—1.09%o (Tipper et al., 2006), which is slightly lighter than
modern seawater (—0.83 + 0.1%o0, Foster et al., 2010; Ling
et al., 2011). The 8°Mg of the total high-temperature

hydrothermal Mg sink should be equal to that of seawater
since removal of Mg is quantitative in high-temperature
hydrothermal systems (Tipper et al., 2006; Higgins and
Schrag, 2010). By assuming a steady-state Mg isotopic com-
position for the oceans, the isotopically light riverine input
has to be balanced by the combined removal of Mg through
deposition of carbonates and low-temperature alteration.
Thus, the behavior of Mg isotopes during low-
temperature alteration of the oceanic crust is crucial to
understanding Mg cycle in the oceans. However, this is still
poorly known.

Knowledge of the Mg isotopic composition of the AOC
can also provide valuable insight into the role of subduction
in creating chemical heterogeneity in the mantle. Previous
Mg isotopic measurements of global peridotite xenoliths
and oceanic basalts led to the inference of a homogenous
Mg isotopic composition of the mantle (—0.25 4 0.07%o,
Teng et al., 2010a). However, other mantle and mantle-
derived rocks, including metasomatized mantle xenoliths
(Pogge von Strandmann et al., 2011; Xiao et al., 2013;
Hu et al., 2016b), continental basalts (Yang et al., 2012;
Huang et al., 2015b; Liu et al., 2015; Tian et al., 2016; Li
et al., 2017; Su et al., 2017) and cratonic eclogites (Wang
et al., 2012, 2015; Huang et al., 2016) commonly have rela-
tively low 8*°Mg values (—0.38 + 0.23%c). These distinct
Mg isotopic signatures are proposed to derive from AOC
and marine sediment subduction into the mantle. This
interpretation was supported by a first-order mass balance
calculation showing that the bulk AOC has lighter Mg iso-
topic compositions than the unaltered oceanic crust (Teng
et al., 2010b). However, recent studies of altered oceanic
basalts recovered from IODP Sites 1256 (Huang et al.,
2015a), U1365, U1367, and U1368 (Zhong et al., 2017) sup-
port a bulk AOC with Mg isotopic composition similar to
or slightly heavier than that of the mantle. The contradic-
tion between the mass balance approach and actual mea-
surements of the Mg isotopic composition of the AOC
has become a stumbling block in our understanding of
the global Mg cycle.

In order to provide clarity to this conundrum, we pre-
sent new Mg isotopic measurements of AOC samples recov-
ered from the Ocean Drilling Program (ODP) Hole 801C
outboard of the Mariana trench in the western Pacific
(Fig. 1). This site offers some benefits in evaluating the ele-
mental and isotopic effects of low temperature seafloor
alteration and the potential influence of AOC subduction
on mantle geochemistry. The reasons are twofold: (1) this
site is in the oldest oceanic crust of the Pacific (~170 Ma,
Koppers et al., 2003) and has undergone a full history of
low-temperature alteration (Alt and Teagle, 2003); (2) this
site lies in the fast spreading crust of the subducting Pacific
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Fig. 1. Perspective map of ODP Hole 801C seaward of Mariana convergent margin and lithological variations of the oceanic crust recovered
at this Site (revised from Plank et al., 2000). The ages of the on-axis and the off-axis basement are from Koppers et al. (2003).

plate (Bartolini and Larson, 2001) and has served as a geo-
chemical reference site for the composition of subducting
AOC (Plank et al., 2000; Kelley et al., 2003). Our results
show that formation of secondary minerals during low-
temperature alteration of the oceanic crust leads to Mg
enrichments as well as large Mg isotope fractionation.
Thus, subduction of the isotopically heterogeneous AOC,
along with marine sediments, could produce mantle Mg iso-
topic heterogeneity.

2. GEOLOGICAL SETTINGS, ALTERATION
HISTORY AND SAMPLES

ODP Site 801 is located at 18°38.538'N and 156°
21.588'E in the Pigafetta Basin outboard of the Mariana
trench in the western Pacific Ocean (Plank et al., 2000)
(Fig. 1). This site was first cored to 594 m below seafloor
(mbsf) during ODP Leg 129 in 1989 and was extended to
935.7 mbsf during ODP Leg 185 in 1999, with a total base-
ment penetration of 474 m and an average recovery rate of
47% (Plank et al., 2000).

The basement at Site 801 can be divided into six major
units from top to bottom (Kelley et al., 2003) (Fig. 1): (1)
the uppermost basement, a ~60-m-thick transitional/alkali
basalt (TAB, 462-511 m below seafloor (mbsf)); (2) a ~20-
m-thick upper hydrothermal layer (UH) with high apparent
bulk porosity (~15%) at 511-531 mbsf; (3) the underlying

~100-m-thick MORB-I unit at 531-625 mbsf, consisting
mainly of massive flows with minor thin flows and pillows;
(4) a lower Si-Fe-rich hydrothermal layer (LH) below the
MORB-I unit at 625 mbsf; (5) the MORB-II unit at
625-720 mbsf, characterized by tholeiitic pillows and flows
with thin intervals of recrystallized sediments; (6) the
MORB-III unit, including a massive flow unit (720-850
mbsf) and a series of thin (<1 m) sheet flows and pillows
(850-936 mbsf). Both are separated by a tectonic breccia
at 850 mbsf. The basaltic basement is overlain by a 462-
m-thick sedimentary section (Fig. 1).

According to Ar geochronology, Koppers et al. (2003)
suggested that the oceanic crust at Site 801 was formed in
two stages: the section below 625 mbsf (MORB-II and
MORB-III) were formed at the ridge at 167.4 + 1.4 Ma,
and the crust above 625 mbsf (TAB and MORB-I) were
formed off-axis at 160.1 £ 0.6 Ma (Fig. 1). The 7.3 Myr
gap between the sections above and below 625 mbsf indi-
cates that the upper 175 m oceanic crust (MORB-I and
TAB) intruded as sills close to the base of the accumulated
sediments, and formed the upper hydrothermal layer (UH)
(Koppers et al., 2003). Throughout this paper, we distin-
guish the off-axis basement (TAB and MORB-I) from the
basement inferred to represent on-axis oceanic crust
(MORB-IT and MORB-III), with the boundary between
them marked by the lower hydrothermal layer at 625 mbsf
(Fig. 1).
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2.1. Alteration history

The entire basement at Site 801 has undergone extensive
low-temperature alteration and secondary mineralization
(Alt et al., 1992; Alt and Teagle, 2003; Talbi and
Honnorez, 2003; Alt, 2004). The principal secondary
minerals are saponite (a Mg-rich Fe*" smectite), celadonite
(an Fe*" mica), Fe-oxy-hydroxides, calcite and pyrite, all
typical of low-temperature alteration (Alt and Teagle,
2003; Talbi and Honnorez, 2003). The temperature of
alteration, estimated from the oxygen isotopic
compositions of phyllosilicates and calcite, is between
10 °C and 95 °C and generally increases downward (Alt
and Teagle, 2003).

The alteration at Site 801 falls into at least four cate-
gories, on the basis of secondary mineralogy (Plank et al.,
2000; Alt and Teagle, 2003): (1) dark grey altered basalt,
the most common alteration type throughout the basement,
characterized by saponite and minor calcite replacing oli-
vine; (2) dark alteration halos, the earliest stages of vein-
related alteration, resulting from the replacement of olivine
by celadonite and Fe-oxyhydroxides. This type of alteration
is linked to distal hydrothermal fluids (Alt, 2004); (3) brown
alteration halos, characterized by replacement of olivine by
smectite and the presence of abundant Fe-oxyhydroxides
disseminated in the groundmass; (4) pale green alteration
in highly altered basalt, resulting from intense recrystalliza-
tion to celadonite, smectite, glauconite, calcite, K-feldspar
and titanite. This alteration type is commonly associated
with hydrothermal silica-iron deposits.

Consequently, several successive alteration stages are
identified in the AOC at Site 801 (Talbi and Honnorez,
2003; Alt, 2004). Celadonite is the earliest phase to form
in dark alteration halos by low-temperature hydrothermal
fluids. Iron-oxyhydroxides subsequently form in brown
alteration halos by oxidized seawater solutions. Saponite
and pyrite then pervasively form as condition become more
reducing, and finally carbonates precipitate as fracture fill-
ing (Alt, 2004).

2.2. Samples

The AOC samples investigated here include 16 individ-
ual samples and 14 composite samples from Site 801C, all
aliquots of the same powders analyzed in previous studies
(e.g., Ludden et al., 2006).

(1) Individual samples: These 16 individual samples can
be subdivided into three groups: (i) FLO samples,
which are mainly composited of minimally altered
basalt with small calcite or smectite veins; (ii) VCL
samples, which mainly consist of breccia and hyalo-
clastites; (iii) IFM samples, which are interflow sedi-
ments filling the spaces between basalt pillows.

(2) Composite samples: The 14 composite samples ana-
lyzed here were generated from physical mixtures of
117 individual samples, weighted according to their
proportions in the core (Kelley et al., 2003). Compos-
ite samples offer an efficient way to geochemically

characterize large crustal section with a small number
of analyses. Three types of composites have been
made from each of the four basement units (TAB,
MORB-I, MORB-II and MORB-III). The FLO com-
posites were prepared from pillow lavas and massive
flows at each unit. The VCL composites consist of
highly altered volcanoclastic breccias and interflow
sediments at each unit. The MIX composites are
made up of 30% VCL and 70% FLO at each unit.
In addition, a super-composite (SUPER) of the
entirce MORB basement was generated by combining
the three MORB depth composites according to
their respective thicknesses, and a sediment composite
(SED) was made from the IFM from the upper 230 m
of the basement (Alt, 2003b; Kelley et al., 2003).

3. ANALYTICAL METHODS

Approximately 1-5 mg of whole-rock powders were dis-
solved in a mixture of Optima-grade HF-HNO;-HCI in
Savillex screw-top beakers in order to obtain ~50 pg Mg
for high-precision isotopic analysis. Magnesium was puri-
fied through two sets of columns. The first column con-
tained Bio-Rad AG50W-X12 resin (200-400 mesh) and
Mg was separated from Ca in 12 N HCI media, following
previously established procedures (Ling et al., 2013;
Huang et al., 2015c). This column procedure was repeated
to completely separate Ca from Mg. The eluted Mg solu-
tion was dried down and then loaded onto a second column
containing Bio-Rad AG50W-X8 resin (200400 mesh), fol-
lowing established procedures (Yang et al., 2009; Li et al.,
2010; Teng et al., 2010a). The second column procedure
was also repeated in order to completely separate Mg from
other matrix elements, in particular Na, K, Al and Fe. At
least two standards were processed along with samples for
each batch of column chemistry.

Magnesium isotope measurements were performed on
the Nu Plasma multi-collector inductively coupled plasma
mass-spectrometer (MC-ICP-MS) by the sample-standard
bracketing method. The three Mg isotopes (24, 25 and
26) were measured simultaneously in separate Faraday cups
in low-resolution mode, and no molecular interferences or
doubly-charge interferences were observed (Teng and
Yang, 2014). Magnesium isotopic data are presented in
delta notation in per mil (%o) relative to a pure Mg standard
solution DSM3:

5XMg(%o) = [( XMg/ 24Mg)sample/( XMg/ 241\/Ig)DSM3 - H
x 1000 ()

where x refers to either mass 25 or 26. At least one standard
each session was analyzed as an unknown to evaluate accu-
racy and reproducibility. The §°*Mg values of two in-house
standards (Kilbourne Hole olivine and Hawaii seawater)
and three USGS standards (BHOV-2, MAG-1, and
SCo-1) analyzed during the course of this study are consis-
tent with published data (Teng et al., 2015, and references
therein) (Table 1).
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Table 1
Magnesium isotopic compositions of reference materials analyzed in this study, and comparison with literature data.
Standard Type 3*Mg 2SD 5> Mg 2SD Reference
Hawaii seawater Seawater —0.86 0.09 —0.46 0.07 This study
Replicate —0.83 0.07 —0.43 0.06 This study
Replicate —0.81 0.07 —0.43 0.08 This study
Weight Average (n=3) —0.83 0.04 —0.44 0.04 This study
—-0.83 0.09 —0.43 0.06 Ling et al. (2011)
Kilbourne Hole Olivine Olivine -0.29 0.07 —0.13 0.05 This study
Duplicate —0.25 0.06 —0.11 0.05 This study
Replicate -0.22 0.07 —0.11 0.07 This study
Weight Average (n = 3) —0.25 0.04 —0.12 0.03 This study
-0.27 0.07 —0.14 0.04 Teng et al. (2010a)
BHVO-2 Basalt —0.17 0.07 —0.11 0.05 This study
—0.24 0.06 —0.12 0.05 Pogge von Strandmann et al. (2011)
—-0.14 0.08 —0.06 0.04 Wiechert and Halliday (2007)
SCO-1 Shale —0.84 0.06 —0.44 0.04 This study
—0.81 0.07 Wimpenny et al. (2014)
—0.94 0.08 -0.5 0.06 Li et al. (2010)
MAG-1 Marine mud —0.24 0.06 —0.07 0.06 This study
—0.23 0.09 —0.14 0.04 Wombacher et al. (2009)

a. 2SD = 2 times the standard deviation of the population of n (n > 20) repeat measurements of the standards during an analytical session.
b. Replicate = repeat column chemistry and instrumental measurement of different aliquots of the same stock solution.

c. Duplicate = repeated measurement of Mg isotopic ratios on the same purified solutions.

4. RESULTS

The Mg concentrations and isotopic compositions of the
individual and composite AOC samples are reported in
Table 2 and plotted in Fig. 2.

The MgO concentration in unaltered basaltic glass from
Site 801 varies from 5.9 to 9.3 wt% (Fisk and Kelley, 2002).
In comparison, the AOC samples have a larger range in
M¢gO, varying from 1.6 to 15.6 wt%. MgO contents of the
individual AOC samples vary between 1.6 and 9.0 wt% in

Table 2

Descriptions, major elemental contents and Mg isotopic compositions of composite and individual AOC samples recovered from ODP Hole
801C.

Sample 1D Type of alteration Depth (mbsf) MgO (wt.%) (Mg/Ti)yorm FeO'/CaO &°Mg+2SD §*Mg =+ 2SD
Composite sample

801C-TAB-FLO FLO 487.00 5.84 0.57 1.03 —0.54 +£0.07 —0.26 £0.05
Replicate —0.53+£0.06 —0.29+0.04
Average —0.53+0.05 —0.28+0.03
801C-TAB-VCL VCL 487.00 5.77 1.19 0.51 —0.99 £0.07 —0.49+0.08
Replicate —1.03+0.07 —0.53+0.08
Average —1.01+0.05 —0.514+0.05
801C-TAB-MIX MIX 487.00 5.71 0.67 0.85 —0.68 £0.07 —0.34 +£0.08
Replicate —0.68 £0.06 —0.37+0.04
Average —0.68 +£0.05 —0.3740.04
801C-MORB I-FLO  FLO 575.00 5.37 0.60 0.72 —0.22+£0.07 —0.11+0.08
Replicate —0.194+0.07 —0.09 £+ 0.05
Average —0.21£0.05 —0.10£0.04
801C-MORB I-VCL  VCL 575.00 4.51 0.96 0.56 —0.46 +0.09 —0.24 +0.07
Replicate —0.43£0.07 —0.20£0.05
Average —0.44+0.05 —-0.22+0.04
801C-MORB I-MIX  MIX 575.00 5.28 0.67 0.66 —0.23+£0.07 —0.14+0.05
Replicate —0.23+0.07 —0.134+0.08
Average —0.23+£0.05 —0.14+0.04
801C-MORB II-FLO FLO 680.50 6.62 0.87 0.99 —0.19+0.06 —0.10+0.05
Replicate —0.13+£0.06 —0.06 £ 0.04
Average —0.16 £ 0.04 —0.08 +0.03
801C-MORB II-VCL  VCL 680.50 6.02 1.58 0.70 0.12 £0.07 0.04 £0.05
Replicate 0.17 +0.06 0.09 +0.04
Average 0.15+0.05 0.07 +0.03

(continued on next page)
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Sample ID Type of alteration Depth (mbsf) MgO (wt.%) (Mg/Ti)yorm FeO’/CaO &°Mg+2SD §* Mg =+ 2SD
801C-MORB II-MIX MIX 680.50 6.56 1.00 0.90 0.00 + 0.07 0.00 + 0.05
Replicate —0.02+0.06 —0.02£0.04
Average —0.02+0.06 —0.0240.04
801C-MORB III-FLO FLO 839.50 6.73 1.00 1.21 —0.04 +£0.07 —0.01 £0.05
Replicate 0.00 + 0.06 0.04 +0.04
Average —0.04 £0.07 0.02+0.03
801C-MORB III-VCL VCL 839.50 7.61 1.45 1.38 0.10 +0.09 0.06 +0.07
Replicate 0.13+£0.06 0.06 £ 0.05
Average 0.12 £ 0.05 0.06 £+ 0.04
801C-MORB III-MIX MIX 839.50 6.98 1.09 1.24 0.05+0.07 0.03 £0.05
Replicate 0.03 + 0.06 0.04 +0.04
Average 0.04 £0.05 0.04 £0.03
801C-SUPER SUPER 6.35 0.96 0.95 —0.03+£0.09 —0.02+0.07
Replicate —0.02+0.07 —0.01 £0.08
Average —0.02£0.06 —0.02+0.05
801C-SED SED 2.67 0.45 —1.37+£0.09 —0.68 £+ 0.06
Replicate —1.34 £0.06 —0.71 +0.05
Average —1.35+0.05 —0.71+0.04
Individual sample

801C-5R3-80-81 FLO 534.55 1.57 0.29 0.38 —1.68 £0.06 —0.88 £0.05
Replicate —1.72+£0.06 —0.90 £+ 0.05
Replicate —-1.70+0.06 —0.89 +0.07
Average -1.70+£0.03 —0.89£0.03
801C-10R2-72-77 FLO, pillow-breccia 571.22 7.36 1.09 0.94 —0.02£0.06 0.01+0.05
Replicate —0.05+0.06 0.02+0.06
Average —0.04 £0.04 0.01 £0.04
801C-14R2-117-120 Interflow material (IFM) 606.48 15.60 0.31 —0.34+0.06 —0.18 £0.05
Replicate —0.37+0.06 —0.194+0.05
Replicate —0.36 £ 0.06 —0.14 £+ 0.06
Average —0.35+0.03 —0.174+0.03
801C-16R2-82-86 FLO, pillow-breccia 625.56 2.79 0.41 0.60 —0.09 £0.07 —0.04 +0.05
Replicate —0.07 £ 0.06 —0.04 £0.05
Average —0.08 £0.05 —0.04 +0.04
801C-17R4-15-18 Interflow breccia (IFM)  637.37 4.31 0.51 —0.03+0.07 —0.024+0.07
Replicate 0.04 £+ 0.09 —0.05+0.07
Replicate —0.06 £0.09 —0.01 £+ 0.06
Average —0.02+0.05 —0.03£0.04
801C-21R2-69-71 Interflow calcite (IFM)  672.12 1.48 0.03 —2.73+£0.09 —1.484+0.07
Replicate —-278+£0.09 —1.47=+0.07
Replicate —2.76+0.09 —1.4340.06
Average -276+£0.05 —1.46=+0.04
801C-24R2-116-120 VCL, breccia 693.79 9.16 1.61 2.60 0.16 +0.07 0.08 + 0.06
Duplicate 0.15+0.06 0.09 £0.05
Replicate 0.15+0.06 0.11 £0.06
Average 0.15+0.04 0.09 +0.03
801C-27R3-66-69 FLO, massive basalt 723.14 6.07 0.79 0.80 —0.07 £0.06 —0.02 4+ 0.06
801C-30R1-111-114 FLO, massive basalt 748.41 6.43 0.95 1.25 —0.18+0.06 —0.1 £0.05
Replicate —0.12£0.06 —0.04+0.07
Average —0.15+0.04 —0.08 £0.04
801C-31R4-43-45 FLO, massive basalt 761.02 6.20 0.90 1.21 —0.18 £0.09 —0.08 +0.07
Replicate —0.15+£0.06 —0.07 £0.06
Average —0.16 £0.05 —0.07 £0.05
801C-31R7-7-10 FLO, massive basalt 764.81 8.19 1.30 1.70 0.18 £0.07 0.12 £ 0.06
Duplicate 0.20 + 0.06 0.08 +0.05
Replicate 0.24 +£0.06 0.18 £ 0.06
Average 0.21 +0.04 0.12+0.03
801C-36R3-87-90 VCL, breccia 807.64 4.72 1.10 1.78 —0.05+0.07 —0.03 £0.06
Replicate —0.02£0.06 —0.01+0.07
Average —0.03 £0.05 —0.02+0.05
801C-37R5-112-114 FLO, massive basalt 819.58 9.01 1.80 2.73 0.18 +0.07 0.09 + 0.06
Duplicate 0.19 £ 0.06 0.13 £0.05
Replicate 0.21 +0.06 0.14 £0.07
Average 0.20 £ 0.04 0.12£0.03

(continued on next page)
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Table 2 (continued)
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Sample ID Type of alteration Depth (mbsf) MgO (wt.%) (Mg/Ti)yorm FeO'/CaO &°Mg+2SD §* Mg =+ 2SD
801C-38R3-53-59 VCL, breccia 826.29 10.15 1.36 2.79 0.17 +0.06 0.07 +£0.05
Replicate 0.11 £0.06 0.08 £0.07
Average 0.14 £ 0.04 0.07 £+ 0.04
801C-40R 1-24-27 VCL, breccia 841.74 6.37 1.36 0.43 0.19 £0.07 0.12+£0.05
Replicate 0.18 +0.06 0.07 +£0.07
Average 0.18 £0.05 0.10 £ 0.04
801C-43R1-13-15 FLO, massive basalt 869.23 6.77 1.03 1.08 —0.14 +£0.06 —0.06 +£0.07

Depth, major element concentration are from Kelley et al. (2003).
a. mbsf = meter below sea floor.

b. 2SD = 2 times the standard deviation of the population of n (n > 20) repeat measurement of the standards during an analytical session.
c. Replicate = repeat column chemistry and instrumental measurement of different aliquots of the same stock solution.

d. Duplicate = repeat instrumental measurement of the same purified Mg solution.

e. FLO = less altered basaltic flows; VCL = highly altered breccias and volcaniclastics; MIX = 30% VCL + 70% FLO; SUPER = composite
of the whole MORB basement; SED = composite of interflow sediments in the upper 230 m of the section.
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Fig. 2. Downhole variation of (a) MgO concentration, (b) Mg/Ti normalized ratio and (c) §°*Mg of individual and composite AOC samples
at Site 801. Mg/Tipomm > 1 reflects net addition of Mg from the AOC, while values < 1 reflect net Mg depletion (see text for the definition and
calculation of Mg/Tiyom). The vertical yellow bar in panel ¢ and in the following figures represents the 5°°Mg range of fresh MORB (—0.25 +
0.07%o, Teng et al., 2010a). Shown on the right is the stratigraphic section for the altered oceanic crust at Site 801. “UH” and “LH” refers to
the upper and lower hydrothermal deposits, respectively. Open and solid symbols in this figure and the following ones refer to off-axis samples
and on-axis samples, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

FLO-type, between 4.7 and 10.2 wt% in VCL-type, and
between 1.5 and 15.6 wt% in IFM-type, respectively. By
contrast, MgO contents of the composites vary less, from
4.4 to 7.5 wt% (Fig. 2). VCL composites span a larger range
in MgO (4.5 to 7.6 wt%) than the FLO composites (5.4 to
6.7 wt%) (Fig. 2a), and the MIX composites have interme-
diate MgO contents ranging between 5.3 wt% and 7.0 wt%.
The SUPER composite has a MgO content of 6.4 wt%,

whereas the SED composite has a lower MgO content of
2.7 wt%.

Similar to MgO concentrations, 5°°Mg values of the
individual AOC samples exhibit a large variation, ranging
from —2.76%0 to 0.21%o, and are on average heavier than
the fresh MORB (—0.25 4+ 0.07%0, Teng et al., 2010a)
(Table 2). In detail, 8**Mg values of the individual FLO
and VCL samples vary from —1.70%¢ to 0.21%o, and from
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—0.03%o0 to 0.18%o, respectively (Table 2). Most of the indi-
vidual IFM samples (14R2, 17R4 and 21R2) have §*°Mg
values lower than the fresh MORB, ranging between
—2.76%0 to —0.02%o (Table 2).

The 5*°Mg values of the composite samples vary from
—0.53%0 to —0.04%0 in FLO-type, and from —1.01%0 to
0.15%0 in VCL-type (Table 2). The MIX composites have
3*Mg values (—0.68%0 to 0.04%o0) intermediate between
the FLO and VCL composites in the same depth interval
(Fig. 2c). The SUPER composite has 8*Mg value of
—0.02%0, notably higher than that of fresh MORB
(Fig. 2c). The SED composite has a 8**Mg value of
—1.39%0, which is much lower than fresh MORB and mod-
ern seawater (—0.83 £ 0.1%o, Ling et al., 2011).

Collectively, the 3°°Mg values of the individual and
composite samples increase with depth (Fig. 2c). Apart
from the IFM samples, AOC from the lower on-axis base-
ment below 625 mbsf (MORB-II and -III) have higher
82°Mg (—0.16%o to 0.20%0) than the fresh MORB, whereas
3*Mg values (—1.7%0 to —0.04%0) of AOC samples from
the upper off-axis basement (TAB and MORB-I) are signif-
icantly lower than the fresh MORB (Fig. 2c¢).

5. DISCUSSION

In this section, we first discuss the changes in Mg con-
centration and Mg isotopes during low-temperature alter-
ation of the oceanic crust, and then use our data to
estimate the average Mg isotopic composition of the altered
oceanic crust. Finally, we explore the implications of our
results on cycling of Mg in the oceans and Mg isotopic
heterogeneity in the mantle.

5.1. The change of MgO due to low-temperature alteration of
the oceanic crust

Approximately one third of the heat loss from the
Earth’s interior through formation of new oceanic crust is
removed by seawater circulation at the ridge axis and on
the ridge flank (Coggon and Teagle, 2011). During this pro-
cess, primary minerals are progressively dissolved and sec-
ondary minerals are deposited due to reaction with
circulating fluids, altering both the chemistry of the fluid
and the rock. Large changes in the composition of the cir-
culating seawater are generally produced during high-
temperature hydrothermal circulation at the ridge axis,
whereas small changes are produced by low-temperature
circulation through ridge flank and hence difficult to quan-
tify (Alt, 2003a; Staudigel, 2014).

Two approaches have been used to assess the chemical
changes due to low-temperature alteration of the oceanic
crust on the ridge flank. One is based on the change in
the composition of seawater circulating through basement,
which is in turn inferred from profiles of sediment pore-
water chemistry (e.g., Mottl and Wheat, 1994). The other
uses chemical differences between fresh and altered rocks
expressed as global fluxes via oceanic crust production rates
(e.g., Staudigel et al., 1996). Previous studies on the compo-
sitions of sediment porewaters and low-temperature
hydrothermal fluids demonstrated that low-temperature

alteration of the oceanic crust removed Mg from seawater
and serves as an additional Mg sink to balance the excess
Mg input to the oceans (Kastner and Gieskes, 1976;
Mottl and Wheat, 1994; Elderfield et al., 1999). However,
there is considerable variation in the composition of altered
and fresh samples in drilled sections of upper oceanic crust.
For example, ODP Site 504B indicates a net uptake of Mg
from seawater (Alt et al., 1996), whereas Sites 417/418 and
801 show either no change or a slight loss of Mg to seawater
(Staudigel et al., 1996; Kelley et al., 2003). The lack of an
obvious enrichment of Mg in bulk altered oceanic basalts
may result from small losses of Mg-bearing material during
coring (Nielsen et al., 2006), or from the large uncertainties
in normalizating AOC to fresh glasses (Kelley et al., 2003).
These uncertainties derive from both the large variation
that may be present in the MgO concentration of fresh
glasses (as at ODP site 801) and in the dilution of MgO dur-
ing alteration by other components (e.g., H,O, CaCO;,
Si0;).

We use a modified approach to re-evaluate the net
change in Mg due to low-temperature alteration of the
oceanic crust at Site 801. To evaluate the relative depletion
or enrichment of Mg during seafloor alteration, we use a
reference immobile element Ti (MacLean and Barrett,
1993) and the following equation:

(Mg/Ti) = (MgO/TiO2) soc/(MEO/TIOs ) ey, (2)

norm

where (MgO/TiO,) o and (MgO/TiO,);.,., refer to Mg/
Ti ratio of altered oceanic basalt and fresh oceanic basalt,
respectively. (Mg/Ti),, ., > 1 reflects addition of Mg and
(Mg/Ti),o,m < 1 reflects depletion.

This calculation requires first estimating the MgO/TiO,
ratio of the fresh basalt protolith for each sample. How-
ever, (MgO/TiO;)g,.q, Varies substantially in our samples
because Ti is an incompatible element that increases in con-
centration as MgO decreases in concentration during frac-
tional crystallization of MORB (as in the basalt glass
trend in Fig. 3b) (Klein, 2003). We thus use Ni-TiO; sys-
tematic to ascertain the overall level of igneous evolution
experienced by each sample (Fig. 3a), because neither of
these elements appears to be significantly affected by alter-
ation (Humphris and Thompson, 1978; MacLean and
Barrett, 1993). This is apparent given that the freshest sam-
ples plot on the fractionation curve of basalt glass, and the
most altered samples plot towards the origin in Fig. 3a. The
intersection of the sample’s Ni/TiO, with the fractionation
curve of basalt glass provides the fresh TiO, content of each
sample (Fig. 3a). The fresh TiO, content then yields the
fresh MgO content and MgO/TiO, ratio based on the
basalt glass trend in Fig. 3b. It would be simpler to compare
the MgO/Ni of the AOC to that in the fresh basaltic glass,
but few glass samples have both MgO and Ni data. Critical
to this approach is the assumption that the basalt glass
trend (based on the preservation of fresh glass in these
ancient basalts, Fisk and Kelley, 2002) is the same as the
fresh whole rock trend. This is true provided the crystal
content of the whole rock is low (Plank et al., 2000), which
is generally the case for MORB (Gale et al., 2013).

We use the composition of sample 37R as an example
calculation of (Mg/Ti) Its Ti and Ni concentrations

norm*
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Fig. 3. Plots of (a) Ni and (b) MgO versus TiO, concentrations for
individual AOC samples, composites and basalt glass samples at
Site 801. The solid lines labeled with “basalt glass” are regressions
lines fit through the basalt glass data (from Kelley et al., 2003).
Dashed lines are lines of constant ratio. An example calculation of
Mg/Tinorm is illustrated for sample 37R, which has a Mg/Tiyorm
value of 1.8, reflecting a factor of 1.8 enrichment in Mg, consistent
with the abundance of saponite in this sample. Note that IFM
samples and the sediment composite (SED) are not plotted here nor
used to calculated Mg/Ti,orm since they are mostly composed of
precipitates with low TiO, content (<0.1 wt%) and not basaltic
material.

are shifted toward the origin and below the fresh glass array
in Fig. 3a, reflecting the dilution effect during alteration. If
the Ni/TiO, ratio of 37R is projected to the glass array,
then its fresh TiO, content is 2.4 wt%. Such a high TiO,
content is consistent with the sample’s low Ni/TiO,, indi-
cating it has experienced a great amount of crystal fraction-
ation. A fresh TiO, content of 2.4 wt% yields a fresh MgO
content of 6.3 wt%, if the composition of 37R is constrained
to lie along the glass trend in Fig. 3b. When the altered
MgO/TiO, ratio divided by the resulting fresh one, the
(Mg/Ti),.,, is 1.8, indicating strong Mg addition. The
combined effects of 1.8 times addition and 1.25 times dilu-
tion by carbonates and other components lead to the
altered MgO concentration of 9.0 wt% (Fig. 3b). The
extreme Mg addition experienced by this sample is consis-
tent with its abundant saponite veins (Table 2).

Our results show that (Mg/Ti),,values <1 are gener-
ally found in the off-axis basement above 625 mbsf, while
most of the AOC samples from the on-axis basement below
625 mbsf have (Mg/Ti),,,values > 1 (Fig. 2b). The VCL
samples, except those in the MORB-I composite,
have(Mg/Ti), .. > 1, implying addition of Mg to the
AOC during low-temperature alteration. This is in agree-
ment with Mg-addition characterizing alteration of the
‘normal’ oceanic crust, which is often inferred from pore
water profiles (Mottl and Wheat, 1994). However, the
SUPER composite, composed of the MORB-I, II and III
sections with some SED material, has a(Mg/Ti), . value
of ~1 (Table 2), reflecting no significant net addition of
Mg. Because the individual AOC samples show both Mg
depletion (in MORB-I) and addition (in MORB-II and
I1I), the(Mg/Ti),,,, ~ 1 of the SUPER composite is prob-
ably a coincidence. In sum, variability in the
(Mg/Ti),,,values of AOC might be attributed to multi-
stage alteration of the basement and the influence of inter-
flow sediment in the off-axis basement.

5.2. Behavior of Mg isotopes during low-temperature
alteration of the oceanic crust

Altered oceanic basalts recovered from Site 801 have
variable §°°Mg values (—1.70%o to 0.21%o) with systemically
heavier Mg isotopic compositions in the on-axis basement
below 625 mbsf than in the overlain off-axis basement. Such
large Mg isotopic variation is unlikely to result from iso-
topic heterogeneity of the pristine oceanic crust because
unaltered oceanic basalts have homogenous Mg isotopic
composition (—0.25 £+ 0.07%0) owing to limited isotope
fractionation during igneous processes (Teng et al.,
2010a). More likely, these highly variable 8*°Mg values
are produced by Mg isotope fractionation during seawater
circulation through oceanic crust, accompanied by dissolu-
tion of primary igneous minerals and formation of sec-
ondary minerals.

5.2.1. Primary mineral dissolution cannot explain the Mg
isotopic signatures

Experimental studies of silicate mineral dissolution
demonstrate that conservative mixing of isotopically dis-
tinct Mg-bearing minerals and kinetic fractionation with
preferential release of light Mg isotopes into solutions can
produce Mg isotopic variation in leaching solutions
(Wimpenny et al., 2010; Ryu et al., 2011). However,
5?°Mg variation in AOC cannot be explained by selective
dissolution of Mg-bearing minerals, because Mg-bearing
primary materials in fresh oceanic basalts (including pyrox-
ene, olivine and basalt glass) have similar Mg isotopic com-
position (Handler et al., 2009; Teng et al., 2010a; Oeser
et al., 2014; Hu et al., 2016a). Kinetic leaching of 24Mg dur-
ing primary mineral dissolution can also be excluded as it
would lead to the enrichment of heavy Mg isotopes but
depletion of MgO in the AOC, and hence a negative corre-
lation between 8°°Mg and (Mg/Ti), ., (Wimpenny et al.,
2010), which is opposite to what is observed here (Fig. 4).
This cannot explain MgO enrichment with high 3*°Mg val-
ues in the on-axis basement below 625 mbsf (Fig. 2). Thus,
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primary mineral dissolution is unlikely to be the principal
cause of large Mg isotopic variation in the AOC at Site 801.

5.2.2. Secondary mineral formation accounts for the Mg
isotopic variations

The AOC samples at Site 801 contain a typical low-
temperature alteration assemblage of saponite, celadonite,
palagonite, calcite, Fe-oxy-hydroxides and pyrite (Alt and
Teagle, 2003; Talbi and Honnorez, 2003). Among these sec-
ondary minerals, ferrous saponite is the main host of Mg.
Celadonite contains moderate Mg as well as appreciable
potassium and ferric iron, while a relatively small amount
of Mg is hosted in calcite (Seyfried et al., 1978; Talbi and
Honnorez, 2003). The low abundance of celadonite
(<10%) in veins throughout the basement (Plank et al.,
2000; Alt and Teagle, 2003) together with the lack of corre-
lation between MgO and K,O contents in the AOC samples
(Fig. 5a), indicate that celadonite is not the dominant Mg-
bearing mineral in the AOC at Site 801. A positive correla-
tion between the FeO" (total Fe) and MgO contents
(Fig. 5b) and a negative correlation between the CaO and
MgO contents of the AOC samples (Fig. 5¢), suggest that
the MgO contents are mainly controlled by the relative pro-
portion of saponite and calcite. This is confirmed by the
mixing lines between saponite and calcite with varying com-
position shown in Fig. 5, which encompass almost all of the
AOC samples.

The highly variable 3**Mg values observed in the AOC
at Site 801 therefore most likely result from formation of
secondary minerals. This is further endorsed by covariation
of §**Mg and 3'%0 in the on-axis and off-axis basement, as
heavy oxygen isotopes are usually enriched in secondary
minerals during alteration of the oceanic crust at tempera-
tures lower than 250 °C (Muehlenbachs and Clayton, 1972;
Staudigel et al., 1995). On the other hand, the opposite
sense of the 8°°Mg and §'%0 correlations in the on-axis
and off-axis samples demonstrates the different behavior
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Fig. 5. Plots of MgO versus (a) K,0, (b) FeO", (c) CaO for the
individual and composite AOC samples at Site 801. Major
elemental data of AOC bulk samples and basalt glass are from
Kelley et al. (2003), and secondary minerals separated from the
AOC are from Talbi and Honnorez (2003). Colored solid lines are
binary mixing lines between saponite and calcite of varying
composition. The numbers along the mixing lines refer to the
fractional contributions from these end-members. (For interpreta-
tion of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

of Mg isotopes during alteration in these two parts of base-
ment (Fig. 6). Thus, these large Mg isotopic variations were
produced by multi-stage alteration, with early formation of
saponite accounting for high 5°°Mg in the lower basement,
and subsequent precipitation of carbonates resulting in low
3*Mg in the upper basement.
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referred to the web version of this article.)

5.2.2.1. The on-axis basement (below 625 mbsf). Petro-
graphic studies of Site 801 samples found pervasive recrys-
tallization to saponite, minor calcite, as well as
disseminated pyrite in the on-axis basement, most likely
due to replacement of olivine under low water/rock ratio,
high pH and anoxic conditions (Plank et al., 2000; Alt
and Teagle, 2003; Talbi and Honnorez, 2003). High abun-
dance of saponite (up to 63%) in the on-axis basement
may account for the enrichment of Mg (ie.,
(Mg/Ti),,,m> 1), because both laboratory experiments
(Seyfried and Bischoff, 1979) and field observations
(Elderfield et al., 1999; Wheat and Fisher, 2008) demon-
strate that Mg is removed from seawater by the formation
of clay minerals during the seafloor alteration. Further-
more, a positive correlation between &°Mg and
FeO"/CaO (Fig. 7b) implies that heavy Mg isotopes are
preferentially sequestered by the formation of saponite dur-
ing the early stage of alteration, leading to the relatively
high 3*Mg and(Mg/Ti),,, > | in the on-axis basement
at Site 801 (Fig. 2). Additional support comes from the
positive correlation between §°°Mg and (Mg/Ti),,,,,of the
AOC samples in this portion of the basement (Fig. 4), sug-
gesting that heavy Mg isotopes are removed from seawater
by the formation of clay minerals.

5.2.2.2. The off-axis basement (above 625 mbsf). In contrast
to the on-axis AOC samples, the majority of AOC samples
from the overlying off-axis basement (TAB and MORB-I)
have relatively low 8*°Mg values with (Mg/Ti), ., <1
(Fig. 4), which most likely results from the addition of car-
bonates and concomitant dissolution of primary phases.

Indeed, the off-axis basement has relatively higher
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Fig. 7. (a) Plots of MgO versus FeO"/CaO ratio of the individual
and composite AOC samples at Site 801. Major elemental data are
from Kelley et al. (2003). (b) Correlation between FeO"/CaO ratio
and 8°®Mg for individual and composite AOC samples at ODP
Hole 801C. The dotted solid lines are binary mixing lines between
fresh MORB and saponite (blue line), between unaltered MORB
and calcite (red line), and between saponite and calcite (green line).
Major elemental and isotopic compositions for the three end-
members are: (1) saponite with FeO"/CaO ratio of 8.84 and §*°Mg
of 0.20%0 (Ryu et al., 2016); (2) calcite with FeO"/CaO ratio of 0.01
and 626Mg of —3.0%o (Saulnier et al., 2012); (3) fresh basalt with
FeO’/CaO ratio of 1.46 and 8*°Mg of —0.25% ((Kelley et al., 2003;
Teng et al., 2010a). The numbers along the mixing lines refer to the
fractional contributions from these end-members. (For interpreta-
tion of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

abundance of carbonates than the on-axis basement (Alt
and Teagle, 2003). This may ascribe to high intergranular
porosity and permeability of the off-axis basement, which
facilitate seawater penetration and oxidative alteration
(Plank et al., 2000; Alt, 2003b). During this process, ferrous
iron in basalt and pyrite are oxidized by O,-rich seawater
and generates H' (Seyfried et al., 1978), which, in turn,
increases saponite solubility and results in a loss of heavy
Mg isotopes and a depletion of Mg in the off-axis basement.
Meanwhile, H" enhances dissolution of primary minerals in
basalt and releases significant Ca>" and Mg®" into the pore
water, which in turn accelerates precipitation of carbonates
in veins (Fisher, 1998; Alt, 2003b). Moreover, high
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atmospheric CO, levels in the Mesozoic may be conducive
to carbonate precipitation in AOC (Staudigel et al., 1989;
Alt and Teagle, 1999; Gillis and Coogan, 2011). Light Mg
isotopes will be preferentially incorporated into calcite
when precipitated from fluids (Saenger and Wang, 2014).
A binary mixing calculation suggests that addition of 20%
calcite could produce §**Mg in AOC of —0.30%o, but at
least 60% of calcite is required to shift 5°°Mg of AOC to
—0.50%0 (Fig. 7b). Such high amounts of calcite addition
indicates an additional process may account for the extre-
mely low 8°°Mg values (<—0.50%o).

Previous studies found that large quantities of interflow
sediments were accumulated in the off-axis lavas by multi-
ple sill intrusions (Koppers et al., 2003). These interflow
sediments usually contain high abundance of carbonates
(Alt and Teagle, 2003), with relatively light 8**Mg and high
3180 values. For example, the SED composite, consisting
largely of such interflow sediments, has 8**Mg of —1.35%0
and 8'%0 of 25.70%0 (Table 2). Thus, accumulation of the
carbonate-rich interflow sediments in the off-axis lavas
could contribute to low 3°°Mg and high 3'0 values. This
interpretation is further supported by an inverse correlation
between 3'80 and 3?°Mg of the composites in the off-axis
basement (Fig. 6).

5.3. Magnesium isotopic composition of the altered oceanic
crust

Knowledge on the average composition of the heteroge-
neous AOC is important for understanding the chemical
fluxes associated with oceanic crust alteration and global
elemental cycling (Staudigel, 2014). Two approaches have
been adopted to estimate the average chemical and isotopic
compositions of the AOC (Staudigel et al., 1996; Kelley
et al., 2003). One is to establish a weighted average of
the compositions of a large number of individual rock sam-
ples throughout the basement. The other is to analyze a
smaller set of composites, which themselves are weighted
mixtures of many individual samples. Although informa-
tion is lost on the internal structure of the oceanic crust
as well as the heterogeneity at the scale of individual sam-
ples (Smith et al., 1995), composites provide an efficient
way to obtain a complete geochemical characterization of
a large crustal section with few analyses (Staudigel,
2003). Thus, we prefer to use composite samples to esti-
mate the average Mg isotopic composition of the oceanic
crust at Site 801.

The off-axis basement (TAB and MORB-I) has under-
gone a more complex alteration history and has more inter-
flow sediments than normal oceanic crust. Thus, we use
only the on-axis basement samples to estimate the Mg iso-
topic composition of the AOC. Based on the proportions,
thicknesses, MgO concentrations and §°°Mg of the four
on-axis units, the weighted average 8*’Mg of the on-axis
basement is estimated to be 0.00 4= 0.09%o. A slightly higher
weighted average 3**Mg of 0.02 + 0.08%o is obtained by
using the MIX composites. These two estimates are identi-
cal to the 8*°Mg of SUPER composite (—0.02 & 0.06%0)
within analytical uncertainties (£0.07%0). All of these esti-
mated 3**Mg values (—0.02%0 to 0.02%o0) are significantly

higher than the unaltered oceanic crust (—0.25 4+ 0.07%o,
Teng et al., 2010a). This robust result requires the preferen-
tial retention of heavy Mg isotopes in the bulk AOC during
low-temperature alteration of the oceanic crust.

5.4. Implications for the global oceanic Mg cycle

The modern oceans have homogenous Mg concentra-
tion (53 mmol/l, Holland et al., 1986) and isotopic compo-
sition (—0.83 + 0.1%o0, Ling et al., 2011). However, current
global riverine input to the ocean, has a slightly lower
3%Mg (—1.09%c) than modern seawater (Tipper et al.,
2006). The Mg isotopic difference between riverine input
and seawater suggests that the modern ocean might not
be at steady state with respect to Mg isotope ratios, and/
or other processes preferentially remove light Mg isotopes
from the oceans, such as hydrothermal circulation, marine
carbonate deposition (biogenic calcite and dolomite) and
low-temperature alteration of the oceanic crust (Fig. 8).
Limited Mg isotope fractionation is expected during high-
temperature hydrothermal circulation at the ridge axis
due to the quantitative removal of Mg (Tipper et al.,
2006). As a consequence, carbonate deposition and/or
low-temperature alteration of the oceanic crust must be
the dominant process for removing light Mg isotopes from
the oceans (Ligi et al., 2013; Higgins and Schrag, 2015).

To quantitatively constrain the contribution of low-
temperature alteration of the oceanic crust versus carbonate
deposition to the Mg cycle in the oceans, we use the follow-
ing numerical model. The amount of Mg in the oceans
(Nyg) changes with time primarily as the result of imbal-
ance between the inputs of Mg from rivers (F,;,) and the
outputs of Mg through combined high-temperature
hydrothermal circulation at the mid-ocean ridges (Fj.),
dolomitization (a major Mg sink during carbonate deposi-
tion, F,,;) and low-temperature alteration of the oceanic
crust (F4oc):

dN
d;”g = Friy — Fiya — Faot — Faoc 3)

Consequently, the associated change in the Mg isotopic
composition of the oceanic Mg reservoir ((526Mgm,) can be
approximately represented as:

dN,, Mg,

dt = (526Mg)‘iv - 526Mgsw)F

- (626Mgh}d - BZGMgSW)thd
- (526Mgdol - 526Mgsw)Fdol
- (626MgAOC - 626Mgsw>FAOC (4)

where 6*Mg,,,, 526Mghyd,526Mgdg,, Mg, are Mg iso-
topic compositions of the riverine input, high-temperature
hydrothermal fluid, dolomite formation and altered oceanic
crust at low-temperature at time ¢, respectively. If we
assume that the ocean is in a steady state with respect to

26V o
Mg (% = 0), then the current Mg flux due to low-

temperature alteration of the oceanic crust can be estimated
by the following isotope mass balance:
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flux: 5.5x10"2mollyr
5?Mg: -1.09%o

eposition

77%10"2mol/yr

ocean
[Mg]: 53 mmol/l
5?°Mg: -0.83%o

low-T alteration
flux: 0.67x10"mol/yr
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Fig. 8. Cartoon of the global Mg cycle showing the average fluxes and isotopic compositions of the main oceanic sources and sinks of Mg.
The directions of the arrows refer to the net uptake or release of Mg for each geological process. The values in the colored boxes refer to
5?°Mg values and Mg fluxes of seawater and various inputs/outputs (see text for details). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

(526Mgriv - 526Mgsw)F

riv

= (526Mghyd - 526Mgsw)thd
+ (626Mgdol - 626Mgsw)Fdol

+ (526MgAOC - 526Mgsw)FA0C

)

Given that modern F,, is ~1.5-2.2 x 10" mol/yr
(Elderfield and Schultz, 1996; Nielsen et al., 2006) with a
seawater-like 5°°Mg, and current Fy,; is 1.7 x 10'2 mol/yr
(Holland, 2005) with an average 6°Mg of —2.0%0
(Higgins and Schrag, 2010; Fantle and Higgins, 2014), the
F.ioc is calculated to be ~0.67 x 10'2 mol/yr if an average
5*®Mgaoc at Site 801 of 0.00%0 is adopted. Although the
average 5°°Mg of the Mesozoic AOC applied here may be
different from the modern one, this calculation offers limits
on the direction and magnitude of chemical change for
alteration of the oceanic crust at low temperature. This is
supported by a similar estimate of ~0.2-0.4 x 102 mol/yr
based on chemical analysis of the much younger AOC
(~6 Ma) at ODP Holes 504B and 896A (Alt et al., 1996).
Our estimated low-temperature Mg sink flux is about 12%
of the annual Mg riverine input (Fig. 8), but it is still lower
than the missing Mg sink flux (i.e., an additional Mg sink to
balance the excess Mg riverine input to the ocean) of at
least 1.1 x 10'? mol/yr (Elderfield and Schultz, 1996). Fur-
thermore, in contrast to carbonate deposition, our study
shows that the preferential retention of heavy Mg isotopes
during low-temperature alteration of the oceanic crust
would drive seawater 8*°Mg towards lighter values, and
thus additional carbonate precipitation is required to main-
tain seawater in an isotopically steady state. Hence, any

attempt to constrain global Mg cycle and Mg isotopic bud-
get through geological history must consider the contribu-
tion from this process (Higgins and Schrag, 2015).

5.5. Implications for mantle Mg isotopic heterogeneity

The mantle in general has a homogenous Mg isotopic
composition based on a large number of measurements of
peridotite xenoliths and oceanic basalts from all over the
world (Teng et al., 2007, Handler et al., 2009; Yang et al.,
2009; Bourdon et al., 2010; Teng et al., 2010a; Huang
et al., 2011; Pogge von Strandmann et al., 2011). However,
an increasing number of studies have discovered mantle and
mantle-derived rocks with distinct Mg isotope composi-
tions from the prevalent mantle, including metasomatized
peridotite xenoliths from the North China Craton (Yang
et al., 2009; Xiao et al., 2013; Hu et al., 2016b), continental
basalts from East Asia (Yang et al., 2012; Huang et al.,
2015b; Tian et al., 2016; Su et al., 2017; Sun et al., 2017)
and New Zealand (Wang et al., 2016), and arc lavas from
Martinique Island and Philippines (Teng et al., 2016; Li
et al., 2017). These isotopically diverse signatures have been
attributed to contributions from the down-going oceanic
slab and carbonate sediments based on the assumption that
the subducted oceanic slab has a Mg isotopic composition
different from the mantle (Wang et al., 2012, 2015).

Our results reveal that the AOC has variable §°Mg,
with high values for clay-rich AOC and low values for
carbonate-rich AOC (Fig. 9). In addition to AOC, subduct-
ing sediments and abyssal peridotites, which are also recy-
cled into the mantle along with the subducting oceanic
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Fig. 9. Plot of MgO contents and 8*°Mg values of different
geochemical reservoirs. Data sources: cratonic eclogites (Wang
et al., 2012; Wang et al, 2014a, 2015; Huang et al., 2016),
continental basalts (Yang et al., 2012; Huang et al., 2015b; Tian
et al., 2016; Wang et al., 2017), metasomatized peridotites and
pyroxenites (Pogge von Strandmann et al., 2011; Xiao et al., 2013;
Hu et al., 2016b), subducting sediments (Hu et al., 2017), published
AOC (Huang et al., 2015a; Zhong et al., 2017). “PM”, “SED” and
“SUPER” represent the primary mantle (Teng et al., 2010a),
sediment composite and SUPER composite, respectively (this
study). Red, green, and blue stars represent clay-rich AOC,
carbonate-rich AOC and carbonated eclogite end-members, respec-
tively. The dotted solid lines represent binary mixing between clay-
rich AOC and the primary mantle, and between carbonate-rich
AOC and the primary mantle, respectively. The numbers along the
mixing lines refer to the fractional contributions from these end-
members. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.)

slab (Plank, 2005; Chauvel et al., 2008), have heterogeneous
Mg isotopic compositions (Teng et al., 2016; Hu et al.,
2017; Liu et al., 2017) (Fig. 9). These isotopically heteroge-
neous materials can be delivered to the mantle by subduc-
tion, potentially with limited isotope fractionation during
metamorphic dehydration (Li et al., 2011, 2014; Teng
et al., 2013; Wang et al., 2014b). Given the large Mg iso-
topic variation of the AOC, which is well beyond the Mg
isotopic range of mantle xenoliths and mantle-derived vol-
canic rocks (Fig. 9), it is reasonable to speculate that recy-
cling of the subducted materials into the mantle could
produce Mg isotopic diversity in the mantle (Yang et al.,
2012; Xiao et al., 2013; Huang et al., 2015b; Hu et al.,
2016b; Teng et al., 2016; Tian et al., 2016).

Simple binary mixing between ambient mantle and AOC
cannot account for the heterogeneous mantle-derived vol-
canic rocks because an unrealistic amount of recycled
AOC (>70%) is required (Fig. 9). However, partial melting
of isotopically heterogeneous AOC, as analyzed in this
study and in previous studies on cratonic eclogites (Wang
et al., 2012; 2015), can produce isotopically anomalous
melts. If these melts react with subcontinental lithospheric
mantle, isotopically heterogeneous metasomatized mantle
rocks such as wehrlites and pyroxenites can be produced

(Xiao et al., 2013; Hu et al., 2016b). Alternatively, if these
melts mix with melts derived from the normal mantle, they
may form continental basalts with atypical Mg isotopic
composition, such as the HIMU-like basalts from New
Zealand (Wang et al., 2016). Therefore, subduction of
highly heterogeneous AOC along with sediments has the
potential to produce Mg isotopic heterogeneity in the man-
tle on a local scale.

6. CONCLUSIONS

To investigate the behavior of Mg isotopes during low-
temperature alteration of the oceanic crust and the influ-
ence of this process on the global Mg cycle, we present
high-precision Mg isotopic data of the individual and com-
posite AOC samples recovered from the ODP Hole 801C,
the reference site for old crust subducted in the Pacific.
The following conclusions can be drawn:

(1) Compared to fresh MORB, 8*°Mg values of individ-
ual and composite AOC samples are highly heteroge-
neous, varying from —1.70%0 to 0.21%e, which
requires large Mg isotope fractionation during low-
temperature alteration of the oceanic crust.
Saponite, which forms under anoxic conditions with
low water/rock ratios and high pH in the deeper on-
axis basement, preferentially incorporates heavy Mg
isotopes and leads to the high §°°Mg values. By con-
trast, calcite, which precipitates under open and more
oxidative upper off-axis basement, preferentially takes
up light Mg isotopes. These carbonates, together with
accumulation of interflow sediments, result in the low
3%°Mg values in the off-axis basement.

(3) A weighted average 8**Mg value of the AOC at Site
801 is estimated to be 0.00 £ 0.09%0. The Mg sink
flux due to low-temperature alteration of the oceanic
crust is estimated as ~0.67 x 10'2 mol/yr (i.e., 12% of
the current yearly Mg riverine input) based on a first-
order mass balance calculation, suggesting that alter-
ation of the oceanic crust at low temperature serves
as an important sink to balance seawater Mg budget.

(4) Subduction of AOC, along with its marine sedimen-
tary cover, introduces material with highly variable
Mg isotopic compositions into the mantle, and thus
is likely to generate mantle Mg isotopic heterogeneity
on a local scale.
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