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Abstract. Studies of magnesium (Mg) isotope ratios in sub-
duction zone lavas have revealed small but significant offsets
from the mantle value with enrichments in the heavy iso-
topes. However, the very high concentration of Mg in the
mantle contrasts with much lower concentrations in the sub-
ducted igneous crust and oceanic sediments, making these
subduction components unlikely vehicles of the Mg isotope
anomalies in arc lavas. Only serpentinites, which in various
proportions form part of oceanic plates, have high Mg con-
tents comparable to fresh mantle rocks, and they have thus
been regarded as a potential source of exotic Mg in the source
of arc magmas.

In this study we analyzed serpentinite samples from dif-
ferent oceanic settings for their Mg isotopic compositions.
The majority of samples are indistinguishable from the de-
pleted mantle (2°Mg = —0.24 %o + 0.04 %o) irrespective of
their origin. Only a small number of seafloor-weathered ser-
pentinites are slightly enriched in the heavy isotopes (up
to 82°Mg = —0.14 %o %+ 0.03 %), implying that bulk serpen-
tinites are unlikely sources of isotopically anomalous Mg in
subduction zones.

We also developed a partial dissolution method in which
5 % acetic acid for 180 min was shown to fully dissolve the
minerals brucite and iowaite while leaving the serpentine
mineral chrysotile essentially undissolved.

Partial dissolution of 11 bulk serpentinite samples revealed
Mg isotopic composition of brucite (£ iowaite) that is sys-

tematically ~ 0.25 %o heavier than that of coexisting serpen-
tine. Thus, preferential breakdown of brucite and/or iowaite
in a subducted slab prior to serpentine could preferentially
release isotopically heavy Mg, which could subsequently be
transported into the source region of arc magmas. Such a
scenario would require brucite/iowaite breakdown to occur
at pressures in excess of 3 GPa and produce fluids with very
high concentrations of Mg that could be transported to arc
magma source regions. Whether these conditions are met in
nature has yet to be experimentally investigated.

1 Introduction

The release of volatiles from the subducting slab is an impor-
tant process driving arc volcanism. However, how substan-
tial amounts of water can be transported to sufficient depths
prior to being released into the mantle is highly debated.
Some studies argue that sediments and hydrothermally al-
tered oceanic crust (AOC) are the primary sources of HO,
as these are directly exposed to seawater at the seafloor and
are naturally located at the boundary between the slab and
the mantle wedge in the subduction zone (Tatsumi, 1986;
Hacker, 2008). It is unclear whether hydrous minerals such
as lawsonite and phengite are sufficiently abundant and sta-
ble in many slabs to carry the amounts of water required to
fuel arc volcanism (e.g., Schmidt and Poli, 1998). Addition-
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ally, serpentinite has been proposed as a vehicle to transport
water to a sufficient depth to eventually trigger the forma-
tion of arc magmas (e.g., Riipke et al., 2004). Serpentinite
forms during the alteration of ultramafic rocks by water at a
range of temperatures and pressures (< 100-600 °C; Lazar,
2020). Serpentinite can form at mid-ocean ridges when man-
tle rocks are tectonically uplifted to crustal levels where it in-
teracts with heated seawater, such as on slow- and ultraslow-
spreading ridges in the Atlantic, Indian, and Arctic oceans
(Bach and Friih-Green, 2010; Humphris and Klein, 2018).
Serpentinite can also form in tectonic windows and fracture
zones of fast-spreading crust and is believed to form along
deep-reaching faults in oceanic trenches (Ranero et al., 2003;
Mével and Stadoumi, 1996). While direct evidence for ser-
pentinite subduction has been found in the slow-spreading
crust subducting underneath the Lesser Antilles (Klein et al.,
2017), subduction of serpentinite in intermediate- to fast-
spreading oceanic plates in the Pacific is chiefly based on
geophysical inference (Ranero et al., 2003).

Geochemical evidence for serpentinite subduction remains
controversial. One example of a geochemical proxy for ser-
pentinite subduction is magnesium (Mg) isotope composi-
tions. Much of this attention has been spurred by the discov-
ery of §2°Mg (82°Mg is the deviation of *)Mg/?*Mg from
that of the standard DSM-3, in %o; Galy et al., 2003) val-
ues slightly higher than the mantle in some arc lavas (Teng
et al., 2016; Li et al., 2017). While some argue that these
high §2°Mg values may be accounted for by fractional crys-
tallization and crustal assimilation processes (Brewer et al.,
2018), others conclude that they must originate from the sub-
arc mantle source region (Teng et al., 2016; Li et al., 2017,
L. Chen et al., 2023). In this case, the high 826Mg values
have been challenging to explain via addition of sediment
and AOC into arc lava source regions because crustal rocks
have much lower Mg contents than the mantle wedge (Li and
Schoonmaker, 2014; Rudnick and Gao, 2003; McDonough
and Sun, 1995). In contrast, Mg contents of peridotite are
much higher and Mg is conserved during serpentinization
of peridotite (Klein and Le Roux, 2020), which means that
there is potential for even moderate amounts of subducted
serpentinite to modify the overall Mg isotopic budget of arc
lavas. Two potential processes have been argued to connect
serpentinite with the Mg isotope budget of subduction zones:
(1) release of fluids from the slab into the sub-arc mantle that
are enriched in the heavy Mg isotopes due to the breakdown
of serpentine (Hu et al., 2020) and (2) Mg isotope fraction-
ation during serpentinization at the seafloor that could cause
serpentinites to be enriched in the heavy isotopes relative to
the otherwise homogenous mantle rocks (Zhao et al., 2023).

Both hypotheses provide some challenges. It has been
shown in experiments at pressures (P) and temperatures (7)
relevant to subduction zones that fluids released from crustal
slab lithologies (sediments and AOC) carry very little Mg
(Kessel et al., 2005; Spandler et al., 2007; Carter et al., 2015;
Manning, 2004), possibly due to low overall Mg solubility
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in fluids at such P-T conditions. Experimental investiga-
tions and theoretical models of Mg solubility in fluids ex-
pelled during serpentinite breakdown at various subduction
zone conditions (1-10 GPa and 300 to 1200 °C) predict that
these can be both enriched and depleted in Mg (Stalder et al.,
2001) and potentially cause Mg metasomatism of adjacent
gabbroic lithologies as in the Ligurian Alps of Italy (Codillo
et al., 2022). Thus, there is no consensus as to what extent
fluids expelled from serpentinite breakdown affect the Mg
isotope budget of arc lava source regions.

In some cases, the Mg isotope composition of serpenti-
nite displays bulk-rock §?°Mg values slightly higher than
the mantle (Zhao et al., 2023; Wang et al., 2023; Beinlich
et al., 2014; Liu et al., 2017), but there is disagreement as
to the processes responsible for these heavy isotope enrich-
ments. Some argue that seafloor weathering is the main pro-
cess responsible for these values (Wang et al., 2023; Liu et
al., 2017; Li et al., 2023), whereas others conclude that the
serpentinization reaction itself is associated with Mg loss that
causes isotope fractionation (Zhao et al., 2023). Hence, there
is a need for a more comprehensive investigation that dis-
tinguishes the Mg isotope effects of primary serpentinization
and secondary seafloor weathering.

In addition to serpentine, oceanic serpentinite contains up
to 15wt % of brucite (Mg, Fe)(OH),) (Klein et al., 2020),
and theoretical considerations have indicated that the Mg iso-
tope compositions of brucite and serpentine can be substan-
tially fractionated relative to each other and relative to the
fluids from which they precipitate (Wang et al., 2019; Wim-
penny et al., 2014). Given that the thermodynamic stability
fields of brucite and serpentine are different (Lazar, 2020),
the increase in pressure and temperature during subduction
could provide an additional mechanism for preferential mo-
bilization of isotopically fractionated Mg from serpentinites
in subduction zones. However, to date, no study has inves-
tigated whether brucite and serpentine in serpentinite follow
predicted Mg isotope fractionation patterns during serpen-
tinization.

Here we present Mg isotope data for a set of serpentinites
from mid-ocean ridge settings and subduction zone forearc
regions revealing no bulk Mg isotope change associated with
serpentinization. We also perform partial dissolution exper-
iments, where only brucite is dissolved, which reveal that
brucite is systematically higher in §2°Mg than coexisting ser-
pentine.

2 Samples and methods
2.1 Sample descriptions
Serpentinites included in this study were recovered from
mid-ocean ridge, off-axis, and subduction zone settings.

Samples recovered during Ocean Drilling Program (ODP)
legs 153 (Site 920B) and 209 (sites 1268A, 1271B, 1272A,
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and 1274A) on the slow-spreading Mid-Atlantic Ridge
(MAR) include partly to completely serpentinized harzbur-
gite and dunite. Their secondary mineral assemblages are
dominated by serpentine, brucite, and magnetite in addition
to minor chlorite and iowaite (Klein et al., 2020) and traces
of Ni-bearing sulfides and alloys. Brucite, which formed to-
gether with serpentine at the expense of olivine in mesh tex-
ture, is partially and locally completely replaced by iowaite.

Samples from Deep Sea Drilling Program Leg 82 (Site
558) were recovered off the Mid-Atlantic Ridge in 34.7 Ma
crust (37°46.24' N, 37°20.61’ W). Harzburgite is completely
serpentinized and mainly composed of serpentine, iowaite,
and maghemite. In contrast to samples from ODP legs 153
and 209, iowaite preferentially occurs in late-stage veins that
cut across mesh and bastite texture.

Samples from the Puerto Rico Trench were recovered dur-
ing Cruise 19 of RV Chain (Klein et al., 2017). Two dredges
from the north wall of the Puerto Rico Trench, which is cur-
rently undergoing subduction beneath the Caribbean Plate,
include highly weathered serpentinized peridotite (dredge
D10), composed of lizardite, chrysotile, minor antigorite,
chlorite, hematite, goethite, clay minerals, and quartz, and
Si-metasomatized serpentinite (dredge D2) chiefly composed
of antigorite and talc. Dating of zircon in mafic veins that
cut sample D10-9 yielded an age of 114.8 Ma, indicating
that these serpentinites were originally formed at the Creta-
ceous Mid-Atlantic Ridge and were subsequently transported
by seafloor spreading to their current location (Klein et al.,
2017). There is geochemical and mineralogical evidence for
extensive weathering of serpentinite from the Puerto Rico
Trench. Magnetite is altered to hematite and goethite. In
some samples, incongruent dissolution of serpentine stabi-
lized quartz. This is reflected in elevated Fe(III) /Fe(tot) and
Mg/Si, porosities, and low densities when compared with
unweathered serpentinite from the MAR (Fig. 1).

Samples from the Mariana forearc were drilled during
ODP legs 125 and 195 from Conical Seamount and South
Chamorro Seamount, respectively (D’Antonio and Kris-
tensen, 2004; Fryer et al., 1992). These samples are partly
to completely serpentinized peridotites chiefly composed of
serpentine (lizardite, chrysotile, antigorite), brucite, iowaite,
chlorite, and magnetite (Kahl et al., 2015; Klein et al., 2020).
In contrast to other samples included in this study, peri-
dotite from South Chamorro and Conical was serpentinized
in the shallow mantle wedge by sediment-derived pore fluids
evolved during subduction of the Pacific plate (Kahl et al.,
2015; Nielsen et al., 2015; Debret et al., 2019).

2.2 Partial dissolution experiments

In order to investigate whether brucite, iowaite, and serpen-
tine are characterized by different Mg isotope compositions,
we developed a partial dissolution protocol designed to pref-
erentially dissolve brucite and iowaite, whereas serpentine
was left in the residue. The isotope composition of serpen-
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Figure 1. Weathering of serpentinite from the Puerto Rico Trench.
Backscattered electron images (a—c) of porous lizardite (Lz) and
chrysotile (Ctl) (a); pseudomorphic quartz (Qtz) and hematite
(Hem) after serpentine and magnetite (b); weathered mesh tex-
ture (c); and a plane-polarized image of hematite, goethite (Goe),
and lizardite in mesh texture (d). Whole-rock Fe(IIl)/Fe(tot) vs.
MgO/SiOy (Wt %/ wt %) of serpentinized harzburgite, dunite, and
weathered serpentinite (e). Images and data are adapted from Klein
et al. (2017).

tine could thereby be calculated via mass balance using the
bulk Mg isotope composition and concentration.

We performed dissolution experiments of pure single-
mineral materials of brucite, iowaite, and chrysotile using
acetic acid to determine the kinetics of their dissolution at
different acetic acid strengths. For brucite and iowaite we
conducted four separate experiments using 10 mL of 5 %,
10 %, 20 %, and 40 % acetic acid, respectively, at ambient
room temperature (~ 20 °C). Sample aliquots were taken out
after 1, 10, 100, 360 (6 h), and 1440 min (24 h), and the Mg
concentrations were determined (Fig. 2). If less than 100 %
of the mineral had dissolved, then a mineral sample aliquot
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Figure 2. Fraction of Mg dissolved in single-mineral dissolution
experiments. Acetic acid strength is color-coded. The fraction of
total Mg dissolved for brucite was normalized to the values for the
end of the experiment, since no solids remained, whereas chrysotile
was calculated by assuming an idealized stoichiometric formula
of Mg3(Si»Os5)(OH)4. Uncertainties for the chrysotile experiments
are smaller than symbol sizes.

was also taken for Mg isotopic analysis. For chrysotile, only
one experiment was performed at 5 % acetic acid strength,
with samples taken at 80 and 1200 min. The Mg isotope com-
positions were not determined for this experiment, as only a
small percentage of the serpentine had dissolved during the
experiment (Fig. 2).

We selected 11 serpentinite samples for partial disso-
lution. Samples were selected based on their brucite and
iowaite contents, on their lack of extensive seafloor weath-
ering (Klein et al., 2020), and on their being completely
or almost completely serpentinized. Thus, no or only trivial
amounts of primary Mg-bearing minerals (i.e., olivine, py-
roxenes) remained, which allowed us to use the bulk Mg iso-
tope compositions to reconstruct the Mg isotope composition
of serpentine in these samples via mass balance.

Concentrations of Na, Mg, Ca, Fe, Al, Cr, Mn, Co, Ni,
and Zn in the partial dissolution samples were determined
on a Thermo iCAP quadrupole inductively coupled plasma
mass spectrometer (ICP-MS) located in the WHOI Plasma
Facility. Concentrations were determined via reference to se-
rially diluted USGS reference materials AGV-2 and BHVO-2
run at the beginning and end of each sequence. Instrumental
drift was corrected by monitoring the signal of indium that
was added to each sample and reference material in a known
quantity. Following previous studies from our group that use
identical methods for concentration determination, we infer
that the external reproducibility of these analyses is ~ 7 %
(1sd) (Shu et al., 2022; Wang et al., 2022).
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2.3 Magnesium separation and isotope measurements

Purification of Mg from a sample matrix was performed
as previously detailed (B.-B. Chen et al., 2023; Pogge Von
Strandmann et al., 2011). Briefly, the dissolved samples were
purified using a two-stage cation exchange column procedure
and using AG 50W-X12 ion exchange resin, eluting the Mg
using 2M HNO:s.

Magnesium isotope compositions were measured using
a Nu Plasma 3 MC-ICP-MS at the LOGIC laboratories in
London, using a sample-standard bracketing method rel-
ative to DSM-3. Based on the repeated purification and
analysis of reference materials USGS BCR-2 (§%°Mg =
—0.24 %0 £ 0.08 %o, 2sd, n = 11), JP-1 (—0.23 %0 £ 0.07 %o,
2sd, n=3), and seawater (626Mg = —0.82 %02 0.04 %o,
2sd, n = 15), the accuracy of our measurements is indistin-
guishable from other studies (Foster et al., 2010; Pogge Von
Strandmann et al., 2011), and the long-term external preci-
sion on §2°Mg is £:0.08 %o (2sd).

3 Results and discussion
3.1 Partial dissolution experiments

The single-mineral dissolution experiments reveal that both
brucite and iowaite dissolve rapidly in all acetic acid concen-
trations (Figs. 2 and 3). Brucite dissolved in less than 1 min in
all experiments, whereas iowaite required more than 100 min
to fully dissolve in 5 % acetic acid. Chrysotile did not dis-
solve appreciably over the 1200 min we conducted the ex-
periment in 5 % acetic acid (Fig. 2). The experiments where
iowaite had partially dissolved exhibit a significant Mg iso-
topic difference as a function of the fraction of Mg dissolved
(Fig. 3), suggesting that partial dissolution of iowaite is asso-
ciated with Mg isotope fractionation, whereby the light iso-
tope is preferentially released into solution first. However, we
infer that the net Mg isotope fractionation factor quickly ap-
proaches 0 as a larger fraction of iowaite is dissolved. Based
on these results, we chose to conduct the partial dissolu-
tion of the bulk serpentinites for 180 min in 10 mL of 5 %
acetic acid. This configuration likely ensures full dissolu-
tion of brucite and iowaite, whereas dissolution of serpen-
tine would be minimal. The single-mineral dissolution ex-
periments imply that it is not possible to chemically separate
brucite and iowaite; therefore, the partial dissolution of bulk
serpentinites provides information about the Mg isotope dif-
ference between brucite/iowaite and serpentine.

3.2 Bulk serpentinite data

Magnesium isotope compositions of 33 bulk serpenti-
nite samples (Table 1) reveal only very minor variation,
with the majority of samples exhibiting values within un-
certainty of the mantle value (Fig. 4). Only a few of
the dredged serpentinite samples (those from the Puerto
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Figure 3. Results of iowaite single-mineral partial dissolution experiments. The fraction of total Mg dissolved was normalized to the values
for the end of the experiment, since no solids remained. Experiments without full mineral dissolution in 5% and 10 % acetic acid were
analyzed for Mg isotopes (a), whereas the fully dissolved mineral was measured once (black symbol in panel a).
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Figure 4. Bulk-rock Mg isotopic compositions of 33 oceanic
serpentinites. Error bars are 2se. Circle symbols are drill cores,
whereas squares are dredged (i.e., Puerto Rico Trench). The average
mantle value of §20Mg = —0.24 %o = 0.04 %o is based on literature
data (Teng et al., 2016; Hin et al., 2017). Literature serpentinite data
(Zhao et al., 2023; Liu et al., 2017; Wang et al., 2023), both weath-
ered and unweathered, are shown as the pink shaded area.

Rico Trench; Fig. 4) exhibit values that extend up to
826Mg = —0.14 %0 = 0.03 %o, slightly higher than the man-
tle (826Mg = —0.24 %0+ 0.04 %o; Hin et al., 2017; Teng et
al., 2010) but still not reaching the highest values previously
observed for serpentinites (Fig. 4).

As previously shown based on thermogravimetric anal-
ysis, mineralogical constraints, and major element data,
dredged serpentinites typically record various degrees of
seafloor weathering (Klein et al., 2020), which has been ar-
gued to result in Mg isotope fractionation towards more pos-
itive 826Mg values (Wang et al., 2023; Liu et al., 2017).
Such effects can clearly be observed in our samples from
the Puerto Rico Trench (Fig. 1), which readily explains their
higher §*6Mg. The serpentinite samples that were not af-
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fected by weathering, all of which were recovered by scien-
tific ocean drilling, record no Mg isotope deviations from the
mantle, which is consistent with the conservation of Mg dur-
ing serpentinization (Klein et al., 2020; Klein and Le Roux,
2020). Magnesium loss and Mg isotope fractionation dur-
ing serpentinization, which have been argued for in the re-
cent literature (Zhao et al., 2023), were possibly caused by
(seafloor) weathering prior to metamorphic re-equilibration
of these tectonically exhumed rocks or by metasomatism.
The fact that these rocks contain negligible brucite (Zhao et
al., 2023) is also a strong indication that they were subject to
post-serpentinization modifications, e.g., via seafloor weath-
ering or Si-metasomatism (Klein et al., 2020).

The Mg isotopic compositions are quasi-invariant regard-
less of the tectonic environment that the serpentinization
took place in (i.e., mid-ocean ridge, subduction zone fore-
arc), which is consistent with previous results from similar
environments (Wang et al., 2023; Liu et al., 2017). This re-
sult implies that neither the serpentinizing fluid composition,
i.e., seawater or fluids sourced from dehydration of sediments
(Nielsen et al., 2015), nor the olivine-to-orthopyroxene ratio
of the protolith affects the Mg isotope budget of serpenti-
nite (Pogge Von Strandmann et al., 2015). Although weath-
ered serpentinite could introduce high §2°Mg values into sub-
duction zones, it is highly unlikely that these would affect
the overall Mg budget of a subducted slab because weath-
ering processes are confined to the uppermost ocean crust,
as also evidenced by the lack of weathering observed for
drilled serpentinites (Fig. 4). Hence, serpentinite subduction
does not introduce isotopically anomalous Mg into subduc-
tion zones, and serpentinite is unlikely to form an endmem-
ber bulk source of the positive §°°Mg values observed in
some arcs (Teng et al., 2016; Li et al., 2017). Should these
positive 8°°Mg values in arcs be generated by processes in-
volving serpentinite, these signatures must be generated in
the subduction zone itself by partial mobilization of Mg from
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Table 1. Bulk Mg isotope compositions of serpentinites.
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625Mg

826Mg

Sample name Location Sampling 2se 2se n
method (%0) (%0)
D2-1 Puerto Rico Trench Dredge —-0.12 0.02 -024 003 1
D2-2 Puerto Rico Trench Dredge -0.09 0.02 -0.17 0.02 2
D2-4 Puerto Rico Trench Dredge —0.09 0.03 —-0.17 0.04 1
D2-5 Puerto Rico Trench Dredge —-0.13 0.02 -0.26 0.06 2
D2-6 Puerto Rico Trench Dredge -0.11 0.04 -022 003 2
D10-1 Puerto Rico Trench Dredge —0.11 0.01 —-0.24 0.04 1
D10-3 Puerto Rico Trench Dredge —-0.13 0.03 -0.25 004 1
D10-7 Puerto Rico Trench Dredge -0.11 0.02 -023 003 1
D10-8 Puerto Rico Trench Dredge —-0.08 0.04 -0.14 003 2
D10-9 Puerto Rico Trench Dredge -0.07 0.03 -0.19 003 1
D10-12 Puerto Rico Trench Dredge -0.08 0.01 -0.17 003 1
D10-15 Puerto Rico Trench Dredge —0.10 0.03 —-0.15 0.04 1
D10-16 Puerto Rico Trench Dredge —-0.11 0.02 -022 002 1
209-1268A-8R1-28-35 15°20FZ Drilling -0.14 001 =029 002 1
209-1272A-14R1-43-53 15°20FZ Drilling —-0.13 004 -024 004 3
209-1268A-4R1-44-55 15°20FZ Drilling -0.11 001 —-024 003 1
209-1271B-17R1-61-69 15°20FZ Drilling —-0.13 004 -024 005 2
209-1272A-21R1-88-100 15°20FZ Drilling —-0.11 0.01 =027 003 1
209-1272A-27R2-78-88 15°20FZ Drilling -0.10 0.02 -0.21 003 1
209-1274A-16R2-26-38 15°20FZ Drilling -0.15 002 -026 002 1
195-1200A-17R2-76-79 South Chamorro Seamount  Drilling -0.13 003 -028 002 1
195-1200A-11R1-47-49 South Chamorro Seamount  Drilling —-0.12 0.04 -025 0.02 1
195-1200A-13R1-121-124 ~ South Chamorro Seamount  Drilling —-0.08 0.03 -0.18 003 1
125-779A-10R2-51-53 Conical Seamount Drilling -0.12 002 -028 004 1
125-779A-17R4-32-34 Conical Seamount Drilling —-0.17 0.03 -026 0.04 1
125-779A-31R2-85-87 Conical Seamount Drilling -0.12 003 -025 002 1
82-558Z-42R1-9-11 Azores off-axis Drilling -0.10 001 -0.22 003 1
82-558Z-42R1-133-135 Azores off-axis Drilling -0.12 002 -023 004 1
82-558Z-48R1-45-46 Azores off-axis Drilling —-0.10 0.03 —-025 003 1
153-920B-2R1-80-82 MARK Drilling —-0.11 003 —-026 003 1
153-920B-5R2-35-38 MARK Drilling —-0.06 002 -0.18 003 1
153-920B-10R1-82-86 MARK Drilling —-0.09 004 -020 004 1
153-920B-12R2-140-143 MARK Drilling —-0.15 0.02 -024 004 1

The measurement uncertainty of 2se is calculated as 2x the standard error of three repeat measurements of Mg separated from each sample. In
some cases, the same sample was subjected to the full chemical separation procedure and isotope measurement in triplicate two or three separate
times (n = 2 and 3, respectively) for a total of six and nine individual analyses.

serpentinite associated with Mg isotope fractionation. Two
different scenarios could achieve this: either (1) material with
low §*6Mg values is removed from serpentinite at relatively
low pressures and temperatures, leaving higher §26Mg val-
ues in the residue that could then contribute to the arc lava
source regions, or (2) material with positive §2°Mg values is
released from serpentinite and is transported into the source
of arc magmas (Teng et al., 2016).

One potentially critical parameter for these scenarios
could be if the dominant Mg-bearing minerals in serpentinite,
i.e., serpentine and brucite, were associated with different
Mg isotope compositions. This has indeed been suggested
based on theoretical calculations and experiments (Wang et
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al., 2019; Wimpenny et al., 2014, 2010; Gao et al., 2018).
However, the exact isotope fractionation between these two
phases is not agreed upon, with evidence pointing towards
brucite exhibiting both higher and lower §2°Mg values than
serpentine at equilibrium.

3.3 Mg isotope fractionation between major
serpentinization minerals

Of the 11 samples for which acetic acid partial dissolution
was performed, all recorded §2°Mg values were within un-
certainty of or higher than the bulk measurement (Table 2).
We confirmed through thermogravimetric analysis (TGA) of
8 samples that complete dissolution of brucite and iowaite
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occurred, while serpentine was retained (Fig. S1 in the Sup-
plement).

Although the procedure dissolves both brucite and iowaite
while leaving serpentine essentially undissolved, we note
that iowaite in mesh texture is generally thought to form
from the replacement of brucite (D’ Antonio and Kristensen,
2004; Klein et al., 2020). Given that the cation stoichiome-
try between these two minerals is essentially the same (mo-
lar Mg/ (Mg + Fe) =~ 0.8), we infer that all the Mg included
in iowaite was likely initially present in brucite. Therefore,
the majority of Mg in the leachates reflects the Mg con-
tained in brucite during initial serpentinization. The single-
mineral dissolution experiments reveal that minor amounts
of Mg from serpentine (~ 4 %) do dissolve within the first
hours of reacting 5 % acetic acid with chrysotile, whereas
only a little additional Mg was released when extending
the experiment to 20h (Fig. 2). Assuming that ~4 % of
serpentine-bound Mg dissolved during our bulk serpentinite-
leaching experiments, we calculate that 12 %—22 % of the
Mg released during the experiments originated from serpen-
tine (i.e., Mgy jeach; Table 3). Similarly, we use the bulk
serpentinite and total leached Mg contents of the samples,
while assuming that all Mg in the samples is located in ei-
ther serpentine, iowaite, or brucite, to calculate the fraction
of Mg in the bulk sample accommodated by serpentine (i.e.,
JFMgqerp puii)- There is no significant correlation between the
fraction of Mg released from serpentine and the Mg isotope
composition of the leach (Fig. 5), suggesting that partial dis-
solution of serpentine did not cause substantial isotope frac-
tionation. In any case, such a process would likely be asso-
ciated with kinetic isotope fractionation, similar to what was
observed for partial iowaite dissolution. That would result in
lower §2°Mg values in the leachate, opposite to the values
higher than the bulk recorded in the leach experiments (Ta-
ble 2).

Because all samples leached were fully serpentinized
without any remaining olivine or pyroxene, we can use mass
balance to calculate the Mg isotope compositions of the ma-
jor Mg-bearing serpentinization minerals. We use the follow-
ing two mass balance equations to determine the Mg iso-
tope compositions of the two phases in the serpentinites (i.e.,
820Mg,e and §%°Mgy,):

IMEeerp puk - 87" Mgger,

+ Mgy puik - 02" Mgpy; = 87" Mgy
FMEqerp teach - Megery

+ Mo feach - 87" Mgpsi = 8°'Mjegen-

Equation (2) assumes that no Mg isotope fractionation oc-
curred during leaching, which is the case for brucite and
iowaite, since they were both fully dissolved. It is unclear
if the Mg isotope fractionation observed for iowaite can be
translated to serpentine or indeed whether any substantial ef-
fect would be present after 3h of reaction (as opposed to

ey
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Figure 5. Fraction of total Mg leached that originated from serpen-
tine (fMggerp leach) Plotted against the measured Mg isotope com-
position of leach. Samples in dark red are those in which monomin-
eralic veins of iowaite were identified. Arrows indicate mixing be-
tween brucite (with an assumed 626Mg = 0%o) and partially dis-
solved serpentine (with an assumed 826Mg = —0.29 %o). The three
lines denote congruent serpentine dissolution (full line), dissolution
isotope fractionation of —0.21 %o (short-dashed line), and dissolu-
tion isotope fractionation of —0.71 %o (long-dashed line).

the 1-10 min where we observed small effects). The calcu-
lated Mg isotope compositions of the mineral phases (Ta-
ble 3) allows an assessment of the net Mg isotope fraction-
ation (A*°Mg) between brucite/iowaite and serpentine (Ta-
ble 3).

Although most samples contained iowaite (Supplement),
one sample (82-558Z-48R1, 45-46) presented iowaite in
monomineralic veins that cut across pseudomorphic textures
and likely formed via co-precipitation from the mixing of
seawater and a more alkaline solution. This sample is one of
the two with A”®Mg < 0. We therefore conclude that late-
stage formation of iowaite veins likely caused precipitation
of isotopically light Mg relative to what initially precipitated
as brucite during serpentinization. Unfortunately, we do not
have a thin section for the other sample with A>Mg < 0
(209-1272A-27R2 78-88) to corroborate this conclusion, but
we infer that this sample also contains late-stage iowaite
veins.

Apart from the samples with late-stage iowaite veins,
all samples reveal systematic and similar Mg isotope frac-
tionation between serpentine and brucite of A2°Mg =
4+0.25 %0 £ 0.15 %0 (2sd), implying that brucite formed dur-
ing serpentinization is isotopically about 0.25 %o heavier
than co-existing serpentine. This result contrasts A2Mg ~
—0.1 to —0.8 inferred for brucite dissolution during post-
serpentinization alteration (Li et al., 2023), and it is in
stark contrast to calculations of Mg isotope equilibrium be-
tween brucite and the serpentine mineral lizardite that imply
an equilibrium isotope fractionation at 300 °C of A2®Mg ~
—1 %o (Wang et al., 2019). On the other hand, brucite precip-
itation experiments have revealed that brucite preferentially
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Table 2. Elemental concentrations and Mg isotope compositions of leached serpentinites.

S. G. Nielsen et al.: Magnesium isotope fractionation processes during seafloor serpentinization

Sample Mg  Fe Al Ca Cr Mn Co Ni Zn &*Mg 2se
209-1272A-27R2-78-88 630 1.62 0047 0009 246 379 30 622 14 —022 0.03
209-1272A-21R1-88-100 455 095 0.064 0.004 332 283 33 86 8 —0.01 0.02
209-1274A-16R2-26-28 6.19 170 0033 0017 188 413 20 696 17 —0.06 0.05
209-1271B 17R1 61-69 6.53  0.69 0009 0004 86 440 21 1365 10 —0.04 0.02
82-558Z-48R1-45-46 496 177 0.007 0012 25 233 83 2143 19 —026 0.02
82-5587-42R1-133-135 380 1.09 0042 0011 292 172 83 1795 11 —0.06 0.03
195-1200A-11R1-47-49 535 122 0009 0177 68 375 54 1068 18 —0.10 0.03
195-1200A-13R1-121-124 661 165 0.028 0200 59 456 32 521 20 —0.07 0.01
195-1200A-17G-76-79 471 126 0018 0.127 66 316 47 793 12 —0.10 0.03
153-920B-12R2-140-143 626 0.63 0.059 0.006 26 468 26 1424 9 —0.13 0.02
125-779A-10R2-51-53 376 124 0001 0050 10 213 29 729 10 —0.16 0.03

Major elements (Mg, Fe, Al, Ca) in wt %; all others in pgg’l.

incorporates heavy Mg isotopes relative to the solution from
which it precipitates at room temperature, with A?°Mg ~
+0.5 %0 (Wimpenny et al., 2014). Given that brucite in the
examined serpentinites likely precipitated at temperatures
of 150-300°C (Klein et al., 2014) and that isotope frac-
tionation factors (equilibrium and/or kinetic) roughly scale
somewhere between 1/T and 1/ T2 (Chacko et al., 2001;
Bigeleisen and Mayer, 1947), it is expected that fractionation
factors are about one-quarter (for 1/7°% at 300 °C) to three-
quarters (for 1/T at 150 °C) of those found at room temper-
ature. This range would correspond to A?°Mg = +0.13 %o
to 4+0.38 %o, identical to what we find here empirically (Ta-
ble 3). Our data therefore imply that brucite formation pro-
ceeds through precipitation from a fluid that sourced its Mg
from the dissolution of olivine (or previously formed serpen-
tine, since these are isotopically very similar). Since most
Mg during serpentinization forms serpentine, it is expected
that serpentine broadly retains the Mg isotope composition
of the bulk starting material. On the contrary, brucite should
express the Mg isotope fractionation occurring during pre-
cipitation, since only a small fraction of the Mg in solution
would likely be used to form brucite. These observations im-
ply that brucite and serpentine in serpentinite do not form at
thermodynamic Mg isotope equilibrium. Given that brucite
and serpentine often form intergrowths, suggesting simulta-
neous formation (Klein et al., 2020; Hostetler et al., 1966),
we infer that both minerals precipitate from the same fluid
where any Mg isotope fractionation occurring during serpen-
tine precipitation is attenuated due to almost quantitative up-
take of Mg from the solution.

3.4 Implications for subduction zone cycling of Mg
isotopes

As outlined in the Introduction, several volcanic arcs have
been investigated that exhibit small, but measurable, positive
Mg isotope anomalies relative to those of the upper man-
tle, which have been inferred to be related to subduction of
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isotopically heavy serpentinite (Teng et al., 2016; Li et al.,
2017). However, our data for unweathered serpentinite, to-
gether with several other data sets (Wang et al., 2023; Liu
et al., 2017; Li et al., 2023), reveal that bulk serpentinite is
unfractionated relative to the mantle. This demonstrates that
the bulk Mg content of serpentinite cannot be responsible
for the positive Mg isotope anomalies observed in some vol-
canic arcs. However, given that the mineral brucite exhibits
on average §2°Mg = —0.04 %o (excluding the iowaite vein
samples; Table 3), significantly higher than those observed
in most arc lavas (8°°Mg < —0.1 %), preferential mobiliza-
tion of brucite-bound Mg from the slab could be responsible
for the observed Mg isotope anomalies in some arc magmas.
If such a process were to operate, the breakdown of brucite
would need to form a fluid rich in Mg that could operate in
three distinct scenarios of slab-to-mantle transport:

(1) Migration into the mantle wedge, causing melting in the
wedge peridotite. In this case, the brucite breakdown
would have to occur at > 4 GPa such that the fluids
could be transported into the sub-arc region.

(2) Migration into the eclogite or metasediment layer, caus-
ing melting there, requiring a similar pressure of brucite
breakdown to that listed in point (1). However, crustal
melts forming from sediments and eclogite are tonalitic
to rhyolitic (Hermann and Rubatto, 2009; Klemme et
al., 2002), limiting the efficiency of Mg transport.

(3) Metasomatizing the slab—mantle interface as part of a
melange (forming serpentine, chlorite, + talc, and am-
phiboles) at various depths. These metasomatic/mixed
materials could then be transported into the arc magma
source region by diapirism, partial melting, or dehydra-
tion.

Studies of the relative stability of brucite and serpentine re-
veal that assemblages containing both minerals are typically
stable to temperatures of ~ 400-550 °C at 2—-6 GPa (Kempf
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—0.01
+0.31

—-0.22
—0.02

—0.21

-0.32

0.884
0.875

0.116
0.125

0.23
0.22

17.55 18.28 0.77
19.36 0.78

18.58

23.85

209-1272A-27R2 78-88
209-1274A-16R2 26-28

24.77

Mg concentrations (bulk, residue, and serpentine) in wt %. Mgesidue calculated from leached Mg in Table 2. * Bulk Mg concentrations previously published (Paulick et al., 2006; Klein et al., 2017).

et al., 2020; Lazar, 2020; Johannes, 1968), whereas serpen-
tine on its own can be stable to higher temperatures in the
same pressure range (Ferrand, 2019; Ulmer and Tromms-
dorff, 1995; Wunder and Schreyer, 1997). These stability
ranges are compatible with brucite being preferentially mo-
bilized at depths of ~ 100-150km within the lithospheric
mantle of the slab in cold and intermediate subduction zones
(Van Keken and Wilson, 2023). Similarly, previously in-
ferred P-T ranges of fluid release from the slab may also
support preferential breakdown of brucite as a source of flu-
ids to arc magma source regions (Hacker, 2008; Chemia et
al., 2015; Konrad-Schmolke et al., 2016). On the other hand,
even though brucite breakdown may produce a free aque-
ous fluid, it is currently uncertain if such a fluid would carry
much Mg (Codillo et al., 2022; Kessel et al., 2005; Spandler
et al., 2007; Carter et al., 2015; Manning, 2004; Stalder et al.,
2001).

It is also possible that none of the conditions required for
brucite to induce Mg isotope anomalies in arc magmas are
met. In this case, serpentinite is unlikely to explain variations
in arc lava Mg isotope variations, and an alternative process
is required. For example, the §2°Mg observed in (differenti-
ated) arc lavas may not be a magma source signal reflecting
the composition of the mantle wedge but may instead be a re-
sult of magmatic fractionation in the crust of the upper plate
(Brewer et al., 2018). Such a process is testable through de-
tailed Mg isotope measurements of arc magmatic rocks.
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