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tribution of split 520 observations, which in many
instances occur beneath continental regions, such
as North America and Eastern Asia (/—4), under
which extensive subduction has taken place. Split-
ting beneath the Indian Ocean and Africa, on the
other hand, may be caused by the presence of
particularly fertile mantle.
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The Chlorine Isotope Composition

of Earth’'s Mantle
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Chlorine stable isotope compositions (5°”Cl) of 22 mid-ocean ridge basalts (MORBs) correlate with
Cl content. The high-8"Cl, Cl-rich basalts are highly contaminated by Cl-rich materials (seawater,
brines, or altered rocks). The low-5>"Cl, Cl-poor basalts approach the composition of uncontaminated,
mantle-derived magmas. Thus, most or all oceanic lavas are contaminated to some extent during their
emplacement. MORB-source mantle has 83’Cl < —1.6 per mil (%o), which is significantly lower than
that of surface reservoirs (~ 0%o). This isotopic difference between the surface and deep Earth

results from net Cl isotopic fractionation (associated with removal of Cl from the mantle and its
return by subduction over Earth history) and/or the addition (to external reservoirs) of a late

volatile supply that is 3’Cl-enriched.

hloride is the major anion in most geo-

logical fluids. Chlorine is volatile, incom-

patible during silicate melting, and water
soluble. For these reasons, geological processes—
including partial melting, magma degassing, hy-
drothermal activity, and weathering—have con-
centrated Cl at the surface, particularly in the
ocean, evaporites, and crustal brines. Considering
only the MORB-source mantle and surface
reservoirs, we can estimate that the former, with
1 to 8 parts per million (ppm) of Cl (/-3), con-
tributes a maximum of ~ 20% to the Cl budget
and perhaps much less, given the difficulty in
obtaining a complete inventory of crustal brines.
Earth’s Cl budget may thus differ from that of
most other abundant and geochemically impor-
tant volatiles (e.g., H>O, CO»,).

There are several first-order questions about
Cl in Earth: What early solar system processes
determined Earth’s initial Cl budget? How, and
when, was most of Earth’s CI extracted from the
mantle? How much Cl is returned to the mantle
by subduction? Is the extraction of Cl from, and
its return to, the mantle in steady state? If not,
what can we learn about the history of Earth’s
volatile cycles by reconstructing secular changes
in the Cl budgets of the mantle and/or surface?
These questions can be addressed by determining
5¥7Cl (4) of the various reservoirs in that budget
and isotopic fractionations associated with ex-
changes between those reservoirs. Surface reser-
voirs (mostly oceans, brines, and evaporites) are
known to have a collective mean 5°’Cl of 0.0 +
0.5%0 (5—8). However, it is more difficult to

measure the 5°’Cl of pristine mantle rocks and
mantle-derived magmas because both are gener-
ally poor in Cl (/-3), which is usually present in
insoluble form. Here, we present measurements
of 22 MORB:s that define the mantle composition
to lower 8°Cl values than previously assumed
(9, 10) and use these results to examine the origin
and history of Earth’s volatiles.

The first attempt to define the Cl isotope
composition of the mantle used thermal ioniza-
tion mass spectrometry (TIMS) to analyze three
MORB samples (9), yielding an average mantle
value of +4.7%o. Sharp et al. (10) recently used
gas-source mass spectrometry to determine a
mantle 8°’Cl value of —0.1 + 0.4%o, which was
derived from the average of 11 MORB samples,
two kimberlites, and three carbonatites. They
suggested &°’Cl homogeneity near the sea-
water value (0%o) for mantle and surface res-
ervoirs over Earth’s history (/0). This implies
that neither removal of Cl from the mantle nor its
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return by subduction led to substantial net CI
isotopic fractionation (isotopic steady state).
Such a conclusion is consistent with the apparent
(i) lack of secular change in *’Cl in sediments
(10) [although data include large, unexplained
variations about the long-term mean, from —3.2
to +2.5%o (10)] and (ii) lack of CI isotope frac-
tionation through the subduction-related partial
loss of CI (11) inherited from oceanic alteration.
However, Cl isotope fractionation of up to 8%o
has been seen in surface reservoirs during alter-
ation of the oceanic lithosphere (//—15) and/or
in sedimentary settings (/6—18).

We determined the Cl contents and isotopic
compositions of 22 MORB samples using a low-
blank method (15, 79) involving the extraction of
structurally bound Cl by pyrohydrolysis, followed
by gas-source, dual-inlet mass spectrometric mea-
surements. Analytical yields average 100 + 8%,
blanks are typically 7% of the sample chloride
analyzed, and the whole-procedure external pre-
cision for 8*’Cl measurements (16) is % 0.14%o
(fig. S1). Our samples are nominally zero-age
lavas collected from the Pacific, Atlantic, and
Indian oceans and cover large ranges in extent of
fractional crystallization [MgO, 5.9 to 9.2 weight
percent (wt %)], partial melting [Na,O corrected
for crystal fractionation to 8% MgO (Nag ), 1.9 to
4.2 wt %], source enrichment (K/Ti, 0.04 to 0.41),
eruption depths [1800 to 4905 meters below sea
level (mbsl)], spreading rate (16 to 153 mm yr_l),
and degree of Cl contamination (K/CI, 1.0 to
38.3) (table S1). There is substantial evidence
that some terrestrial lavas are contaminated with
surficial Cl to some extent (7, 2, 20, 21) because
of the enormous contrast in Cl concentrations
between primary magmas (about <80 ppm) and
surficial waters and rocks (typically 1000s ppm).
Our sample suite spans a relatively large range in
Cl concentration (42 to 701 ppm), so we can
examine how the samples vary with isotopic
composition.

Our 5*’CI values for MORB glasses range
from —1.9 to —0.1%o and increase with Cl con-
centration (Fig. 1). The most Cl-rich samples
have 5°"Cl values close to seawater [5°'Cl = 0%o
(5, 6)], whereas Cl-poor MORBs have substan-
tially lower 5°'Cl values.

One hypothetical explanation of the linear
5*7Cl versus 1/Cl (5°’CI-1/Cl) trend is that all
MORBs have §*’Cl values near 0%o, and our
analytical technique contributed a low-5°'Cl
blank that decreased the measured values of Cl-
poor samples. Our analytical blank has a 8°’Cl
value of —0.3 + 2.2%o (fig. S2), which is far above
the value of —9.8 + 4.3%0 needed to explain the
trend in Fig. 1. Thus, the 8*’CI-1/Cl trend re-
flects real, coupled variations in Cl concentration
and isotopic composition of MORBs, not labo-
ratory contamination. Because Cl is highly incom-
patible [partition coefficient Dlherzolite/silicate—meh
~0.002 (22)] and does not undergo speciation
changes by partitioning between silicate min-
erals and melts during crystallization or melt-
ing, variable degrees of partial melting or extents
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of crystallization should produce only negligible
Cl isotope fractionation at magmatic tempera-
tures (23, 24). Because our MORBs were col-
lected from relatively great depths (> 1800 mbsl)
and have relatively low Cl contents (<701 ppm),
they remained undersaturated with C1 during erup-
tion (25, 26) and should not have lost Cl by
degassing. Thus, the &°’CI-1/Cl trend reflects

REPORTS I

mixing between two (or more) isotopically dis-
tinct components that are commonly sampled dur-
ing the generation, differentiation, and/or eruption
of MORBEs.

The 8*’CI-1/CI trend might reflect mixing
between primary mantle Cl and CI added pre- or
syn-eruptively to those magmas, such as what might
result from contamination (assimilation) of mag-

Fig. 1. 5°’Cl variation with the re-
ciprocal Cl content x 1000 (ppm™3)
for MORB glasses determined by
gas-source mass spectrometry. Large
closed circles indicate nominally
submarine on-axis MORB from the
present study: N-MORB, black circles;
E-MORB, gray circles. Small open
symbols represent Sharp et al. data
(20): nominally submarine on-axis
MORB, circles; submarine off-axis
samples, triangles; aerial sample,
square. Seawater and ridge-axis hy-
drothermal brines are denoted by
the black star (5, 6, 27), and the
5°7Cl range of altered oceanic rocks
is denoted by the vertical gray ar- -2
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are indicated when larger than the symbol. Error bars
external uncertainty + 0.14%. (determined on repeat

extractions and analyses of various amounts of our internal reference-rock standard 50100D592) (19).

For the Sharp et al. data (10): reported Cl contents

are those acquired by independent measurements of

glass fragments by ion or electron microprobe; no uncertainties on Cl content were reported; error bars on
5%7Cl data (one analysis per sample) represent the &*”Cl-measurement errors determined on replicate
analyses of seawater samples, either by continuous-flow or dual-inlet modes (+0.26 and +0.10%o,
respectively), not total analytical uncertainty for silicate samples with structurally bound Cl.

0.0

Fig. 2. 5*'Cl variation with K/Cl
ratios for MORB glasses analyzed in
this study. N-MORB, black circles;
E-MORB, gray circles. The weighted
least-squares regression fits for N-

MORB [y = —0.097x — 0.354 (R = A

0.58); black dashed line)] and E-
MORB [y = —0.024x — 0.430 (R? =
0.78); gray dashed line)] are shown.
Error bars on K/Cl (1c) are indicated
when larger than the symbol. K/Cl
average values (diamonds) and the
1o intervals (dashed arrows) cal-
culated from data on N-MORBs and
E-MORBs (black and gray, respec-
tively) documented in (2) and ex-
pected to not have experienced

037CI (%o vs SMOC)

o N-MORB
© E-MORB

contamination [because they were
collected in areas with low magma 0
flux (i.e., slow spreading rate and
low extent of melting)]. The consist-
ency of the trends observed here
(as well as in Fig. 1) from the least

(lowest 53”Cl) to the most contaminated samples for both suites—and even for samples showing K/Cl >

12.5, a value previously suggested to reflect the low

er limit for uncontaminated MORB (2)—suggests that

it is perhaps inevitable that the Cl budget of MORB is influenced by such contamination. Accordingly,
57l values of MORB would be a more sensitive index of the extent of contamination than K/Cl values.
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mas by a Cl-rich, seawater-derived material (e.g.,
seawater, brines, and altered rocks) (/, 2, 20, 21).
According to this hypothesis, the Cl-poor, low-8"Cl
end of the trend (Fig. 1) most closely approaches
the composition of primary MORB, and increas-
ing degrees of mixing with seawater-derived Cl
increase their Cl contents and draw the &°'Cl
values of the most contaminated lavas toward the
value of seawater. Several independent lines of
evidence support such an interpretation: (i) the
high-5*"Cl end-member of the mixing trend is
within the range of compositions of seawater or
on-axis high-temperature hydrothermal fluids [both
~0%o (3, 6, 27)] and altered oceanic rocks [about
—0.7 + 0.4%o (11)]; (ii) the Cl contents of our
lowest 8°’C1 samples imply a typical mantle CI
concentration of less than 4 + 3 ppm [assuming
MORBEs are typically produced by 10% mantle
melting and Cl is highly incompatible during
mantle melting (22)], within the previously sug-
gested range (1 to 8 ppm) (/-3); and (iii) MORBs
from relatively fast-spreading ridges, expected
to have experienced larger extents of contamina-
tion (I, 2, 20, 21), show higher §37Cl values
(closer to 0%o) than MORBs from relatively
slow-spreading ridges (averages for Pacific and
Indian samples of —0.8 and —1.4%o, respectively).
Because K is an incompatible element and is
enriched in lavas due to assimilation far less than CI
is, K/Cl ratios have been used as an index of
assimilation (/, 2, 20). Thus, the fact that our
samples with the lowest K/Cl values also have the
highest 8*’Cl (and vice versa; samples SO22-17D
and MD57D-7-2, respectively) supports our inter-
pretations of the trend in Fig. 1 (i.e., high-Cl, high-
5*7Cl samples are more contaminated than those
with low CI and low &’Cl). It is noteworthy
that, whereas normal-MORBs (N-MORBs) and
enriched-MORBs (E-MORBs) define a common
trend in Fig. 1, they appear to define two distinct
trends in a 8*’Cl versus K/Cl plot (Fig. 2): Starting
at a common intercept at low K/Cl and high 8*"Cl,
K/Cl increases gradually with decreasing 8°Cl in
N-MORB and relatively strongly in E-MORB.
Among the least contaminated samples (i.e., those
with the lowest 8°’Cl values), EMORBs have K/Cl
ratios about twice those of N-MORBs at a given
5¥7CI value. It is possible that the distinction
between the N- and E-MORB trends in Fig. 2 is
fortuitous and would not be observed in a broader
and more representative sampling. In particular,
N- and E-MORBs have been distinguished here
by their K/Ti ratios, though Ti is heterogeneous in
the mantle (28, 29). Also, the distinct K/Cl ratios
among our E- and N-MORB samples result mainly
from higher K contents of E-MORBs, not from
distinct Cl contents. Nevertheless, this result, taken
at face value, could reflect differences in K/Cl ratio
and/or 8*’CI value between the mantle sources of
E- and N-MORBs. At one extreme, the mantle
sources of N- and E-MORBs may be comparable
in 8*’Cl, but E-MORBSs are higher in K/Cl ratios
than N-MORBSs [contrary to what has been pre-
viously suggested; e.g., (2)]. One possible explana-
tion for such a difference is that E-MORB sources

contain larger fractions of subducted material that
are rich in K but relatively poor in Cl, perhaps
because most of Cl in subducted slabs is returned
to the surface by arc volcanism rather than being
efficiently recycled. Alternatively, these two types
of mantle sources might be similar in K/CI ratio
(~34; see diamonds in Fig. 2), but N-MORB
sources are lower in &°’Cl than E-MORB sources.

Assuming that our MORB samples with the
lowest Cl concentrations are the least contami-
nated by seawater-derived Cl, we estimate that
the MORB-source mantle (depleted and enriched
parts) is characterized by a 5°’Cl value of —1.6%o
or less, which is lower than values previously pro-
posed (9, 10). The different value of Magenheim
et al. (9) can be ascribed to analytical errors in
the TIMS-based measurements (/5). The cause
of'the difference from the results of Sharp et al.
(10)—the methods of which are more similar
(though not identical) to ours—is unclear. As-
suming that both data sets are analytically ac-
curate, it is difficult to ascribe the discrepancy to
a difference in sample selection, because their
suite includes some samples with relatively high
5>7Cl and low nominal CI contents, which is in-
compatible with the 8*’CI-1/Cl trend for our data
(Fig. 1). It also seems unlikely that the diverse
suite of nominally MORBs we examined (from
the three main oceans and showing large vari-
ations in parameters such as Nag, K/Ti, K/Cl,
and spreading rate) would yield the simple 8°”CI-
1/CI trend that we found if low-Cl, high-8>"Cl
MORBs were common. Given that Sharp et al.
(10) report neither CI contents of basalts from the
actual extractions of Cl for isotopic analysis nor
analytical yields, a close comparison of the two
data sets is not possible.

The coherence of the observed trends sug-
gests that the mantle 8°’Cl value unmodified by
contamination is <—1.6%o, which is significantly
more negative than that of the surface reservoirs
(~0%o). This isotopic difference might result
from (i) systematic ¥7Cl enrichment in surface
reservoirs and corresponding depletion in the
mantle via long-term Cl extraction from and
return to the mantle and/or (i) a primary *’Cl
enrichment of the surface Cl of early Earth due to
a late supply of volatile-rich material (30), which
was enriched with *’Cl as compared with the
material from which Earth was mainly accreted.
In the first case, because the mantle now contains
at least one-fifth as much Cl as surface reservoirs,
any 8°’Cl variations resulting from these long-
term exchanges will be more important in the
mantle or mantle-derived magmas than in the
oceans or sedimentary rocks. The second hypoth-
esis finds support from our current knowledge
of the Cl cycle, because the subduction flux
shows substantially higher §*'CI (preliminarily
estimated from serpentinites, average §°’Cl =
—0.7 £ 0.4%o) (11) than the mantle flux (8°'CI <
—1.6%o); such a combination of fluxes could
only have decreased the 8*’Cl gap between man-
tle and surface reservoirs over the long-term
exchanges.
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Materials and Methods

Descriptions of the whole analytical procedure used for measuring Cl contents and
isotopic compositions of silicate samples and the experiments run for its validation have been
detailed and validated in a previous publication (S/) and are only summarized herein. The
main steps of the procedure consist of chlorine extraction from powdered samples by

pyrohydrolysis and chloride conversion to CH;Cl,,, for isotope ratio determination by gas-

gas

source, dual-inlet mass spectrometry.

Sample preparation
Prior to crushing, centimeter size pieces of fresh glass are sonicated at least twice in
filtered-deionised High-Performance Liquid Chromatography (HPLC) quality water. This

step avoids any contamination due to sample collection, handling or preparation. Perfect



pieces of glass from the 200-400 um fraction are hand-picked under a binocular microscope
before the fine crushing step in order to avoid any contamination from altered material. After
cleaning in deionized water and drying, selected fragments are crushed and grounded to a
grain size of less than 160 um. The resulting powder is dried in a closed oven at atmospheric

pressure at 80°C for at least 6 hours.

Extraction of structural-chlorine from silicates by pyrohydrolysis

The powdered sample is intimately mixed in a platinum boat with 5 to 6 times its
weight of vanadium pentoxide (V,0s), used as a flux. The Pt boat is placed in the centre part
of a silica tube heated at 1200°C by a resistance furnace. A nebuliser produces a fine aerosol
spray of pure water instantaneously converted to vapour inside the tube. Dried air and water
vapor carry extracted analytes (including halogens) that are recovered by bubbling into a
collecting flask containing a NaOH solution (0.1M). Prior to each sample extraction, a
complete extraction without the V,0; /sample mixture is run at 1250°C to clean the whole

apparatus.

Cl-content determination

An aliquot of the pyrohydrolysis solution is reserved for the HPLC determination of
Cl content. Cl content of the neutralized aliquot is determined by comparison with five
standard solutions with Cl concentrations in the range defined by samples. The accuracy of Cl
content determination by HPLC is estimated to be better than 5%. Cl concentration of the
pyrohydrolysed sample is calculated on the basis of HPLC measurements and the mass of
sample fused. This calculated Cl concentration is compared to the recommended value

determined by electron microprobe.



Cl contents of polished sections of glass were determined with a Cameca SX100
electron microprobe at the CAMPARIS centre (Paris 6 University, France). The analytical
conditions used are 15 kV accelerating voltage, 100 nA sample current, 20 ym beam size, 400
s counting time for one point (S2). At least six spots were analyzed on each polished section
and a mean value calculated to average out heterogeneity effects. Results were corrected
using a calibration based on international reference samples (JDF2, TR154-21D-3, EN112-

7D-13 and TR138-6D-1, analyzed in (52)).

87Cl Measurements
In the pyrohydrolysis solution, chlorine from the sample is in chloride form, which is

then converted into CH,Cl,,, and purified from excess CH, I, following the method described

gas
by (§3) and (S§4). This method has been cross-calibrated with three other laboratories (S5).
Seawater aliquots of laboratory reference material, Atlantique 2 (North Atlantic Ocean,
36°43°N and 11°36°N; (S5)) were prepared and treated as and with the sample solutions. The
seawater volumes used cover the range of Cl content pyrohydrolysed MORB samples
analyzed the same day. Seawater aliquots are analyzed isotopically against the reference gas
before and after each batch of typically two MORB samples analyzed. This procedure checks
for instrumental drift during the day, and allows direct comparison between the sample and
the seawater reference. The isotopic composition of the sample is compared to the daily
average of isotopic compositions of seawater aliquots of size comparable to the MORB
sample size, to make a correction for the CH,Cl conversion/purification blank and for the
instrumental background (mainly the gas chromatograph and the mass spectrometer). 8*'Cl
measurements were performed on CH,Cl,, using triple collector dual-inlet mass

spectrometers: a VG Optima and a Finnigan Delta Plus XP at Paris (Laboratoire de

Géochimie des Isotopes Stables, IPGP/Paris 7 University, France) and a VG Sira 12 at



Reading (Post-graduate Research Institute for Sedimentology - PRIS, Reading University,
UK). There are no significant differences between 8°’Cl results for seawater and the internal
rock-reference sample (SO100DS92: fresh andesite glass from the Pacific-Antarctic Ridge

with 9042 ppm CI) run in Reading or Paris.

Validation and statistical characteristics of the whole-procedure used in this study

In the absence of international rock reference materials for 8°’Cl measurements, we
were particularly careful to check blanks, extraction yields (Cl extracted compared to
recommended Cl contents), CH;Cl conversion yields (converted CH;Cl is quantified with a
calibrated pressure gauge after CH,I purification and compared to recommended Cl contents)
and reproducibilities on both Cl and 8*’Cl measurements. Notably, various amounts of the
internal reference sample SO100DS92 (~ 2 to 60 umol of Cl equivalent) have been
pyrohydrolysed and analyzed (Table S2). Accurate isotopic determinations require: (i)
quantitative recovery of chlorine during pyrohydrolysis and CH;Cl conversion to avoid
possible isotope fractionation, and (ii) no contamination by a Cl-rich material during both of
these steps. To our knowledge, no previous &''Cl study of Cl-poor igneous rocks has
consistently demonstrated quantitative analytical yields and evaluated the whole-method
blanks.

Extraction yields

The quality of the pyrohydrolysis extraction was checked on three Cl-content
international reference materials from the Geological Survey of Japan (GSJ) and two
laboratory glass standards (including SO100DS92) with CI contents between 39 and 9042
ppm (S7). The Pyrohydrolysis/HPLC method leads to overall Cl extraction yields of 100 +
8% (10). Following Eggenkamp’s recommendation and our own experience, only analyses

with yields between 85 and 115% should be considered reliable. We believe that



heterogeneity of natural samples, uncertainties in the recommended Cl-contents and the
HPLC 5% uncertainties can account for most of this observed yield range.

Whole-procedure blanks

Pyrohydrolysis blanks are lower than 0.5 ymol, corresponding to less than 16 wt% of
the sample chloride analyzed in this study for the lowest Cl samples (and generally much less
for higher-Cl samples, the average blank for all samples is typically 7%). Moreover, the fact
that all samples of varying Cl concentrations (between 39 and 9042 ppm) show similar yields
also argues in favor of a low pyrohydrolysis blank (S7). In terms of Cl-concentations, the
pyrohydrolysis blank has no significant effect even for small amounts of Cl extracted from
SO100DS92 (see Fig. Sla).

As the Cl whole-procedure blank (including powdering the samples and their handling,
pyrohydrolysis and CH;Cl preparation/purification) is much below the minimum amount
required for 8”’Cl measurements by dual-inlet mass spectrometry (~ 2 umole), its 6'Cl
signature had to be estimated indirectly. The method adopted consists in evaluating the effect
of the whole-procedure blank on extractions/analyses of various amounts of the reference rock
SO100DS92 (equivalent to 2 to 59 umoles of CI). The fact that there is no correlation between
the 8”’CI determination and the amount of laboratory reference material fused (Fig. S1b) or Cl
extraction yields (Fig. S1c) shows that the whole-procedure blanks have only small effects on
the determination of the 8°’Cl value of the reference rock. Therefore, the whole-procedure
blanks have 8°*'Cl values close to that of SO100DS92 (ca. -0.5%o). Interval estimation with
Monte Carlo simulation based on data from repeated extractions/analyses of different amount
of SO100DS92 suggests that our analytical blank has a 8’Cl value of -0.3 * 2.2%0 (95%
probability) (Fig. S2).

Uncertainties on 8’ Cl measurements for silicate samples



During the course of this study, the mean reproducibility on internal reference
seawater Atlantique 2 (see ref. (S5) for details) was + 0.12%0 (10) for 50 analyses. The
external precision of the whole method for the *’Cl determination of structural chlorine from
silicate samples, estimated through replicate analyses of SO100DS92, is + 0.14%0 (n=15;

1o; Table S2).

Potential effect of an analytical blank on MORB §*’Cl measurements

We can test whether the 8’Cl vs. 1/Cl relationship observed in Fig. 1 results from
contamination by an analytical blank of less than 0.5 ymole (maximum measured blank). The
mixing hyperbola for MORB samples (equivalent to the the linear relationship in Fig. 1) and
its upper and lower 95% confidence limit curves are shown in Fig. S2. This set of curves cuts
the upper limit of measured blank size (0.5 ymole) for 8”’ClI values between -5.5 and -14.1 %o,
indicating that 8’’Cl value of the potential blank should be in this range to explain the 8"'Cl
vs. 1/Cl relationship for MORB samples. This range does not match that determined by repeat
extraction/analyses of the reference-rock SO100DS92 (n = 15), which instead define a blank
ranging from ~ -2.5 to 2%o (Fig. S2). Therefore it is highly unlikely that our analytical blank

can explain the 8’Cl-1/Cl relationship seen in Fig. 1.
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Sample Name Ridge Depth  Spr.Rate  MgO Nagy K/Ti K/Cl  n/n cl + da

mbsl mm.yr” wt. % wt. % ppm 1o %0
Normal-MORB
SR2-DRO03 EPR 2800 153 6.9 2.8 0.05 3.2 3/1 184 16 -0.8
SR2-DR04 EPR 2790 153 6.9 3.0 0.06 1.3 1/1 461 37 -0.7
CY84 -30-06 EPR - 95 7.0 2.6 0.10 7.4 2/2 145 1 -1.1
SR1-DR04 EPR 2900 120 7.0 2.6 0.12 10.0 1/1 149 21 -0.7
CLIPP -DROI -1 EPR 2610 95 7.9 3.0 0.13 14.2 2/2 70 11 -1.1
SR1-DRO03 EPR 2650 95 7.5 3.0 0.14 11.1 1/1 150 20 -1.1
SO22 -29D GSC 2580 58 6.6 22 0.05 1.2 2/2 426 33 -0.3
SO22 -20D GSC 2750 58 6.0 2.1 0.05 1.5 2/1 429 30 -0.8
SO22 -17D GSC 2580 58 5.9 1.9 0.06 1.0 1/1 701 50 -0.1
MD57 -D9-1 CIR 3710 35 8.2 2.9 0.04 5.0 1/1 50 10 -1.4
MD57 -D7-2 CIR 3470 37 7.5 2.9 0.11 21.7 1/1 42 7 -1.9
EDUL -DR57-1-2 SWIR 4100 16 9.2 3.6 0.05 9.2 1/1 45 10 -1.5

Average N-MORB  -1.0 = 0.5 %o

Enriched-MORB

CY 82 -27-01 EPR 2665 95 7.3 29 0.17 14.8 3/2 123 11.5 -0.7
CY82-18-01 EPR 2700 95 7.5 3.0 0.15 18.5 1/1 94 19 -0.7
SR1-DR02 EPR 2750 83 6.5 2.7 0.18 11.6 3/1 157 15 -0.9
CY 82 -09-03 EPR 2630 95 7.5 3.0 0.33 35.7 2/1 100 9 -1.2
CH97 -DR-02 MAR 1800 25 7.7 2.1 0.37 8.6 3/1 320 22 -0.7
EW9309 -41D-1g MAR 3520 30 7.9 2.7 0.15 24.2 1/1 55 12 -1.1
EW9309 -9D-1g MAR 3892 30 6.9 2.9 0.41 33.8 2/2 130 14 -1.1
EDUL -DR-8-1-2 SWIR 4905 16 7.9 42 0.20 33.2 2/2 55 10 -1.3
SWIFT -DR-6-1-1 SWIR 2300 15 6.7 3.0 0.27 11.8 1/1 260 38 -0.8
EDUL -DR-29-3-2  SWIR 3550 16 7.9 42 0.24 383 1/1 52 10 -1.6

Average E-MORB  -1.0 £ 0.3%o

Table S1- Cl content and isotopic compositions of MORB glasses. Normal and enriched mid-
oceanic ridge basalts are classified on the basis of their K/Ti ratios (< 0.15 and = 0.15,
respectively). MAR= Mid-Atlantic Ridge; EPR= East Pacific Rise; GSC= Galapagos
Spreading Center; SWIR= South-West Indian Ridge; CIR= Central Indian Ridge. mbsl=
meter below sea level; Spr. R.= full spreading-rate of the corresponding segment (56). Na, ,=
Na,O corrected for crystal fractionation to 8% MgO. K/Ti and K/Cl are wt. % ratios. Nag, =
[Na,0+0.115%(8-MgO)]/[140.133*(8-MgO)] (S7). n/n= number of extractions and number of

8’Cl analyses run for each sample. Major elements concentrations were determined by



electron microprobe at the CAMPARIS centre. CI contents reported are calculated based on
HPLC analyses (/9) of the pyrohydrolyzed solution; Cl uncertainties (10) represent analytical
variations and/or sample heterogeneities. During the course of this study, the mean
reproducibility of 8*’Cl measurement was + 0.12%0, 10, determined on 50 analyses of the
internal reference seawater Atlantique 2 (S5). Most MORB samples were extracted and
analyzed twice: repeat analyses showed identical 8''Cl values within the + 0.14%c external
uncertainty of the whole-procedure for silicate analyses, determined on repeated

extraction/analyses of our internal rock-reference SO100DS92 (Table S2).

Mass Cl we Yields &Cl Lab.
(mg) (ppm) (%) (%0)

9 8114 90 - -
18 8975 100 -0.48 P1
23 9655 107 - -
24 8310 92 -0.55 p2
38 9496 105 -0.32 p2
38 9962 111 -0.35 p2
42 9704 108 -0.64 p2
51 8954 99 - -
63 10120 112 -0.72 p2
88 8805 98 -0.56 P1
100 9670 107 -0.48 p2
104 9899 110 -0.66 p2
122 8952 99 -0.45 P1
124 9731 108 - -
137 8292 92 -0.62 R
203 9033 100 -0.29 P1
214 8629 96 -0.75 p2
216 9039 100 -0.60 P1
217 9685 107 -0.61 P1

Table S2- Results of repeat analyses of the SO100DS92 internal reference glass. Mass: mass
of powder fused; Clyg: Cl content of the whole rock = 35.5 (g/mol)xnumber of Cl pumoles
extracted (measured by HPLC) « 1000 / Mass (mg). Yields: extraction yields = 100 « Clyy /
9010 (recommended CI for SO100DS92); Lab: laboratory/mass spectrometers on which 8”'Cl

data have been determined: R stands for Reading and VG Sira 12; P1 stands for Paris and VG

10



Optima; P2 stands for Paris and Finnigan Delta plus XP. n.d.: not determined. Mean &°'Cl

value for 19 extractions and 15 8”’Cl analyses is - 0.54 + 0.14%o (10).
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