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Abstract

We report major, trace, and volatile element (CO,, H,O, F, Cl, S) contents and Sr, Nd, and Pb isotopes of mid-ocean ridge
basalt (MORB) glasses from the Northern East Pacific Rise (NEPR) off-axis seamounts, the Quebrada-Discovery-GoFar
(QDG) transform fault system, and the Macquarie Island. The incompatible trace element (ITE) contents of the samples
range from highly depleted (DMORB, Th/La < 0.035) to enriched (EMORB, Th/La > 0.07), and the isotopic composition
spans the entire range observed in EPR MORB. Our data suggest that at the time of melt generation, the source that gener-
ated the EMORB was essentially peridotitic, and that the composition of NMORB might not represent melting of a single
upper mantle source (DMM), but rather mixing of melts from a two-component mantle (depleted and enriched DMM or
D-DMM and E-DMM, respectively). After filtering the volatile element data for secondary processes (degassing, sulfide
saturation, assimilation of seawater-derived component, and fractional crystallization), we use the volatiles to ITE ratios
of our samples and a two-component mantle melting-mixing model to estimate the volatile content of the D-DMM
(CO;=22ppm, H,O=59ppm, F=8ppm, Cl=0.4ppm, and S=100ppm) and the E-DMM (CO, =990 ppm,
H,0 =660 ppm, F =31 ppm, Cl =22 ppm, and S = 165 ppm). Our two-component mantle melting-mixing model repro-
duces the kernel density estimates (KDE) of Th/La and "**Nd/'**Nd ratios for our samples and for EPR axial MORB com-
piled from the literature. This model suggests that: (1) 78% of the Pacific upper mantle is highly depleted (D-DMM) while 22%
is enriched (E-DMM) in volatile and refractory ITE, (2) the melts produced during variable degrees of melting of the E-DMM
controls most of the MORB geochemical variation, and (3) a fraction (~65% to 80%) of the low degree EMORB melts
(produced by ~1.3% melting) may escape melt aggregation by freezing at the base of the oceanic lithosphere, significantly
enriching it in volatile and trace element contents. Our results are consistent with previously proposed geodynamical processes
acting at mid-ocean ridges and with the generation of the E-DMM. Our observations indicate that the D-DMM and E-DMM
have (1) a relatively constant CO,/Cl ratio of ~57 & 8, and (2) volatile and ITE element abundance patterns that can be
related by a simple melting event, supporting the hypothesis that the E-DMM is a recycled oceanic lithosphere mantle meta-
somatized by low degree melts. Our calculation and model give rise to a Pacific upper mantle with volatile content of
CO, =235 ppm, H,O =191 ppm, F =13 ppm, Cl = 5 ppm, and S = 114 ppm.
© 2015 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The unique physical properties of the asthenosphere
such as low seismic velocity (Nishimura and Forsyth,
1989), high electrical conductivity (Evans et al., 2005),
and seismic anisotropy (Forsyth, 1975) have been attribu-
ted to either temperature (Priestley and McKenzie, 2006),
grain size (Faul and Jackson, 2005), water content
(Karato and Jung, 1998) or to the presence of a low melt
fraction (Anderson and Spetzler, 1970). We rely on the
composition of the asthenosphere to understand the param-
eters controlling the observed physical properties of this
mechanically weak region of the upper mantle; and we
resort to geochemical studies of Mid-Ocean Ridge Basalts
(MORB) to unravel the composition of the asthenosphere.

In particular, the volatile element composition of the
upper mantle provides an essential constraint for under-
standing mantle melting and melt compositions (Gaetani
and Grove, 1998; Asimow and Langmuir, 2003; Dasgupta
and Hirschmann, 2006; Hirschmann et al., 2009; Filiberto
et al.,, 2012, 2014; Tenner et al., 2012; Dasgupta et al.,
2013), mantle viscosity (Hirth and Kohlstedt, 1996; Jung
and Karato, 2001), mantle seismic velocity (Jacobsen
et al., 2008; Karato, 2012), mantle heterogeneity (Kingsley
and Schilling, 1995; Hauri, 2002; Saal et al., 2002; Simons
et al., 2002; Cartigny et al., 2008), and crustal recycling
(Javoy et al., 1982; Dixon et al., 2002; Donnelly et al., 2004).

The precise analysis of volatile elements (CO,, H,O, F,
Cl, S) in quenched MORB glasses can be used to estimate
the volatile element composition of the upper mantle. How-
ever, due to the presence of long-lived magma chambers,
axial MORB from fast spreading ridges like the East Pacific
Rise (EPR), experience extensive fractional crystallization
and homogenization of magmas through melt aggregation
(Batiza and Niu, 1992; Sinton and Detrick, 1992;
Langmuir et al., 1993; Niu et al., 1996). To make an accu-
rate estimate of the volatile element composition of the
upper mantle, it is important to determine to what extent
the geochemical variations in axial MORB do represent a
homogeneous mantle composition with variations in the
physical conditions of magma generation and transport;
or alternatively, whether they are inherited from mixing
processes during the aggregation of melts originating from
an heterogeneous upper mantle (Batiza et al., 1990; Shen
and Forsyth, 1995; Hirschmann and Stolper, 1996; Niu
et al., 1999, 2002). In contrast to axial MORB, lavas from
intra-transform faults and seamounts share a common
mantle source with axial MORB, but represent smaller melt
volumes tapped locally from areas lacking steady-state
magma chambers and along-axis transport (Langmuir
and Bender, 1984; Fornari et al., 1988; Batiza et al., 1990;
Perfit et al., 1996; Reynolds and Langmuir, 1997; Niu
et al., 2002; Sims et al., 2002). Thus, these melts that expe-
rience relatively small amount of differentiation and
homogenization provide better estimates of the volatile
contents of the heterogeneous upper mantle.

Here we report major, trace, and volatile element and
Sr, Nd, and Pb isotopic composition of primitive (high
MgO) glassy basalt samples from the NEPR off-axis sea-
mounts, the Quebrada-Discovery-GoFar (QDG) transform

fault system, and the Macquarie Island. After filtering the
volatile element data for secondary processes, we present
a two-component (D-DMM and E-DMM) mantle
melting-mixing model that successfully reproduces the trace
and volatile element contents and isotopic composition of
the EPR MORB and provides the volatile element budget
of the Pacific upper mantle.

2. SAMPLES AND METHODS

The samples in this study are glassy basalts from the
NEPR off-axis seamounts, the QDG transform fault sys-
tem, and the Macquarie Island. Major elements, trace ele-
ments, and isotopic compositions of NEPR seamounts
(Niu and Batiza, 1997; Niu et al., 2002) and Macquarie
Island samples (Kamenetsky et al., 2000; Kamenetsky and
Maas, 2002) have been previously analyzed and discussed,
while those for the QDG transform fault samples are new
data. Volatile elements for NEPR seamounts and QDG
transform fault samples are new data, while those of Mac-
quarie Island lavas (except for CO,) have been previously
analyzed and discussed (Kamenetsky et al., 2000). Except
for the isotope data, all samples were reanalyzed for major,
trace, and volatile elements on the same glass chips to avoid
additional uncertainty of analyzing different elements in dif-
ferent glass chips or bulk rock and inter-laboratory bias,
therefore, previously published data have not been used
in this study.

Forty-seven dredges of young, glassy basalt were col-
lected by the R/V Knorr from the QDG study area. The
QDG transform fault system on the EPR (3-5°S) is com-
posed of three different transform faults that offset the
fast-spreading EPR (134-140 mm/yr) by approximately
400 km, with at least 8 intra-transform spreading centers
varying in length from <10 to 93 km (Fig. 1a).

Seventy-four glassy basalt samples from the NEPR sea-
mounts in this study were collected by the R/V Thomas
Washington between 5 and 15°N latitude from near-ridge
seamounts on the 1988 Raitt 02 expedition (Batiza et al.,
1990; Batiza and Niu, 1992) (Fig. 1b). Seamounts are
located on both the Pacific and Cocos plates. All samples
were collected within 180 km from the ridge axis and 78%
of them were collected within 50 km.

The fifty-three glassy basalt samples from the Macquarie
Island in this study were collected by B. J. Griffin, M. J.
Rubenach, J. L. Everard and B. Goscombe (Fig. Ic).
Macquarie Island (54°30’S, 158°56’E) is an exposure of
the Macquarie Ridge located about 1200 km south of
New Zealand. The island was formed in the last 10 Myrs
by transpression due to difference in motion of the
Australia and Pacific plates (Johnson and Molnar, 1972;
Ruff et al., 1989). The island is considered an uplifted
section of oceanic crust and mantle formed at an oceanic
spreading center (e.g. Varne et al, 1969, 2000;
Christodoulou et al., 1984; Goscombe and Everard, 1998).

We mounted three to six chips of fresh, clean, naturally
quenched glass from each sample in indium metal and
polished them using diamond paste down to 0.25 pm.
Multiple chips are used to determine the reproducibility
of the measurements due to the analytical technique as well
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Fig. 1. (a) Bathymetric map of the QDG fracture zone system on the EPR (3-5°S) and (b) Northern EPR seamounts (5-15°N). (c) Macquarie
Island located about 1200 km south of New Zealand. The symbols indicate sample locations and the colors indicate the degree of ITE
enrichment; blue (DMORB, Th/La < 0.035), gray (NMORB, 0.035 < Th/La < 0.07), and orange (EMORB, Th/La > 0.07).

as the natural variation in the glasses. The major, trace, and
volatile element measurements were made on the same glass
chip. Although major and trace element data from previous
studies (Kamenetsky and Maas, 2002; Niu et al., 2002) were
not used to avoid potential sample heterogeneity and lab
bias, the previous published and new data are very consis-
tent with each other. The analytical error (26 SE) of each
samples were calculated from the measurements of three
to six glass chips per sample.

Major elements were analyzed using the Cameca SX-100
electron microprobe at Brown University using a 2 pm spot
size. Analyses were performed using a 15 keV accelerating
voltage and 10nA beam current. Counting times for
MgO, Al,O;, MnO, P,0s, and K,O were 20 s for peak

and 10s for background. All other major elements,
Na,O, SiO,, FeO", TiO,, and CaO, used 10s peak and
5 s background counting times. Standard used were Smith-
sonian basalts VG-A99B (USNM 113498) and VG-2B
(USNM 111240) (Jarosewich et al., 1980). Average analyt-
ical error (20 SE) of the major element analyses were <1%
for SiO,, Al,03, and MgO, <2% for FeO and CaO, <3% for
Na,O and TiO,; for K,O and P,Os the errors were signifi-
cantly larger (1-20% and 2-30% respectively). Major ele-
ment analyses of the NEPR seamount samples are on
average within 6% of those from Niu and Batiza (1997)
for all elements except MnO and K,O (within 13% of
published analyses). Analyses of the Macquarie Island
seamount samples are on average within 8% of those from
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Kamenetsky et al. (2000) for all elements except MnO
(within 18% of published analyses).

Trace elements were analyzed on the mounted glasses
using the Quadrupole ICPMS X-Series II and 193 nm
wavelength excimer Photon Machines Analyte G2 laser
ablation system at Brown University. The standards used
are BIR-1G, BHVO-2G, and BCR-2G, and the preferred
values of elemental concentration from the GeoREM data-
base (http://georem.mpch-mainz.gwdg.de/) were used.
Analyses were conducted using a 160 pm spot size, the
power output was 0.5mJ, and repetition rate of 20 Hz.
The background was measured for 30 s and then 20 s count
time for pre-sputter and analysis. We used CaO as the inter-
nal standard. Average analytical error (2¢ SE) of the sam-
ples was <6% for all elements. Trace element analyses of the
NEPR seamount samples are on average within 20% of
those from Niu and Batiza (1997). Analyses of the
Macquarie Island seamount samples are on average within
10% of those from Kamenetsky et al. (2000) and
Kamenetsky and Eggins (2012) for all elements, except
for Li, V, Rb, Sr, Pb, and U (within 30% of published anal-
yses). K concentrations of our samples measured using the
electron microprobe and LA-ICP-MS are within 12% on
average. For this study, the more precise K concentrations
measured using LA-ICP-MS were used.

Volatile analyses for H,O, CO,, F, Cl, and S were per-
formed using the Cameca 6F ion probe at Carnegie Institu-
tion of Washington Department of Terrestrial Magnetism
(for details on analytical techniques and standards see
Hauri et al. (2002)). Each glass chip was analyzed using a
10-15nA Cs* primary beam with a 300 s pre-sputter and
200 s counting time. Detection limits for these analyses
are <0.5ppm for F, S, Cl and ~4 to 5ppm for H,O,
CO,. Average analytical precision (2¢ SE) for volatile anal-
yses was <5% for all volatiles except Cl with 8%.

Sr and Nd isotopic measurements were made on a
selected set of 27 QDG transform fault samples. Pb isotopic
measurements were made on a selected set of 4 QDG trans-
form fault samples. Basaltic glasses were handpicked, lea-
ched with cold 6 N HCI for 20 min, and then rinsed with
Milli-Q water prior to dissolution. Nd, Sr, and Pb column
chemistry were performed using Ln, Sr-spec, and AG1-X8
(100-200 mesh) resins respectively. Nd, Sr, and Pb isotopic
compositions were measured on a Thermo Scientific
NEPTUNE plus at Brown University. Sr and Nd were
introduced to the mass spectrometer using a PFA 50 ul
nebulizer coupled with a glass spray chamber, while Pb
was introduced with an APEX introduction system. The
mass spectrometer was equipped with an H-skimmer cone
and H-sampler cone. The baseline measurement was taken
at —0.5 amu. "*Nd/'**Nd and ¥'Sr/*®Sr are corrected for
instrumental mass fractionation using **Nd/"*Nd =
0.7219 and 58Sr/%°Sr =0.1194 respectively. Pb solution
was spiked with NBS SRM-997 Tl solution with a
Pb/T1 = 4 to correct for the mass fractionation using expo-
nential law with a **T1/?°T1 = 0.418922. '**Nd/'"**Nd and
87Sr/%%Sr of samples are reported relative to La Jolla Nd
Standard '**Nd/'**Nd =0.511850 and NBS SRM 987
878r/86Sr = 0.71024 respectively. 2°°Pb/?**Pb, 2°7Pb/?**Pb,
208pp/204ph are reported relative to the NBS 981 Standard

20°pp/2ph = 16.9356,  *U’Pb/*™*Pb =15.4891,  and
208pp/204ph = 36.7006 (Todt et al., 1996). The internal
precision of the Sr and Nd analyses is 5-10 ppm and the
external precision is 30 ppm for Sr (20, n=75) and
25 ppm for Nd (20, n=104). The internal precision of
the Pb analysis is 20-45 ppm and the external precision is
45-80 ppm (20, n=75). The Sr and Pb blanks were
<50 pg, and Nd blanks were <30 pg. Sr, Nd, and Pb iso-
topic composition for a selection of NEPR seamounts
and Macquarie Island basalts are from Niu et al. (2002),
Kamenetsky and Maas (2002) respectively.

3. RESULTS

Major, trace, and volatile element concentrations of all
samples are presented in Table S1, along with pressure of
sample collection (P.y), pressure of CO,-H,O vapor
saturation (P, calculated using the model of Dixon et al.
(1995)) and Sr, Nd and Pb isotopic composition. The
Macquarie Island samples were collected sub-aerially, how-
ever this does not correspond to their pressure of eruption
since the eruption occurred under water prior to the
tectonic uplift of the island (Duncan and Varne, 1988).
Portner et al. (2010) estimated the paleo-ridge depth
between 2000 to 3500 m.b.s.l. based on the benthic forami-
nifera from inter- and intra-pillow calcareous oozes (Quilty
et al., 2008). Here we use an average of their estimated
eruption pressure and assume a P, for Macquarie Island
samples of 275 + 75 bars.

The composition of the samples ranges from tholeiitic to
alkalic basalts (Fig. 2a and S1). Most of the samples in this
study have MgO > 6.0 wt% with a total range of 3.3 to
9.8 wt%. The variation in major element composition of
the samples with decreasing MgO generally follows a typi-
cal MORB differentiation trend (Fig. S2a—f, description of
the model LLDs are given in Section 4.4). Differences in
major element content such as FeOt and Al,O;3 for a given
MgO are partly due to the large range in H,O concentra-
tion (0.05-1.62 wt%) in our samples leading to variable
delay of plagioclase saturation (e.g. Sinton and Fryer,
1987; Asimow and Langmuir, 2003). The samples with high
H,O content tend to have higher Al,O3 and lower FeOt
than samples with low H,O content for a given MgO due
to greater delay of plagioclase crystallization. The differ-
ences in major element contents of our samples for a given
MgO also reflect the compositional variation of parental
melt potentially due to variable pressure and temperatures
of melt generation, mantle source composition, and mixing
between melts.

We use the Th/La ratio of our samples as a proxy for the
long-term geochemical enrichment/depletion of the mantle
source instead of (La/Sm)y and K,O/TiO,, which are more
susceptible to fractionation at small degrees of melting.
Based on the Th/La ratio, the samples are divided into
three groups, EMORB (Th/La > 0.07), NMORB
(0.035 < Th/La <0.07), and DMORB (Th/La < 0.035)
(Fig. 2a and b). Although not exact, the rough boundary
between the three groups in terms of (La/Sm)yn and K,O/
TiO, ratios are as follows; EMORB ((La/Sm)y = 1 and
K,O/TiO, > 0.15), NMORB (0.5 <(La/Sm)y<1 and
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Fig. 2. (a) Th/La versus MgO for the samples. Most of the samples
have MgO > 6.0 wt%. Samples are separated into three groups
DMORB (blue, Th/La < 0.035), NMORB (gray, 0.035<Th/
La <0.07), and EMORB (orange, Th/La > 0.07). Error bars are
20 SE. (b) Primitive mantle normalized trace element diagram of
representative samples from each location and enrichment group.
All plotted samples have between 7.5 and 8.5 wt% MgO. The grey
field is the entire range of trace element abundance observed in a
compilation of EPR axial MORB Gale et al. (2013), Mallick et al.
(in revision) that have greater than 6 wt% MgO. Primitive mantle
composition is from McDonough and Sun (1995).

0.05 < K,0/TiO; < 0.15), and DMORB ((La/Sm)y < 0.5
and K,0/TiO, < 0.05). For simplicity, from now on we will
label the mantle source of NMORB, DMORB and
EMORB as DMM, D-DMM, and E-DMM respectively.
The isotopic composition of the samples covers a large
portion of the total range observed in EPR MORB
(Fig. 3a and b). The EMORB samples tend to plot towards
radiogenic Sr and Pb isotopic composition, and DMORB
samples tend to plot towards unradiogenic Sr and Pb iso-
topic composition, suggesting that the Th/La of the samples
can be used as a first order proxy for long-term ITE enrich-
ment in the mantle source. However, Th/La is not always a

good proxy for long-term mantle ITE enrichment since
there are samples covering the whole range in Th/La with
the isotopic composition of EMORB (Fig. 3c). This may
suggest that these isotopically enriched DMORB and
NMORB samples are derived from an E-DMM source that
experienced recent depletion by fractional melting, where
the incremental fractional melts did not completely aggre-
gate before eruption.

4. THE EFFECT OF SECONDARY PROCESSES ON
VOLATILES

Previous studies have shown that volatile elements have
bulk distribution coeflicients similar to refractory ITEs dur-
ing mantle melting: CO, has a bulk partition coefficient
similar to Nb-Th-Ba, F to Nd-P, Cl to K-Nb, S to heavy
REE:s such as Dy, and H,O to Ce-La (Michael, 1988, 1995;
Dixon, 1997; Michael and Cornell, 1998; Danyushevsky
et al., 2000; Saal et al., 2002; Workman et al., 2006;
Rosenthal et al., 2015). A recent experimental study by
Rosenthal et al. (2015) show that CO, behave more similar
to Ba than Nb and F more similar to La than Nd. F/La is
not used in this paper since the negative correlation
between F/La and La/Sm might suggest a more incompat-
ible behavior of La compared to F. The most commonly
used ratios CO,/Nb, H,0/Ce, CI/K, CI/Nb, F/Nd, and
S/Dy along with CO»/Ba and Cl/Ba are used in this paper.
These volatile to ITE ratios will change if the samples expe-
rience secondary processes that only affect the volatile
elements, such as degassing, assimilation of hydrothermally
altered materials, and sulfide saturation. Fractional crystal-
lization may affect the volatile to ITE ratios in magmas
depending on the extent of fractional crystallization and
the difference in incompatibility of the elements in the crys-
tallizing mineral. Once those processes are accounted for
and the samples have been filtered for those processes, the
volatile to trace element ratios can be used to determine
the mantle source volatile abundances considering the small
fractionation of these ratios during mantle melting.

4.1. Degassing: CO,—-H,O saturation and P, versus P,

At typical submarine pressures of eruption (>50 bars),
H,0, C], F and S are relatively soluble in basaltic magma
such that the effect of degassing is considered relatively
small (Schilling et al., 1980; Wallace and Carmichael,
1992; Carroll and Webster, 1994; Michael, 1995; Michael
and Cornell, 1998; Danyushevsky et al., 2000; Edmonds
et al., 2009; Lesne et al., 2011). In contrast, the low solubil-
ity of CO, in basaltic magma results in significant CO,
degassing during magma ascent and flow on the ocean floor
(Dixon and Stolper, 1995; Soule et al., 2012). As a result,
almost all MORB lavas are saturated or supersaturated
with a CO,-H,O rich vapor phase upon eruption.

The measured CO, and H,O contents of the samples
were used to calculate CO,~H,O saturation pressures (Pg,,)
using the model of Dixon et al. (1995) (Fig. 4a). The com-
parison between Pg,; and pressure of sample collection
(Peonn) can be used to assess saturation/super-saturation/u
nder-saturation of the samples in a CO,~H,O vapor phase
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Fig. 4. (a) CO, versus H,O for the samples and their pressure of H,O-CO, saturation. Isobars (solid lines) and isopleth of mole fraction of
H,O0 in the vapor phase (Xu,0) (dashed lines) determined from the solubility model of Dixon et al. (1995). Error bars are 2¢ SE. (b) Pressure of
H,0-CO, saturation (Pg,) versus pressure of collection (P.y) for the samples. Py, is calculated from the solubility model of Dixon et al.
(1995). The black line is a 1:1 line. P, for Macquarie Island samples (not shown in Fig. 4b) is 275 + 75 bars, which is the estimated average
paleo-ridge based on the benthic foraminifera from inter- and intra-pillow calcareous oozes (Quilty et al., 2008; Portner et al., 2010). Note that
the lowest Py, recorded in the Macquarie Island samples (273.5 bars) matches well with the estimated P..;. Eight depleted samples plot below
the 1:1 line outside of the error bars, indicating they are H,O-CO, undersaturated. Sample D42A2 was not considered undersaturated since it
is very close to the 1:1 line (8 bars). Samples that plot on the line are saturated, while those plotting above the line are supersaturated in CO,.
Error bars for Py, are based on the 2o SE of the measured CO, and H,O concentrations in the glasses. Error bars for P, are 15 bars.

as well as the velocity of magma ascent relative to the
magma-vapor equilibration rate. Samples with Py, higher
than P, are super-saturated in a CO,~H,O vapor phase
(Fig. 4b), which indicates that the magma ascent rate was
too fast to allow magma-vapor equilibration (Dixon and

Stolper, 1995; Dixon et al., 1995). Samples with Py, equal
to P.oy are saturated in a CO,~H,O vapor phase, which
indicates that the magma ascent rate was slow, allowing
the magma-vapor equilibration. Samples with Pg, lower
than P, indicates that the lavas are undersaturated in
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the CO,—H->O vapor phase, assuming that the lavas did not
erupt at a shallower depth reaching saturation and subse-
quently flowed down-slope. 95% of the samples are either
saturated or super saturated with a CO,~H»O vapor phase
at the P, therefore most likely they experienced CO,—
H,O degassing. Eight DMORB samples, most of which
are from the QDG transform fault system, appear to be
undersaturated in CO,—H,O vapor phase (Fig. 4b). The
vapor undersaturation of thesse DMORB samples is due
to their low volatile contents and their deep eruption depth
(avg. Peoy = 385 4 77). Five of the eight samples have depth
of saturation shallower than 2400 m.b.s.l. (P, lower than
240 bars), which is the shallowest bathymetric depth for
the areas of sample collection. Therefore, these five samples
could not have erupted at a shallower depth (<2400 m.b.s.
l.) and subsequently flowed down-slope. Thus, these five
samples are undersaturated in a CO,-H,O vapor phase
and their CO, content have not been affected by degassing.
In contrast, three of the eight samples have depth of satura-
tion 3500-3700 m.b.s.l. (Pg,, of 350-370 bars), which is a
common bathymetric depth that is found in the vicinity
(<10 km) of the area of samples collection. Although we
cannot confidently rule out that these three samples could
have erupted at shallower depth and flowed down-slope,
we consider that the most likely explanation is that they
are undersaturated in a CO,—H,O vapor phase given their
high CO,/Nb ratios (244 4 26) similar to those measured
in the other five CO,~H»O undersaturated samples and in
the Siqueiros melt inclusions (Saal et al., 2002). In contrast,
one NMORB sample from the NEPR seamount and one
EMORB sample from the QDG transform fault system
with Pg, below the P.y (Fig. 4b) have very low CO,/Nb
(<20) suggesting significant CO, degassing. Therefore, we
assumed they were erupted at shallow depth and trans-
ported down-slope.

Although solubility of H,O is higher than CO, in basal-
tic magmas, degassing may affect the H,O content of the
samples with high mole fraction of H,O in the vapor phase
(Xn,0) such as the Macquarie Island samples. We used the
CO,-H,0 degassing program (Solex) from Witham et al.
(2012) to assess the effect of degassing on the H,O content
of the samples. To estimate the effect of degassing on the
H,O content of the lavas, we assume the initial volatile con-
tent to be similar to those of the Macquarie Island samples
47963 with 1.41 wt% H,0O and an 7.32 wt% CO, (using a
CO,/Ba of 134 and the Ba content 546 ppm of the sample
47963, refer to Section 5.3 for an explanation on the
CO,/Ba ratio) at a temperature of 1300 °C. According to
the model, the melt after ~99.8% degassing of its CO,
(128 ppm CO») still retains ~97.6% of its H,O (1.38 wt%)
assuming open system degassing. In contrast, closed system
degassing can lead to 72.9% loss of H,O (final water con-
tent of 0.38 wt%), but the volume fraction of exsolved gas
in such magma (79%) exceeds the critical fraction for
magma fragmentation of 75% (Sparks, 1978; Wilson
et al., 1980). We do not believe that the samples represent
close system degassing because (1) although some of the
Macquarie Island samples are hyaloclastites and others
are glass pillow rims (Kamenetsky et al., 2000), we observe
a strong correlation between H,O and Ce (similar H,O/Ce

average and 2 sigma) in all the sample regardless of the
eruption mechanism. (2) There is no correlation between
the H,O content and hydrogen isotopic composition of
the samples (Bindeman et al., 2012). (3) Kamenetsky
et al. (2002) analyzed the gas bubbles within the glasses
using laser Raman spectroscopy and found that they had
a CO, dominant composition. (4) Although some hyalo-
clastites in Macquarie Island formed by fragmentation
due to explosive eruption, they formed mainly due to ther-
mal shock granulation (Dickinson et al., 2009; Portner
et al., 2010). Therefore, we conclude that degassing
occurred under open system, and it had minimal effect on
the H,O content of our samples.

4.2. Chlorine and water: contamination process

Here we use CI/K ratio to track shallow level processes
such as assimilation of hydrothermal circulation of seawa-
ter and seawater brines (Michael and Cornell, 1998; Kent
et al., 1999, 2002; Lassiter et al., 2002; Simons et al.,
2002; Stroncik and Haase, 2004; le Roux et al., 2006).
Michael and Cornell (1998) define uncontaminated CI/K
ratios of 0.01-0.02 for NMORB and 0.08 for EMORB.
When CI/K ratios are compared to Th/La, the majority
of the samples follow two distinct trends (Fig. 5a): One with
a large range of CI/K at roughly constant Th/La ratios in
DMORB and NMORB samples indicative of assimilation
of seawater or seawater brines (Michael and Cornell,
1998; Kent et al., 1999; le Roux et al., 2006). This trend is
mostly defined by the DMORB and NMORB samples
because they are the most susceptible samples to Cl con-
tamination due to their low Cl concentration. The second
trend is defined by the correlation between CI/K and the
extent of ITE enrichment. This trend includes as an
extreme, the EMORB samples from Macquarie Island that
consistently plots at a CI/K of ~0.09 slightly above the
mantle limit of 0.08 proposed by Michael and Cornell
(1998) for the EMORB (Fig. 5b). This relatively constant
CI/K of ~0.09 is consistent with the measurement of the
same sample set by Kendrick et al. (2012), Kamenetsky
and Eggins (2012). In contrast, EMORB samples with Cl/
K > 0.1 are potentially contaminated since they have a con-
siderably higher CI/K compared to the rest of the EMORB
samples. Therefore EMORB samples including the Mac-
quarie Island samples with CI/K < 0.1 are most likely not
contaminated by assimilation of seawater or seawater
brines, while the EMORB samples with CI/K > 0.1 are
potentially contaminated.

In addition to Cl, circulating hydrothermal fluids may
also affect H,O contents in the basalts, and Fig. 6 shows
calculated effects of various contaminants on the CI/K
and H,O0/Ce ratios of a DMORB sample (D42A from
QDG TF). The samples that have high CI/K (>0.1) can
be explained by addition of up to 0.1-0.2% of a 15-50 wt
% NaCl brine. Contamination by high salinity brine is a
reasonable explanation for the high CI/K, which increases
this ratio much more than H,O/Ce during contamination.
It is possible to create very saline brines along the EPR
where the hydrothermal circulation can occur at depths
coincident with the top of the axial magma chamber along
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Fig. 5. (a) CI/K versus Th/La ratios for the samples in this study. (b) CI/K versus Th/La ratios for samples with CI/K < 0.14. Two primary
trends can be distinguished: One with a large range of CI/K at roughly constant Th/La representing Cl addition (the assimilation of seawater
and seawater brines) and a second defined by a correlation between CI/K and indicators of magmatic ITE enrichment. Error bars are 2¢ SE.

the ridge axis at ~ 4000 m.b.s.I (le Roux et al., 2006). This
corresponds to a depth of 1200 meters into the oceanic
crust, or a pressure of 620 bars (assuming 2800 m ocean
depth, water density of 1000 kg/m?, and crust density of
2890 kg/m3 (Carlson and Raskin, 1984)), which matches
well with the highest Py, recorded in our samples except
for one NMORB sample that erupted at a deeper depth
(Fig. 4b). At these pressures and temperatures, super-
critical two-phase separation of seawater may occur, pro-
ducing a vapor phase and dense, highly saline brine up to
50 wt% NaCl (Kelley and Delaney, 1987; Vanko, 1988).

In terms of seawater assimilation, the DMORB and
NMORB samples with high H,O/Ce ratios often have high
CI/K (Fig. 6 inset), suggesting that high H,O/Ce ratios of
DMORB and NMORB samples may be due to assimilation
of seawater. In contrast, the EMORB samples with the
highest H,O/Ce ratios have a relatively low CI/K (Fig. 6
inset), which is inconsistent with the idea that assimilation
of seawater is causing the high H,O/Ce ratios in these
samples.

The H,O/Ce ratio of our unfiltered samples range from
average Pacific MORB value of 150 (Dixon et al., 2002) up
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to ~400 (Fig. 7a). We filter DMORB and NMORB samples
with CI/K ratio higher than 0.04 and 0.06 respectively, since
it is later shown in Section 5.5.2 that samples with CI/K as
high as these values can be produced by magma mixing pro-
cesses rather than assimilation of hydrothermal material.
As discussed earlier in this section, EMORB samples with
CI/K ratio higher than 0.1 are also filtered for contamina-
tion. After filtering the samples for contamination using
the CI/K ratios, it is apparent that a large fraction of the
measured range in H,O/Ce of DMORB and NMORB sam-
ples is due to contamination by hydrothermal circulation of
seawater and seawater brine, but the range in H,O/Ce of
the EMORB samples persists (Fig. 7b).

4.3. Sulfur and sulfide saturation

The sulfur content at sulfide saturation (SCSS) of a melt
depends on melt and sulfide compositions, fO,, /S,, temper-
ature, and pressure (Wallace and Carmichael, 1992; Carroll
and Webster, 1994; Mavrogenes and O’Neill, 1999; O’Neill
and Mavrogenes, 2002; Liu et al., 2007; Fortin et al., 2015;
Wykes et al., 2015). We calculated the SCSS of the samples
using the sulfide saturation model of Fortin et al. (2015)
and compared the results with the measured sulfur content
(Fig. 8). We used the pressure of CO,~H,O saturation (Sec-
tion 4.1), and the melt temperature was estimated based on
the mole fractions of MgO and Al,O; in the melt (Wallace
and Carmichael, 1992) corrected for the effect of H,O on
the liquidus temperature (Medard and Grove, 2008). More
than half of the samples (57%) are sulfide undersaturated

according to the sulfide saturation model of Fortin et al.
(2015). We have also calculated the SCSS using the model
of Mavrogenes and O’Neill (1999) in conjunction with the
model of O’Neill and Mavrogenes (2002), in which case all
of our samples are sulfide undersaturated. These results do
not change even if we calculate the SCSS of our samples using
the pressure at the bottom of the oceanic crust of 1800 bars
(assuming a 6.4 km thick oceanic crust and a crustal density
0f 2890 kg m 3 (Carlson and Raskin, 1984)). Although these
results may seem at odds with the observation of sulfide blebs
in MORB, these sulfides may not be in equilibrium with the
melt: they may be products of quench effects, magma mixing,
crustal assimilation, etc. If this was the case, despite the
observation of sulfide blebs in MORB, a majority of our
samples may indeed be sulfide undersaturated.
Alternatively the model of Fortin et al. (2015) might be
overestimating the SCSS of our samples. The strong parti-
tioning of Cu and Ni found in sulfides in MORB (Patten
et al., 2013) may reduce the aFeS suinde) and stabilize sul-
fides in melts at lower SCSS compared to pure FeSiuisde)
(Ariskin et al., 2013; Wykes et al., 2015). Therefore, SCSS
models based on parameterization that do not consider
Cu and Ni contents in sulfide may overestimate the SCSS
of MORB samples. The aFeS(sufige) in sulfides found in
MORB samples (Patten et al., 2013) calculated assuming
the activity coefficient of FeS(ifde) 1 approximately 1.0
following Kiseeva and Wood (2015), ranges from 0.7 to
0.8. Although an aFeSyisqe) of 0.7-0.8 decreases the SCSS
for our samples calculated using the model of Mavrogenes
and O’Neill (1999) in conjunction with O’Neill and
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Fig. 7. (a). HO/Ce versus Th/La ratios for all the samples. (b). H,O/Ce versus Th/La ratios for samples uncontaminated by hydrothermal
altered materials. DMORB samples with CI/K > 0.04, NMORB samples with CI/K > 0.06, and EMORB samples with CI/K > 0.1 were
filtered from the data set. We used CI/K limits slightly higher than those proposed by Michael and Cornell (1998) for the D- and N-MORB
samples, since we show in Section 5.5.2 that values as high Cl/K ~0.04, for DMORB an ~0.06 for NMORB can be produced by the two
component mantle melting mixing model and they may not necessarily indicate assimilation of hydrothermally altered material.

Mavrogenes (2002), they are still high compared to the
measured sulfur content, suggesting that all our samples
are sulfide undersaturated.

Despite this possibility that all our samples are sulfide
undersaturated, we used the model of Fortin et al. (2015)
to make conservative estimates of the SCSS of our samples
given the observation of sulfide blebs in most MORB. After
filtering our samples for sulfide saturation, the average
S/Dy of the sulfide undersaturated DMORB, NMORB,

and EMORB samples are 259 + 64 (20), 247 + 47, and
189 + 58 respectively (Fig. 9). Although there is significant
overlap between groups, the more ITE enriched samples
tend to have lower S/Dy ratio. In particular the average
S/Dy of the most ITE enriched samples (Macquarie Island
samples) is 179 & 37 (20). This trend of decreasing S/Dy
with ITE enrichment is opposite of that expected from
the higher modal abundance of garnet in the mantle during
deeper melting of the E-DMM.
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Fig. 9. S/Dy versus Th/La for the sulfide undersaturated samples based on the SCSS model of Fortin et al. (2015). The average S/Dy of the
sulfide undersaturated DMORB, NMORB, and EMORB samples are 259 + 64, 247 + 47, and 189 + 58 respectively, similar to the range of
225 + 49 observed in depleted Siqueiros melt inclusions Saal et al. (2002).

isobaric fractional crystallization of model primitive
DMORB and EMORB. For detailed explanation of the
model LLDs, refer to the caption of Fig. S2. The major

4.4. Fractional crystallization

Fractional crystallization is one of the processes that

could potentially fractionate the volatile to trace elements
ratios in a melt. To estimate the magnitude of this frac-
tionation, the MELTS program (Ghiorso and Sack,
1995; Asimow and Ghiorso, 1998) was used to model an

element composition of the model DMORB and EMORB
LLDs generally follow the trends defined by our DMORB
and EMORB samples showing the validity of this model
in predicting the effect of fractional crystallization on the
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volatile to trace element ratios of our samples (Fig. S2a-f).
However, the H,O-rich Macquarie Island EMORB sam-
ples have higher Al,O; and lower FeOt for a given
MgO compared to the model EMORB LLD suggesting
a smaller amount of plagioclase crystallization in these
samples due to their high H,O contents of 1-1.5 wt%.
We show that an alternative EMORB LLD using the
same initial major element composition, but with high
H,O content (1.5 wt%), reproduces the Macquarie samples
(Fig. S2a-f).

The mineral-melt (except plagioclase-melt) partition
coefficients for the volatile elements are from Hauri et al.
(2006) (H,O, F, and S) and Rosenthal et al. (2015) (CO,)
and those for the trace elements are from Kelemen et al.
(2003). The incompatibility of CI has been estimated to be
similar to Ba and Rb (Schilling et al., 1980), thus the Ba
partition coefficient from Kelemen et al. (2003) was used
to simulate the behavior of Cl during fractional crystalliza-
tion. Furthermore CO, and Cl abundances correlate posi-
tively in the vapor undersaturated Siqueiros melt
inclusion, which suggests a similarly incompatible behavior
of CO, and Cl (Saal et al., 2002). Recent experimental
results of Rosenthal et al. (2015) has shown that the bulk
partition coefficient of CO, is slightly higher than Ba and
more incompatible than Nb. For the CO, partition coeffi-
cient, experimental results of Rosenthal et al. (2015) are
used. The plagioclase-melt partition coefficients for H,O
is from Johnson (2006) and those for the trace elements
are from Blundy and Wood (1994). The experimental
results of Bindeman et al. (1998) suggests the relatively
compatible behavior of F and Cl in plagioclase, but even
using their minimum partition coefficient would cause
decreasing F/Nd and CI/K ratios with decreasing MgO
during plagioclase fractionation, which is not observed in
our samples. Therefore, F and Cl, and S are assumed to
be perfectly incompatible in plagioclase due to lack of reli-
able experimental data on their partitioning between pla-
gioclase and basaltic melt.

The change in volatile to trace element ratios relative to
the initial ratios (average ratios of all the DMORB samples
and all the EMORB samples) after fractional crystalliza-
tion to a MgO content in the melt of 5wt% are ~11%
for H,O/Ce, ~18% for DMORB and 11% for EMORB
for CO,/Ba and Cl/Ba, 10% for F/Nd and 15% for S/Dy
(Fig. S2g-m). The variation in CO,/Ba and Cl/Ba ratios
during fractional crystallization is noticeable due to the
effect plagioclase and its dependence on the water content
of the melt, but note that equivalent ratios such as CO,/
Nb, CI/K, and CI/Nb remain essentially constant. Thus,
the use of CO,/Ba and Cl/Ba may require a careful evalu-
ation of fractional crystallization. Although non-trivial, the
fractionation of H,O/Ce, CO,/Ba, Cl/Ba, F/Nd, and S/Dy
due to fractional crystallization is within the range of the
analytical error for the measured ratios and the amount
of fractionation listed above should be considered as the
maximum fractionation of the ratios, since 93% of our
samples have MgO content between 6 and 10 wt%. There-
fore, the magnitudes of the fractionation of volatile to ITE
ratios are not large enough to alter our interpretation of
the data.

5. DISCUSSION

5.1. The enriched component in the Pacific upper mantle
(peridotite versus pyroxenite)

It is important to present some evidence that might help
establish the lithology of the E-DMM. The origin of the
enriched components in the source of MORB has been a
topic of debate (e.g. Hirschmann and Stolper, 1996; Niu
et al., 2002; Sobolev et al., 2007). Three samples from
QDG TF have a very similar enriched isotopic composition
indicative of derivation from an E-DMM, while their trace
element pattern ranges from EMORB to DMORB
(Fig. 10a and b). The range in trace element enrichment
of these samples at an essentially constant isotopic compo-
sition suggests that the E-DMM melted incrementally with-
out the aggregation of the different melt fractions, as
expected at an intra-transform spreading settings
(Morgan and Forsyth, 1988; Reynolds and Langmuir,
1997), producing melts with relatively constant isotopic
composition but progressively depleted in ITE. This obser-
vation is reinforced by the composition of lavas used in this
study, showing a range in Th/La ratios at relatively con-
stant Nd, Sr, Pb isotopic composition, where the variation
in Th/La increases from essentially a single value at the
depleted isotopic ratio to the largest Th/La variation at
the enriched isotopic ratio, indicative of variable depletion
in ITE during melting of the E-DMM (Fig. 3c). All the
observations together support the statement that the
E-DMM is melting incrementally without the aggregation
of the different melt fractions. Furthermore, when we com-
pare the DMORB samples produced from melting a source
with isotopic composition indicative of E-DMM and of a
D-DMM, we notice that both DMORB have essentially
identical ITE concentration and very similar major element
composition (Fig. 10c and d). These observations would be
difficult to explain if the E-DMM and D-DMM sources
were different lithologies (pyroxenite and peridotite respec-
tively). Furthermore the 6D of the Macquarie Island
EMORB is similar to those of the D- and N-MORB
(Bindeman et al., 2012), which is difficult to reconcile with
the expected lower 6D of a recycled oceanic crust dehy-
drated at a subduction environment (Shaw et al., 2008).
Finally, the primitive major element composition of
EMORB estimated by correction for fractional crystalliza-
tion considering the water content of the melt is consistent
with melting of a garnet peridotite (Appendix B and
Fig. S3). The simple explanation for these observations is
that the E-DMM is a peridotitic source.

Our statement does not rule out that recycled pyroxen-
ites could have contributed to the generation of an
E-DMM, but at the time of melt generation the source that
melted to generate the EMORB was essentially peridotitic.
Therefore, in this paper the lithology of E-DMM is consid-
ered a fertile peridotite rather than a pyroxenite. It is later
shown in Sections 5.3 and 5.6 that this is supported by the
relatively constant CO,/Cl ratio of ~57 & 8 in E-DMM and
D-DMM and by the fact that their volatile and ITE element
abundance patterns can be related by a simple melting
event; observations that are difficult to reconcile with a
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Fig. 10. (a) Primitive mantle normalized trace element diagram and (b) Sr and Nd isotopic composition of five samples (DMORB samples
DA45A and D45B, NMORB samples D37A and D47A, and EMORB sample D8B). All five samples have MgO between 8.0 and 9.0 wt%. (c)
Primitive mantle normalized trace element diagram and (d) Sr and Nd isotopic composition of the isotopically depleted DMORB samples
(blue, D44B and D10B) compared to isotopically enriched DMORB samples (dark blue, D45A and D45B). All four samples have MgO
between 8.0 and 9.5 wt%. Primitive mantle composition is from McDonough and Sun (1995). Symbols are as in Fig. 3. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

pyroxenite generated during recycling of the oceanic crust
affected by subduction processes as the origin for the
EMORB source.

5.2. The origin of NMORB: the presence of an NMORB
mantle (DMM) or melting and mixing of two mantle
components (D-DMM and E-DMM)

The NMORB samples in this study have intermediate
volatile and trace element contents and isotopic composi-
tions between the DMORB and EMORB samples. A fun-
damental question is whether NMORB and its volatile
and trace element contents represent either the melting of
a single mantle source (DMM) or the mixture of DMORB
and EMORB. The answer to such question has significant
implications for the evolution and composition of the Paci-
fic upper mantle. Pickle et al. (2009) in their study of the
QDG TF system show that there is a significant correlation
between the bathymetry, the calculated crustal thickness

using residual mantle Bouguer anomaly (RMBA) and the
composition of the erupted basalts in each ridge segment
of the TF system. The shallow ridges have relatively thicker
crust (i.e., higher magma flux) and lavas with intermediate
compositions (NMORB) that underwent larger extent of
magma differentiation (long lived magma chamber) com-
pared to deeper ridges.

In fact, we do not have any real evidence for an
NMORB mantle. The estimated probability density func-
tion defined by the Nd isotopes of clinopyroxene from
abyssal peridotites (Warren et al., 2009 and references
therein) are similar to that defined by lavas from the
QDG transform fault, NEPR seamounts, and other MORB
from seamounts and intra-transform faults (Wendt et al.,
1999; Hall et al., 2006; Brandl et al., 2012) (Fig. 11). The
more homogeneous isotopic composition of the lavas may
be due to melt aggregation either in the mantle or in magma
chambers. Furthermore, the small length-scale of the
isotopic variation (<2 cm) in abyssal peridotites suggests a
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Fig. 11. Estimated probability density function of Nd isotopic composition in lavas from QDG transform fault, NEPR seamounts and other
MORB from seamounts and intra-transform faults Wendt et al. (1999), Hall et al. (2006), Brandl et al. (2012) compared to clinopyroxene
from abyssal peridotites (Warren et al., 2009 and references therein). The seamount and transform fault lavas and the clinopyroxene from

abyssal peridotites display a similar frequency distribution.

shallow level melt infiltration origin for the isotopic compo-
sition observed in clinopyroxenes from the lithospheric
mantle rather than representing the compositional variation
of the actual convecting mantle (Warren et al., 2009;
Warren and Shimizu, 2010). All these observations strongly
suggest that the NMORB might represent mixing of melts
from a two-component D-DMM and E-DMM mantle
(Niu et al., 1996; Niu and Batiza, 1997) rather than an
actual DMM mantle source. To test this hypothesis we
present a two-component mantle melting-mixing model in
Section 5.4.

5.3. The volatile contents of the two Pacific upper mantle
components (D-DMM and E-DMM)

In order to evaluate the two-component mantle melting-
mixing model, it is important to first establish the range of
the volatile budget for the two components given the signif-
icant effect that volatiles have on the melting process
(Gaetani and Grove, 1998; Asimow and Langmuir, 2003;
Dasgupta and Hirschmann, 2006; Hirschmann et al.,
2009; Filiberto et al., 2012, 2014; Tenner et al., 2012;
Dasgupta et al., 2013). Here we establish the range of vola-
tile element contents of the D-DMM and E-DMM using
the volatile to trace element ratios of our samples.

The average CO,/Nb for the eight DMORB samples
undersaturated in CO,—H,O vapor phase (258 + 40, 20)
(Fig. 12a and b) is consistent with the average CO,/Nb
ratio of 239 + 46 reported for primitive un-degassed melt
inclusions from the Siqueiros transform fault (Saal et al.,
2002). This ratio can be used to determine the CO, content
of the D-DMM. Assuming Nb concentration of
0.0864 ppm (D-DMM from Workman and Hart (2005)),
the CO, content of D-DMM is 22.3+3.5 (20) ppm
(Table 1). We obtain a similar D-DMM CO, content of
23.8 + 14 (26) ppm (Table 1) using the CO,/Ba of the

samples (105 + 61) (Fig. 12c and d) and assuming Ba con-
centration of 0.227 ppm (D-DMM from Workman and
Hart (2005)).

In contrast to the DMORB samples, the measured CO,/
Nb and CO,/Ba of the EMORB samples cannot be directly
used to determine their mantle CO, contents since their
CO, has been significantly affected by degassing. Cartigny
et al. (2008) estimated a higher CO,/Nb of 537 & 112 for
EMORB by correcting the CO, content for degassing using
their carbon isotopic composition (Fig. 12a). The measured
CO,/Nb and CO,/Ba for our EMORB samples clearly
deviate from this ratio due to degassing of the CO,-rich
vapor phase. In order to estimate the primitive CO, content
in our EMORB, we use a different approach from that of
Cartigny et al. (2008); namely, we use the correlation
between CO, and Cl [CO,=22(%+14)+ Cl x 57(£8)]
(uncertainties are lo) observed in the primitive un-
degassed melt inclusions from the Siqueiros transform zone
(Saal et al., 2002). We use the Cl content of the uncontam-
inated Macquarie Island samples to calculate the CO, con-
tent of the EMORB prior to degassing since they are the
most ITE enriched EMORB samples, and therefore, the
most likely melts representative of the E-DMM. Once cor-
rected for degassing the estimated CO,/Nb and CO,/Ba of
EMORB are 744 4+ 165 (20) and 134 + 23 (20) respectively.
Our estimated EMORB CO,/Nb (744 4 165) is within error
of the EMORB CO,/Nb (537 + 112) estimated by Cartigny
et al. (2008) using a completely different approach
(Fig. 12a). Furthermore, when we calculate the CO,/Ba
of the samples in Cartigny et al. (2008), we obtain a value
of 97.8 £ 28 that compares well with our proposed value
of 134 423 (Fig. 12¢). Using our EMORB CO,/Nb and
CO,/Ba, the estimated CO, contents of the E-DMM are
990 + 220 (26) ppm and 1010 + 173 (2¢) ppm respectively
(Table 1), assuming Nb and Ba content of 1.33 ppm and
7.54 ppm in the E-DMM (Donnelly et al., 2004). The
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Fig. 12. (a) and (b) Measured and estimated CO, versus Nb of the samples (a) is in logarithmic scale and (b) is in linear scale and zoomed in.
CO; in Macquarie Island samples (filled square with cross) estimated from the CO,—Cl correlation (see Section 5.3). Also plotted are estimated
CO, versus measured Nb in Mid-Atlantic Ridge MORB samples (open square with cross) from Cartigny et al. (2008). CO,-undersaturated
samples (light blue diamonds) define a constant CO,/Nb ratio of 258 + 40 (20) (dotted blue line), which is within error of the average CO,/Nb
(239 £ 46) of Siqueiros melt inclusions (gray field) from Saal et al. (2002). The CO, content estimated using the CO,—Cl correlation (see
Section 5.3), versus measured Nb of Macquarie Island samples defines a CO,/Nb of 744 4+ 154 (20) (dotted orange line) consistent within error
of the CO,/Nb of 537 & 112 defined independently by the Mid-Atlantic Ridge MORB samples from Cartigny et al. (2008). (c) and (d)
Measured and estimated CO, versus Ba of the samples. Symbols as in (a) and (b). (c) is in logarithmic scale and (d) is in linear scale and
zoomed in. CO,-undersaturated samples (light blue diamonds) define a CO,/Ba ratio of 105 & 60 (20), consistent with the Siqueiros melt
inclusions (gray field) Saal et al. (2002) with higher CO,/Ba ratios compared to those with lower CO,/Ba ratios that might have interacted
with plagioclase Saal et al. (2007). The CO, content estimated using the CO,-Cl correlation (see Section 5.3), versus measured Ba of
Macquarie Island samples defines a CO,/Ba of 134 4= 23 (20) consistent within error of the CO,/Ba of 97.8 4 28 defined independently by the
Mid-Atlantic Ridge MORB samples from Cartigny et al. (2008). The similar CO,/Ba ratio of E-DMM (134 4 23) and D-DMM (105 =+ 61)
suggests that the CO,/Ba ratio is also relatively constant in the Pacific upper mantle (green field), as first observed by Michael and Graham
(2013). Error bars are 20 SE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

consistent estimate of CO,/Nb and CO,/Ba for the samples. In addition, the fact that we can use the same
E-DMM using two different methods suggests that the CO,—Cl relationship for the DMORB and EMORB sam-
CO,—Cl relationship can be used to estimate the pre- ples suggests that the CO,/Cl ratio of Pacific upper mantle

degassing CO, content of Cl uncontaminated MORB is relatively constant at ~57 + 8. Furthermore, the similar
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Estimated volatile element concentration of D-DMM, E-DMM, and the Pacific upper mantle.

D-DMM* E-DMM" Pacific upper mantle (78% D-DMM + 22% E-DMM)
Element Average Range 20 Average Range 20
(ppm) (ppm) (ppm)  (ppm) (ppm) (ppm)  (ppm)
CO,° 22.3 19.8-24.3 3.5 990 800-1219 220
CO,! 23.8 16.0-32.3 14 1010 866-1184 173
CO, 22 990 235
le 1.0 0.54-1.70 0.64 19.6 5.24-25.2 9.01
cl 0.76 0.33-1.26 0.54 19.5 9.48-32.7 9.59
CI* 0.87 0.31-1.81 0.91 19 8.75-32.9 8.43
Cl 0.4 22 5
H,O" 80 58.9-93.5 17 517 325-633 184
H,0 59 660 191
F' 8.3 6.9-10.1 1.4 37.8 24.0-55.9 15.7
F 8 31 13
S 122 97-147 30 126 91-188 39
S 100 165 114

Bold numbers represent model values.
* Trace element concentration from Workman and Hart (2005).
® Trace element concentration from Donnelly et al. (2004).

From CI/K ratio.
From CI/Nb ratio.
From Cl/Ba ratio.

d
.
e
h
! From F/Nd ratio.

§ From S/Dy ratio.

CO,/Ba ratio of E-DMM (134 £23) and D-DMM
(105 4 61) suggests that the CO,/Ba ratio is also relatively
constant in the Pacific upper mantle, as first observed by
Michael and Graham (2013).

The higher C content of the EMORB relative to the
NMORB has been ascribed to recycling of C (e.g. Marty
and Zimmermann, 1999). The relatively constant CO,/Cl
and CO,/Ba ratio in the D-DMM and E-DMM suggests
the lack of significant fractionation between CO,, Ba, and
Cl during the formation of E-DMM. The C enrichment
of E-DMM is difficult to explain by subduction processes
since this process recycles C back into the mantle much
more efficiently than the fluid mobiles Cl (Wallace, 2005)
and Ba. The recycling of the oceanic mantle lithosphere
previously metasomatized by low degree melt as the source
of the E-DMM (Niu et al., 2002) is more consistent with
our observation since CO,, Ba, and Cl are highly incompat-
ible elements and do not significantly fractionate from each
other during melting.

We obtain consistent D-DMM and E-DMM Cl con-
tents using the CI/K of the Cl-uncontaminated samples.
The CI/K ranges from 0.01 to 0.1 (Fig. 5b). The range in
ClI/K of the Cl-uncontaminated DMORB samples is
0.01-0.04, and the average CI/K is 0.023 +0.015 (20).
Based on this average CI/K and assuming K content in
the mantle source of 43.2 ppm (Based on K/Nb ratio of
500 in our DMORB samples and a Nb concentration of
0.0864 from D-DMM composition of Workman and Hart

From CO,/Nb ratio. For CO, content of the EMORB we used the CO»-Cl correlation (refer to Section 5.3 for explanation).
From CO,/Ba ratio. For CO, content of the EMORB we used the CO,-Cl correlation (refer to Section 5.3 for explanation).

From H,0/Ce ratio. For E-DMM H,O content, we only used the QDG EMORB samples (refer to Section 5.3 for explanation).

(2005)) the estimated Cl concentration of the D-DMM
1.0 = 0.64 (26) ppm (Table 1). The range in CI/K of the
Cl uncontaminated EMORB samples is 0.02-0.096
(Fig. 5b), and the average CI/K is 0.078 4 0.037 (25). The
Cl content of the E-DMM is 19.6 +9.01 (20) ppm assum-
ing K content in the mantle source of 253 ppm (Table 1)
(Based on K/Nb ratio of 190 in our EMORB samples
and a Nb concentration of 1.33 for the E-DMM of
Donnelly et al. (2004)). We obtain similar D-DMM and
E-DMM CI contents using the CI/Nb and Cl/Ba ratios of
our samples (Table 1).

The total range of HyO/Ce of the Cl uncontaminated
samples ranges from 140 to 384 (Fig. 7b). The range in
H>0/Ce of the Cl uncontaminated DMORB samples is
140 to 220, and the average H,O/Ce is 190 4 41 (20). Based
on this average H,O/Ce and assuming Ce content in the
D-DMM of 0.421 ppm (Workman and Hart, 2005) the esti-
mated H,O concentration of the D-DMM is 80 + 17 (20)
ppm (Table 1). The range in H,O/Ce of the Cl uncontami-
nated EMORB samples is 165-384. Despite this large range
in H,O/Ce ratios of our EMORB samples, those having on
average high H,O/Ce ratios (QDG EMORB) are consid-
ered more representative of the E-DMM source. This
assumption is based on the hypothesis that the range in
H,O/Ce ratio of EMORB has been produced by the diffu-
sive loss of H,O (H') during E-DMM storage or EMORB
percolation through the ambient D-DMM as explained in
detail in Section 5.5.5 below. The average H,O/Ce of the
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Cl uncontaminated QDG EMORB (high H,O/Ce
EMORB) is 313 4- 112 (20). Using this H,O/Ce ratio, the
average H,O content of the E-DMM is 517 + 184 (20)
ppm (Table 1) assuming Ce content in the mantle source
of 1.65 ppm (Donnelly et al., 2004).

Previously, the F/Nd ratios of oceanic basalts have been
found to be fairly constant (20.1 £ 5.8) with no correlation
between this ratio and isotopic data (Workman et al.,
2006). The F/Nd ratio of our samples, however, ranges
from 14.3 to 45.4, significantly outside the previous global
range (Fig. 13). The samples are not filtered for Cl contam-
ination since seawater and high salinity brine contains
insignificant amount of F (Holland, 1984), and most likely
did not affect the F/Nd beyond analytical error. The range
in F/Nd of the DMORB samples is 14.3-21.0, and the aver-
age F/Nd is 17.2 +2.9 (20). Based on this average F/Nd
and assuming Nd content in the D-DMM of 0.483 ppm
(Workman and Hart, 2005) the estimated F concentration
of the D-DMM is 8.3 + 1.4 (20) ppm (Table 1). The range
in F/Nd of the EMORB samples is 19.5-45.0, and the aver-
age F/Nd is 30.7 4= 12.7 (20). The average F content of the
E-DMM is 37.8 + 15.7 (20) ppm (Table 1) assuming Nd
content of 1.23 ppm (Donnelly et al., 2004).

The total range in S/Dy of the sulfide undersaturated
samples is 136-311 (Fig. 9). The range in S/Dy of the sulfide
undersaturated DMORB samples is 204-311, and the aver-
age S/Dy is 259 + 64 (20). Based on this average S/Dy and
assuming Dy content in the D-DMM of 0.471 ppm
(Workman and Hart, 2005) the estimated S concentration
of the D-DMM is 122 + 30 (20) ppm (Table 1). The range
in S/Dy of the sulfide undersaturated EMORB samples is
136-283, and their average S/Dy is 189 =4 58 (20). The aver-
age S content of the E-DMM is 126 4+ 39 (20) ppm (Table 1)
assuming Dy content in the mantle source of 0.666 ppm

(Donnelly et al., 2004). These mantle S content estimates
are consistent with previous estimates (Morgan, 1986;
Chaussidon et al., 1989; Lorand, 1990; Saal et al., 2002;
Bézos et al., 2005).

5.4. Two-component mantle melting-mixing model: modeling
method

We conducted near-fractional melting models for
D-DMM and E-DMM using the pHMELTS program
(Ghiorso et al., 2002; Asimow et al., 2004; Smith and
Asimow, 2005) and subsequently mixed the calculated
DMORB and EMORB following the method of Rudge
et al. (2013). We used the major element composition of
DMM from Workman and Hart (2005) for both the
D- and E-DMM, based on the hypothesis that D- and
E-DMM are both peridotitic (Section 5.1) and the
assumption that the differences in their major element com-
position has a small effect on their melting behavior com-
pared to the significant difference in their H,O content
(Section 5.3, Table 1). The trace element composition of
D-DMM and E-DMM were taken from Workman and
Hart (2005) and from Donnelly et al. (2004), respectively.
The volatile element compositions of the D-DMM
(CO, =22 ppm, H,O = 59 ppm, F = 8 ppm, Cl = 0.4 ppm,
and S =100 ppm) and of the E-DMM (CO, =990 ppm,
H,O =660 ppm, F=31ppm, Cl=22ppm, and S=
165 ppm) were obtained by running the model iteratively
until it matches the observed geochemical data for D-,
N- and EMORB. As can be seen in Table 1 the volatile
contents used in the model are mostly within the range
estimated from the measured volatile-refractory ITE ratios
(Table 1). All volatile elements except for H,O were
considered as passive tracer elements. However, the H,O
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Fig. 13. F/Nd versus Th/La ratios for the samples. F/Nd ratio of our samples ranges from 14.3 to 45.4, significantly outside the previously

defined global constant F/Nd ratio of 20.1 4 5.8 Workman et al. (2006).
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concentration in the melt is also calculated as a tracer inde-
pendent from that thermodynamic calculation by
pHMELTS using the partition coefficient from Hauri
et al. (2006), and this tracer H,O concentration is used in
the following sections. The partition coefficients for H,O
and F are from Hauri et al. (2006) and the trace element
partition coefficients are from Kelemen et al. (2003). For
reasons given in Section 4.4, the Ba partition coefficient
from Kelemen et al. (2003) was used to simulate the behav-
ior of Cl. For the CO, partition coefficient, experimental
results of Rosenthal et al. (2015) are used. The SCSS model
of Fortin et al. (2015) was used in conjunction with
pHMELTS to calculate the S concentration of each one
of the incremental D-DMM and E-DMM melts obtained
from the model. The sulfur content at sulfide saturation
(SCSS) was calculated for each incremental melt using their
major element composition, H,O content, P, and T
obtained using pHMELTS. The S content of the incremen-
tal melts is set to zero when the sulfide in the mantle is
consumed. The Sr, Nd, and Pb isotopic composition of
the D-DMM are assumed to be those of sample GN10-3
from Garret transform fault (Wendt et al., 1999), which is
a sample with one of the most depleted Sr, Nd, and Pb
isotopic compositions in the EPR. The Sr, Nd and Pb
isotopes used for the E-DMM are the highest Sr, and Pb
isotopes and the lowest Nd isotopes measured for EPR
EMORB. We used the Sr and Nd isotopic composition of
the sample 3010-1502 from NERP seamount 6 (Brandl
et al., 2012) and Pb isotopic composition of the Macquarie
Island sample GG256 (Kamenetsky and Maas, 2002).
Although this E-DMM is a hypothetical source since its
isotopic composition is not defined by single sample, this
is done only to reproduce some of the extreme isotopically
enriched samples, and the results of our model does not
significantly change by using a similar isotopic composition
of a single sample (e.g. R78-6) from the NEPR seamount
(Niu et al., 2002). We used a mantle potential temperature
of 1350 °C. Melt extraction starts when the degree of melt-
ing reaches 0.5 wt%, and 0.5 wt% melt (relative to the
instantaneous solid mass) is retained in the mantle at each
melting step (near fractional melting). The final pressure
of melting, at the top of melting triangle, was set to the bot-
tom of a 6.4 km oceanic crust, 1800 bars, assuming crustal
density of 2890 kg m~> (Carlson and Raskin, 1984). This is
a simplification for the model, and in reality final depth of
melting varies among distinct ridge settings (Morgan and
Forsyth, 1988; Shen and Forsyth, 1992). For the descrip-
tion of the mixing model, refer to Appendix C and for more
details refer to Rudge et al. (2013).

We consider four main parameters in the two-
component mantle melting-mixing model (Table 2): (1)

The fraction of the D-DMM in the Pacific upper mantle
(Pppaa); for simplicity and following the traditional view
of a well-mixed upper mantle (van Keken et al., 2002) we
assumed a uniform distribution of D-DMM and E-DMM
everywhere in our model (beneath the fracture zone, the
seamounts and the ridge axis); hence pppasas is kept con-
stant for these three different ridge settings. (2) The mixing
parameter (N), indicating the extent of aggregation of the
melts produced from both mantle sources. (3) The degree
of melting below which we allow for a fraction of the
EMORB to escape the aggregation within the melting trian-
gle (F.y); this melt is assumed to avert the aggregation at
the wings of the melting triangle by forming part of the
freezing front at the base of the oceanic lithosphere
(Sparks and Parmentier, 1991; Montesi and Behn, 2007;
Katz, 2008; Gregg et al., 2009; Hebert and Montesi, 2010,
2011; Katz and Weatherley, 2012). (4) The fraction of
EMORB with F < F,, that is allowed to escape aggregation
(fL’scape)-

The Kernel smoothed probability density estimates
(KDE) of Th/La ratio and '**Nd/'**Nd isotopic ratio of
the model and natural samples are used to assess the match
between the model and (1) our QDG TF samples
(Fig. 14a and d), (2) our NEPR seamounts samples
(Fig. 14b and e), and (3) the compilation of EPR axial
MORB (Mallick et al., in revision; Gale et al., 2013)
(Fig. 14c and f). We tested two different variations of the
two-component melting-mixing model to obtain the model
KDEs that best matches those of natural samples. The first
model is where no melt escape from the melting triangle and
all the incremental melts are aggregated. Although the
model can reproduce the KDEs for the '**Nd/"Nd of
our samples, the Th/La KDEs are far too enriched com-
pared to those of our samples (Fig. S4). The second model
is where a fraction of the EMORB (f;scqpe), representing a
low degree melting (F < F.y), escapes the melt aggregation
by forming part of the freezing front at the base of the ocea-
nic lithosphere. The resulting model '**Nd/'**Nd and
Th/La KDEs can reproduce those of our QDG TF sam-
ples, our NEPR seamounts samples, and the compilation
of EPR axial MORB (Fig. 14). The parameters required
to obtain the best-matching model KDEs for the three ridge
settings (transform fault, seamount and ridge axis) are as
follow: QDG transform fault (pppar=0.78, N =16,
Foxe = 1.3%, Jescape = 0.65), NEPR seamounts
(Popmar=0.78, N=40, Fei=1.3%, foscape=0.75), and
compilation of EPR axial MORB (pppaar =0.78,
N=299, Fei =1.3%, foscape = 0.80). The main parameter
controlling the compositional difference of lavas from these
three ridge settings is the mixing parameter N. We have
explored a range of values of pppuyar Fext» and foscapes

Table 2

Parameters used in the two-component mantle melting-mixing model.”

Parameter Value Description

PpDMM 0.78 Solid fraction of D-DMM in the upper mantle

N 16-99 Extent of melt aggregation (N = 0 means no aggregation, N = co means complete aggregation)
Fext 1.3% Degree of melting below which a fraction of EMORB may escape the melt aggregation

Jescape 0.65-0.8 Fraction of EMORB with F < F,,, that escapes aggregation

% Based on the model of Rudge et al. (2013).
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Fig. 14. Kernel smoothed probability density estimates (KDE) for Th/La (a, b, ¢) and "*Nd/"**Nd (d, e, f) using a model where a fraction of
the EMORB melt (f.scqpe = 65-80%), representing a low degree melting (F < F = 1.3%), escape the melt aggregation by forming part of the
freezing front at the base of the oceanic lithosphere (thick black line) reproducing KDE:s of (a, d) our QDG TF samples (blue line), (b, €) our
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Section 5.4 in text for explanation of the models and parameters. The parameters required to obtain the best-matching model KDEs for the
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N=99, Feox; = 1.3%, fescape = 0.80). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

keeping the mixing parameter N constant for each ridge
settings. The result of running 100 models for each ridge
settings shows that in successful runs reproducing the natu-
ral KDEs, the parameters pppasar and Fey negatively corre-
lates with each other, while f,.,,. does not correlate well
with either pppasasr Or Fexr. The range of parameters that
produces model KDEs that matches those of natural sam-

ples are as follows: ppparar = 0.74-0.82, Fo = 0.7-2.9%,
Jescape = 0.64-0.93. Within these ranges, the values of the
parameters given above for the three ridge settings best
matches the KDEs of the natural samples assuming uni-
form distribution of D-DMM and E-DMM in a well-
mixed upper mantle (van Keken et al., 2002). We did not
attempt to reproduce the KDE of Macquarie Island
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samples because they mostly represent melts from a single
E-DMM component (see Appendix D).

Under the assumption that the compositions and uni-
form distribution of D-DMM and E-DMM used in this
model are similar to those in the Pacific upper mantle, the
results have potentially important implications on the melt
transport processes beneath MOR, the control that the
E-DMM melts have on the composition of axial MORB,
the trace and volatile element budgets of the metasomatized
oceanic lithosphere (Niu et al., 2002), the degree of melting
and mixing at different ridge settings (transform fault, sea-
mounts, ridge axis), and the composition of the Pacific
upper mantle.

For all three ridge settings a fraction of a low degree
melting of the E-DMM must escape melt aggregation,
which has potential implications for melt transport process
as well as the volatile and trace element budget of the ocea-
nic lithosphere. A possible mechanism by which this melt
could escape aggregation may be by low degree melts of a
E-DMM produced at the wings of the melting triangle
vertically migrating and freezing at the thermal boundary
layer consistent with geodynamic models of the mid-
ocean ridge (Sparks and Parmentier, 1991; Montesi and
Behn, 2007; Gregg et al., 2009; Hebert and Montesi,
2010, 2011; Havlin et al., 2013). Therefore, it is quite plau-
sible that a fraction of the EMORB (and perhaps DMORB,
although we cannot observe this geochemically) escapes the
melt aggregation by freezing at the base of the oceanic
lithosphere instead of erupting off-axis. The consequence
of such a process is that the base of the oceanic lithosphere
becomes enriched in volatile and trace elements, which will
eventually be recycled back into the mantle at subduction
zones and might be responsible for the generation of the
E-DMM (Niu et al., 2002; Donnelly et al., 2004). Following
this hypothesis, and to be consistent within our model, the
fraction of EMORB that escaped the melt aggregation
(65-80% of the F < F.; = 1.3%) is mixed with the bottom
22% of the oceanic lithospheric mantle (residual bottom
~13km of a 60 km thick oceanic lithosphere calculated
using pHMELTS). The 22% fraction of the oceanic litho-
spheric mantle that is metasomatized is required to repro-
duce the proportion of E-DMM in the Pacific upper
mantle estimated from our two-component mantle
melting-mixing model. The major element composition of
this metasomatized lithosphere is similar to that of
E-DMM used as starting composition in our model
(Table S2); as we mentioned earlier in this section; this is
due to the small amount of melt added to the residual peri-
dotite to form the E-DMM. Furthermore, the primitive
mantle normalized trace element pattern of such a modeled
metasomatized lithosphere (Fig. 15) closely resembles those
of the E-DMM composition from Donnelly et al. (2004).
Although we acknowledge the circularity in this model,
the idea of a small amount of low degree melts escaping
the aggregation by metasomatizing the lower oceanic litho-
sphere seems to be consistent with our two-component
mantle melting-mixing model, the proposed processes
acting at mid-ocean ridges and with the models for the
generation of the E-DMM (Sparks and Parmentier, 1991;
Niu et al., 2002; Montesi and Behn, 2007; Katz, 2008;

Gregg et al., 2009; Hebert and Montesi, 2010, 2011; Katz
and Weatherley, 2012).

Another potential implication from the model result is
that melting of a DMM mantle may not be necessary to
explain the composition of NMORB, since the mixture of
DMORB and EMORB can reproduce the composition of
an NMORB. In other words, our model can reproduce
the KDEs of a compilation of axial NMORB erupting at
the EPR reasonably well. This may suggest that the exten-
sive melt aggregation of DMORB and EMORB under-
neath the ridge produces a large amount of NMORB,
whereas the lack of efficient melt aggregation at intra-
transform spreading settings (Morgan and Forsyth, 1988;
Reynolds and Langmuir, 1997) and seamounts (Fornari
et al., 1988; Perfit et al., 1996; Niu et al., 2002) results in less
NMORB and more DMORB and EMORB. Our model not
only reproduces the KDEs of the samples, but also the trace
element contents and isotopic composition of EPR MORB
(Fig. 16a—d). Note the “fan-shape” distribution of the
samples in plots of very incompatible trace element ratios
versus isotopes are pinned at the isotopic composition of
the D-DMM and spreads as it gets closer to those of
E-DMM (Fig. 16b-d). This suggests that the melts pro-
duced during variable degrees of melting of the E-DMM
controls most of the MORB geochemical variation.
Although we cannot rule out the presence of an NMORB
mantle source, we do not find any compelling argument
to support its existence and by simply applying the Occam’s
Razor principle, this hypothesis loses credence.

Although our model reproduces the KDEs and compo-
sitional range of our samples fairly well (Figs. 14 and 16) by
considering several key assumptions (a uniform distribution
of D-DMM and E-DMM, the escape of a fraction of the
low degree melting from the E-DMM and different extent
of melt aggregation at different ridge settings), there are sev-
eral other parameters that could influence the results, but
for simplicity have not been considered yet. Exploration
of parameters such as difference in the final depth of melt-
ing among distinct ridge settings (Morgan and Forsyth,
1988; Shen and Forsyth, 1992) and ridge migration over
the mantle (Carbotte et al., 2004) are outside the scope of
this paper and will be part of future work.

In the following section we explore the implications of
the two-component mantle melting-mixing model on the
evaluation of volatile-refractory trace element ratios of
basalts and the volatile budget of the Pacific upper mantle.

5.5. Modeling of the volatile to trace element ratios

5.5.1. Carbon: melting-mixing model

The two-component mantle melting-mixing model and
the CO, concentration of D-DMM (22 ppm) and
E-DMM (990 ppm) (Table 1 and Section 5.3) reproduces
the CO,, Nb, and Ba of our most depleted DMORB sam-
ples, those estimated for Macquarie Island samples, and
the samples corrected for degassing by Cartigny et al.
(2008) (Fig. 17a-d).

Deep low degree melts are more ITE enriched and have
higher CO,/Nb ratios than shallow high degree melts due to
the more incompatible behavior of CO, than Nb
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Fig. 15. Primitive mantle normalized trace element diagram of a modeled E-DMM produced by addition of a fraction (fescqpe = 65-80%) of
low degree melt (F < Fg = 1.3%) to the bottom 22% of the model residual mantle (both calculated using pHMELTS). The E-DMM

composition from Donnelly et al. (2004) is shown for comparison.

(Rosenthal et al., 2015). Hence, CO,/Nb ratio in the sam-
ples may differ from those in the source if the incremental
melts of the source did not completely aggregate. However,
this requires preferential loss or gain of extremely low
degree melts, and also considering the uncertainty of
~20% in our estimated CO,/Nb of D-DMM and
E-DMM, the effect of this process may not be significant.
Instead of using the CO,/Nb ratio, the relatively constant
CO»/Ba ratio of 105-134 in MORB can be used to estimate
the primitive CO, concentration of MORB samples. How-
ever, fractional crystallization of plagioclase affects the
CO,/Ba ratio of magmas (Section 4.4). Furthermore inter-
action of magmas with gabbro, especially gabbro with ITE
enriched plagioclase derived from EMORB can affect the
Ba concentration of the melt (Saal et al., 2007). These pro-
cesses may explain the larger variability in CO»/Ba ratios of
CO,-H,0 vapor undersaturated DMORB in this study
(£60%, 105+ 61 (20)) compared to their less variable
CO,/Nb ratios (+16%, 258 +40 (20)). Larger variability
in CO,/Ba relative to CO,/Nb is also observed in the
Siqueiros melt inclusions (Saal et al., 2002). The opposite
observation (CO,/Ba variability < CO,/Nb variability) is
expected from a melting process since the CO,—Ba pair
behaves more similarly compared to CO,-Nb pair
(Rosenthal et al., 2015). CO,/Nb ratio of MORB is less
affected by either interaction with gabbro or by fractional
crystallization, thus it is an alternative tool to estimate
the primitive CO, concentration of degassed MORB
samples.

The CO, content of the average oceanic crust was
estimated using the two component melting-mixing model.
Using the model parameters that reproduce the KDEs of
EPR axial MORB compilation (pppasar = 0.78, Foxy = 1.3%,
Jescape = 0.80) and setting the mixing parameter N to co (com-
plete mixing), we obtain an average oceanic crust CO, con-
tent of 955 ppm. The average CO, flux from the ridge is
1.32 x 10" mol yr~! or 58 Mt yr~! using a MOR mass flux
of 21 km® yr™! (Crisp, 1984) and oceanic crust density of
2890 kg/m?> (Carlson and Raskin, 1984). This compares well
with the CO, flux of 2.2 + 0.9 x 10> mol yr™! calculated by

Marty and Tolstikhin (1998) using the C/*He ratio in MORB
and the mid-ocean ridge He flux.

5.5.2. Chlorine: melting-mixing model

The two-component mantle melting-mixing model and
the Cl concentration of D-DMM (0.4 ppm) and E-DMM
(22 ppm) (Table 1 and Section 5.3) reproduces the CI/K
of QDG transform fault, NEPR seamount, and Macquarie
Island samples (Fig. 18a and S5a). In Fig. 18a, note that
some model mixtures do not plot within the area defined
by the E- and D-DMM melting curves due to the curvature
of the mixing between the model E- and DMORB.

The range of CI/K produced by the model melts can be
used to constrain the maximum CI/K of the uncontami-
nated DMORB and NMORB samples at 0.04 and 0.06
respectively (Fig. 18a), which were used in Section 5.3 to fil-
ter our samples for contamination. The highest CI/K ratio
for uncontaminated DMORB therefore could be much
higher than previously defined (~0.01 of (Michael and
Cornell, 1998; Saal et al., 2002)) due simply to the mixing
process. Therefore, DMORB and NMORB samples with
CI/K below 0.04 and 0.06 may be potentially uncontami-
nated by high salinity brine or seawater. The model repro-
duces some but not all of the range in CI/K for a given
Th/La of the enriched samples (Fig. 18a). This is most
likely due to the difference in partition coefficient between
Cl (Kd similar to Ba) and K that becomes more evident
in melts produced by low degree of melting of a E-DMM,
such as the Macquarie Island lavas.

5.5.3. Fluorine: melting-mixing model

The two-component mantle melting-mixing model using
F concentration in the D-DMM and E-DMM of 8 ppm
and 31 ppm respectively (Table 1 and Section 4.3) repro-
duce the F/Nd ratios of the QDG transform fault, NEPR
seamount, and Macquarie Island samples (Figs. 18b and
S5b). The high F/Nd ratio (~50) of the modeled low degree
melting of the E-DMM source is due to the different parti-
tion coefficient between F and Nd (max. fractionation of
~factor of 2 from the E-DMM source F/Nd of 25) during



66 K. Shimizu et al./ Geochimica et Cosmochimica Acta 176 (2016) 44-80

0513 ————F——F—T—+——+—+——7T+—"—"—"T——1—"
100 @- e IE
0.5133 .
°
g
g 10¢ 5 0.5132 -
E 3
g ¢ 0.5131 g
E 1}
©
2]
0.5130 g
_1 3 -
0 0.5129 " " " " 1 " " " " 1 " " " " 1 " " " "
........................... 0 00 0_05 0_10 0_15 o 20
RbBaTh U NbTa K LaCePb Pr SrNdSmZr Hf Eu Ti GdTbDy Y HoErTmYbLu Th/La
0.7031 — 200 ————————————————————r
° & ]
ot 195 | ]
0.7029 o 4 & ] Tl ]
o o + 4
0 0, 19.0 3
O, i r ]
0.7027 & [ ]
& P s Ef‘?' £ ]
g b L g, -
3 =8 B 18° ]
5 o ]
0.7025 4 s ]
N <4
18.0 ]
0.7023 - [ 1
17.5 | -
0.7021 — . 1 . ! O 17.0 Lo L 1 1 A
0.00 010 015 020 0.00 0.05 0.10 0.15 0.20
ThiLa ThiLa
@ N-EPR Smt D-MORB
© N-EPR Smt N-MORB
© N-EPR Smt E-MORB
© QDG D-MORB
© QDG N-MORB
© QDG E-MORB
@ MQ Island E-MORB
o EPR axial NMORB
o EPR axial DMORB
o EPR axial EMORB
¢ Rano Rahi DMORB
¢ Rano Rahi NMORB
¢ Rano Rahi EMORB
< Garrett TF DMORB
< Garrett TF NMORB
a Seamount 6 EMORB
a Seamount 6 NMORB

Fig. 16. (a) Primitive mantle normalized trace element diagram of a randomly selected set of melt produced by the two-component mantle
melting-mixing model (gray line with dot symbols), and representative composition of natural samples collected from each location. The grey
field is the entire range of trace element abundance observed in a compilation of EPR axial MORB Gale et al. (2013), Mallick et al.
(in revision) that have greater than 6 wt% MgO. The trace element concentrations of the model mixtures are increased by 81% (assuming
perfect incompatibility of the trace elements in crystallizing phases) to take into account that our samples have experienced fractional
crystallization. This is based on the fractional crystallization model using the MELTS program Ghiorso and Sack (1995), Asimow and
Ghiorso (1998)) (see Section 4.4) that suggests a primitive melt with MgO of 12.5 wt% fractionally crystallizes 38 to 55% of its mass until
reaching an MgO of 8.5-7.5 wt%. (b) Nd, (¢) Sr, and (d) Pb isotopic composition versus Th/La of our model results (grey points) and natural
samples. The model melt mixture between incremental melts from the E-DMM (orange line) and the D-DMM (blue line) using pHMELTS
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Brandl et al. (2012), and the circle with sticks are Garrett transform fault Wendt et al. (1999). The model presented here is the one used for
modeling the QDG TF samples with lowest degree of mixing (N = 16) that illustrate the largest compositional range. Error bars are 20 SD for
isotopic composition and 2¢ SE for the Th/La ratios. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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from Cartigny et al. (2008). The model mixture reproduces our most depleted DMORB samples, the estimated Macquarie Island samples, and
the Mid-Atlantic Ridge (MAR) MORB samples from Cartigny et al. (2008). (b) and (d) shows that the model mixture reproduces the CO,/Nb
and CO,/Ba of our most depleted vapor undersaturated samples. In (b) and (d), the incremental melting models are discrete points rather than
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version of this article.)

melting in the presence of garnet, where Nd is more com-
patible than F. The most enriched model mixtures
(Th/La > ~0.10) reproduces the high F/Nd ratio of
Macquarie Island samples, consistent with the major, trace
and isotopic composition of these samples strongly suggest-
ing that they were low degree melts from an E-DMM that
hardly mixed with DMORB melts (Figs. 16 and 18, S1, S5b,
Appendix D). Once garnet is no longer present in the
source, F and Nd starts to behave more similarly producing
a kink in the E-DMM melting curve at Th/La of ~0.095. At

higher degrees of melting after consumption of clinopyrox-
ene, for both E-DMM and D-DMM, the bulk partition
coefficient of fluorine becomes higher than Nd, resulting
in a continuous increase in F/Nd with increasing degrees
of melting. Thus, initially F/Nd decreases during melting
in the garnet field and after clinopyroxene consumption
F/Nd increases with the increasing degree of melting. Note
that in a plot F/Nd versus Nd isotopes (Fig. S5b), the two-
component melting-mixing produce non-linear mixing
trends indicating that the observed compositional variation
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Fig. 18. (a) CI/K, (b) F/Nd, (c) S/Dy, and (d) H,O/Ce versus Th/La of the model mixture (grey points), incremental melting model of
D-DMM (blue line), and E-DMM (orange line) using pHMELTS (see Section 5.4 for model explanation) along with our samples and EPR
compilation (small open diamonds) Michael (1988), Danyushevsky et al. (2000), Eiler et al. (2000), Saal et al. (2002), Wanless et al. (2011),
Soule et al. (2012) and Clog et al. (2013). The kinks in the E-DMM melting model curves at Th/La of ~0.095 is due to the consumption of
garnet in the source. The samples plotted in (c) and (d) are filtered for sulfide saturation (see Section 4.3) and Cl contamination (see
Section 4.2) respectively. In (a), the mixture limits the possible CI/K of uncontaminated DMORB and NMORB samples at 0.04 and 0.06
respectively. In (b), the model mixture reproduces the samples including the high F/Nd samples from Macquarie Island. Note that the F/Nd
trend changes after clinopyroxene consumption. In (c) the model mixture reproduces the range of S/Dy ratios in our DMORB and NMORB,
but not the consistently low S/Dy ratios in the EMORB samples in particular those from Macquarie Island (refer to Section 5.5.6 for the
explanation). In (d) the two-component mantle melting-mixing model reproduces the HO/Ce and Th/La of the DMORB, NMORB, and
EMORB samples with high H,O/Ce, but not the ones with low H,O/Ce. This low H,O/Ce may be due to variable diffusive loss of H,O (H")
from the E-DMM to the ambient D-DMM as a result of either variable residence time and length scale of the E-DMM or EMORB melt
percolation and extraction (see Section 5.5.5 and Fig. 19). Note H,O/Ce change after clinopyroxene is consumed (18% melting for DDMM
and 19.5% melting for EDMM). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

does not require more than two mantle source components 5.5.4. Water: melting-mixing model
(Stracke and Bourdon, 2009; Brandl et al., 2012). The The two-component mantle melting-mixing model and
model mixture, as expected, also reproduces the curved field the H,O concentration of D-DMM (59 ppm) and

defined by our samples in an Yb/Nd-La/Nd diagram (not E-DMM (660 ppm) (Table 1 and Section 5.3) reproduces
shown), which was observed by Brandl et al. (2012). the H,O/Ce of DMORB and NMORB samples, and the
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EMORB samples with higher H,O/Ce (Figs. 18d and S5d).
Similar to F/Nd, the consumption of clinopyroxene in the
source at higher degrees of melting makes the bulk partition
coefficient of water higher than Ce, which results in a con-
tinuous increase in H,O/Ce with increasing degrees of frac-
tional melting. The two-component mantle melting-mixing
model cannot explain the entire range of H,O/Ce in the
EMORB samples. The lower H,O/Ce EMORB samples
may either be melts from a low H,O/Ce E-DMM or they
may be melts from a high H,O/Ce E-DMM that experi-
enced subsequent kinetic process that decreased its H,O.

5.5.5. Water in E-DMM and EMORB: fractionation of
H,0/Ce due to H" diffusion

One likely explanation for the range in H,O/Ce of the
E-DMM might be different degrees of diffusive loss of
H,O (H") during its storage in the ambient D-DMM
(Workman et al., 2006). A 1D diffusion model was used
to calculate the H,O/Ce of an E-DMM within a semi-
infinite ambient D-DMM as a function of its residence time
and length-scale (Fig. 19). The initial H,O content for
E-DMM (660 ppm) and D-DMM (59 ppm) are used in
the two-component mantle melting mixing model (Sec-
tion 5.4). We assume that the average temperature of the
E-DMM is 1453 °C during its residence time (temperature
at the mid-depth of the upper mantle assuming 0.5 °C/km
mantle adiabat (McKenzie and Bickle, 1988) and potential
temperature of 1350 °C (Ita and Stixrude, 1992)). Diffusiv-
ity of H" in the D-DMM and E-DMM is assumed to be the
same. We assume olivine controls the H" diffusivity, and
consider two H* diffusion mechanisms charge compensated
by (1) flux of polarons-electrons in olivine (average diffusiv-
ity of 5.73 x 107 m?%/s), and (2) diffusion of intrinsic point
defects such as metal vacancy in olivine (average H diffusiv-
ity of 1.20 x 10~° m?/s) (Kohlstedt and Mackwell, 1998).
Diffusivity of Ce in clinopyroxene is slow (Van Orman

et al., 2001) compared to HT, so the Ce concentration in
the E-DMM is assumed to be constant. The model pro-
duces a range of H,O/Ce from ~350 to as low as 150
depending on the length-scale and residence time of the
E-DMM (Fig. 19). Based on the mantle pseudo-isochron
of Donnelly et al. (2004) the estimated residence time of
the Pacific mantle E-DMM is ~300 Ma, and thus, the man-
tle length-scale would range from ~2 to 25 km to repro-
duces the observed range in H,O/Ce observed in
EMORB. Although our simple diffusion model does not
consider other mantle phases such as clinopyroxene, which
could decrease the hydrogen bulk diffusivity (Zhang and
Liu, 2012), our model does not consider faster grain bound-
ary diffusion of H' either, thus providing a simple but
robust model. The observation of both low H,O/Ce
EMORB samples and high H,O/Ce EMORB samples in
all three sample locations (QDG TF, NEPR seamounts,
and Macquarie Island) supports the hypothesis that the
variation in the H,O/Ce of these samples is due to a diffu-
sion process rather than a mantle source variation.
Another possible cause of the range in H,O/Ce is diffu-
sive H" loss from the EMORB melts as it percolates
through the D-DMM beneath the ridge. The E-DMM,
enriched in volatile and trace elements, starts to melt deeper
relative to the D-DMM (e.g. Green, 1976; Asimow and
Langmuir, 2003; Asimow et al., 2004). Since the H,O con-
centration gradient between the EMORB melts and the sur-
rounding D-DMM is large, the diffusive loss of H" from
the EMORB melt may be significant. Kogiso et al. (2004)
modeled this melt-solid diffusion process for Fe, Mg and
Os to constrain the length scale of heterogeneity in the
MORB mantle. This 1D model is applied here to H' diffu-
sion to estimate the minimum length scale of a partially
molten E-DMM that can preserve its primary melt H,O
content. The model calculates two important time-scales.
The first time-scale is the 1D diffusion time-scale, which is
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Fig. 19. Contour plot of H,O/Ce of the E-DMM as a function of length-scale and residence time. The model is a 1D diffusion model of an E-
DMM within a semi-infinite ambient D-DMM. The solid contour lines are the results (H,O/Ce ratio of the E-DMM) for which H diffusion is
charge-compensated by the diffusion of intrinsic point defects such as metal vacancy, and the dashed contour lines are the results where it is
charge compensated by flux of polarons-electrons Kohlstedt and Mackwell (1998).
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Table 3

Parameters used in the H" diffusion model.

Parameter Value Description

¢ 0.01 Porosity

Do’ 297 x 107° Diffusivity of H' in olivine (m?/s)

D’ 8.13 x 107° Diffusivity of H' in melt (m?/s)

Degt 480 x 1073 Effective diffusivity of H' in a partially molten E-DMM (m?%/s)
Ko 0.007 Bulk partition coefficient of H,O between solid and melt
dF/dz¢ 0.0333 Melt production rate of peridotite assuming 1 kbar = 3 km (%/km)
dz/de 0.1 EPR mantle upwelling rate (m/yr)

{+4/3n 10'8te Viscosity of EDMM solid matrix (Pa s)

n 1&h Viscosity of EDMM partial melt (Pa s)

Pm 3300 Density of EDMM solid (kg/m?)

Ps 2800 Density of EDMM melt (kg/m?)

kg @ /3000’ Permeability (m?)

a 0.001 Grain size (m)

g 10 Acceleration due to gravity (m/s?)

* Kohlstedt and Mackwell (1998), T'= 1673 K. Average diffusivity of H' charge compensated by a flux of polarons-electrons in olivine.

® Zhang et al. (2007), T=1673 K, 1 wt% H,O.
¢ Eq. (A12) from Lee (1995).

4 Hauri et al. (2006).

¢ Asimow et al. (2004) (0.1%/kbar).

T Jin et al. (2001).

& McKenzie (1985).

" Murase and McBirney (1973).

! McKenzie (2000).

102

no equilibration

height/width
8—1
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() .

1900 10’ 102
width (m)

Fig. 20. Minimum length scale of the partially molten E-DMM
required for the segregation and extraction of the melt to occur
without significant diffusive H,O (H™) loss. Partially molten E-
DMM of aspect ratio (height/width) and width to the right of the
blue lines will extract the melt without significant diffusive H,O
(H™) loss. The solid blue line is the result for which H* diffusion is
charge-compensated by the diffusion of intrinsic point defects such
as metal vacancy, and the dashed line is the result where it is charge
compensated by flux of polarons-electrons Kohlstedt and
Mackwell (1998). For example, assuming the H' diffusion is
charge compensated by flux of polarons-electrons in olivine, the
minimum length scale of a partially molten E-DMM with an aspect
ratio of 1 is 14.8 m x 14.8 m. Parameters used for the model are
given in Table 3. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this
article.)

the time required for the diffusing species, in this case H' in
the EMORB, to reach e/(e + 1) ~73% of its equilibrium
concentration with the surrounding D-DMM (i.e., that is
attained at 7= oo). The second time-scale is the 1D melt

segregation time-scale, which is calculated using the com-
paction time (z.) from the model of (McKenzie, 1984,
1985). This is the time required to reduce the mass of the
melt by a factor of e (~2.718) in the partially molten region.
If the melt segregation time-scale of the EMORB melt is
shorter than its diffusion time-scale, the EMORB melt
may be extracted from the partially molten E-DMM with-
out significant diffusive loss of H,O (H"). The values of the
parameters used are shown in Table 3. The model result
suggests that 14.4m x 144 m (assuming an aspect ratio
of melt height: width = 1:1 and H" diffusion mechanism
charge compensated by flux of polarons-electrons in oli-
vine) is the estimated minimum length scale of the partially
molten E-DMM required for the segregation and extraction
of the melt to occur without significant diffusive loss of H
(Fig. 20). The model results of using the H" diffusivity
charge compensated by diffusion of intrinsic point defects
such as metal vacancy in olivine (Mackwell and
Kohlstedt, 1990) requires a smaller length scale of
8.8 m x 8.8 m due to slower diffusivity of H. These results
may suggest that the large range in H,O/Ce observed in our
EMORB samples may be due to variable diffusive loss of
H" (H,O) from the EMORB melt to the surrounding
D-DMM as a result of variable partially molten E-DMM
length scale. Alternatively diffusive loss of H (H,0) from
the EMORB melt to the surrounding mantle may occur
shallower at mantle lithospheric depths, which may be
responsible for the high H,O contents observed in abyssal
peridotites (Warren and Hauri, 2014).

Diffusive loss of H from the E-DMM and/or EMORB
melt is also supported by the lack of other significant
geochemical difference between the EMORB samples with
different H,O/Ce ratios. The process that produced the
range in H,O/Ce of the samples did not affect the other



K. Shimizu et al./ Geochimica et Cosmochimica Acta 176 (2016) 44-80 71

volatile and trace element contents and ratios in the mantle
nor the melt produced from it, consistent with diffusive
fractionation of H,O/Ce due to the much faster diffusivity
of H" compared to those of other elements.

5.5.6. Sulfur: melting-mixing model

The two-component mantle melting-mixing model, and
the S concentration of D-DMM (100 ppm) and E-DMM
(165 ppm) (Table 1 and Section 5.3) reproduces the range
of S/Dy ratios in our DMORB and NMORB samples
(Figs. 18c and S5c), but not the consistently low S/Dy ratios
in the EMORB samples, in particular those from
Macquarie Island. Instead, the model EMORB tend to
have higher S/Dy due to both the effect of garnet and also
the high SCSS calculated for H,O rich model EMORB.
Given the possibility of a lower H,O E-DMM due to diffu-
sive loss of H" in solid state discussed in the previous sec-
tion (Section 5.5.5), we ran our two component mantle
melting-mixing model with an EDMM mantle that has a
lower H,O content of 264 ppm (calculated using H,O/Ce
ratio of 150 and Ce concentration of 1.65 ppm (Donnelly
et al., 2004)). In this low H,O model, the calculated
EMORB with similar Th/La to those of the Macquarie
Island samples (Th/La =0.12-0.15) have relatively high
S/Dy ratios (237 £ 99 (20)) that does not match those in
the Macquarie Island samples (163 + 49 (20)).

Alternatively, the Macquarie Island samples might have
had higher initial S/Dy ratios, which subsequently
decreased due to sulfide saturation induced by diffusive loss
of H from the EMORB melts to the surrounding mantle
as was discussed in the previous section. To test this
hypothesis, we compared the measured sulfur content of
the Macquarie Island samples to their calculated SCSS
using the model of Fortin et al. (2015) and the measured
H,O content in the lavas at the P-T conditions along the
melting path of EDMM from the AlphaMelts program
(Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998;
Smith and Asimow, 2005; Antoshechkina et al., 2010).
The result is that our samples never reached sulfide satura-
tion in the mantle with our measured S and H,O contents.
Furthermore, our samples show a negative correlation
between their measured S and H,O concentrations
(Fig. S6), which is opposite to those expected from sulfide
saturation due to the diffusive loss of H, since experimental
results show higher SCSS in melts with higher H,O content
(Fortin et al., 2015). There is a possibility that the existing
models overestimate the SCSS of our samples since the
model parameterization does not consider Cu and Ni con-
tent in the sulfides as discussed in Section 4.3.

Alternatively, degassing of S from the EMORB samples
may explain their low S content and S/Dy ratios. Experi-
mental data on the distribution of S between silicate melts
and CO,—H,O fluids at relatively reducing conditions simi-
lar to MORB (Keppler, 2010; Lesne et al., 2011; Zajacz
et al., 2012; Fiege et al., 2015) suggests that S will degas
under those conditions. This hypothesis is supported by
our samples showing a negative correlation between their
measured S and H,O concentrations (Fig. S6). Further-
more, Fe-Cu sulfides are found in CO,-bearing bubbles
decorating the bubble-glass interface in Macquarie Island

samples suggesting that S and Cu are soluble in CO, rich
fluid (Kamenetsky and Eggins, 2012).

The S content of the E-DMM estimated in our model
(165 ppm) is the least well-constrained mantle volatile
content in this study. In addition to the potential overesti-
mation of SCSS by the models and the effect of S degassing
discussed above, S/Dy of our two component melting-
mixing model is not very sensitive to the initial S content
of the EDMM. This is shown by the similarity between
the S/Dy of our original model mixture (Fig. 18c) and those
calculated using 3 times higher E-DMM S content of
510 ppm (Fig. S7) (calculated assuming Pacific upper man-
tle S content of 190 ppm, D-DMM S content of 100 ppm,
and 78% D-DMM (22% E-DMM) in the Pacific upper
mantle). Therefore, the estimated S content of the
E-DMM (165 ppm) is a minimum estimate in our two-
component melting mixing model.

5.6. Volatile content of the MORB mantle and implications

We use the results of our two-component mantle
melting-mixing model to estimate the volatile contents of
the Pacific upper mantle. Using the proportions of
D-DMM (78%) and E-DMM (22%) and their estimated
volatile element contents, we calculate the volatile element
content of Pacific upper mantle as follows: CO, = 235 ppm,
H,O0 = 191 ppm, F =13 ppm, Cl =5 ppm, and
S =114 ppm (Table 1). This weighted average volatile con-
tent using the proportions of the two mantle components is
within the range of the previous estimates made for the
upper mantle volatile content (Fig.2la and Table 4)
(Schilling et al., 1980; Michael, 1988; Javoy and Pineau,
1991; Sobolev and Chaussidon, 1996; Marty and
Tolstikhin, 1998; Dixon et al., 2002; Saal et al., 2002;
Salters and Stracke, 2004; Bézos et al., 2005; Workman
and Hart, 2005; le Roux et al., 2006; Hirschmann and
Dasgupta, 2009; Beyer et al.,, 2012; Marty, 2012;
Halliday, 2013; Le Voyer et al., 2015).

The estimated volatile and refractory ITE content for
the E-DMM relative to the D-DMM decreases as a func-
tion of increasing elemental peridotite-basaltic melt bulk
partition coefficient (Fig. 21b), suggesting that the two
sources can be related by a single melting event. One
hypothesis for the origin of the E-DMM is the presence
of recycled oceanic crust in the MORB source (e.g.
Hirschmann and Stolper, 1996; Sobolev et al., 2007), and
the higher C content of the EMORB relative to the
NMORB has been ascribed to recycling of C (e.g. Marty
and Zimmermann, 1999). However, dehydration of
subducting oceanic crust alters its volatile and fluid mobile
element abundances. For example, dehydration releases Cl
from the subducting oceanic crust more efficiently than C
(Wallace, 2005). Thus, a recycled oceanic crust should have
characteristically higher CO,/Cl ratio relative to D-DMM.
Contrary to this prediction, the E-DMM and D-DMM
have a relatively constant CO,/Cl ratio of ~57 (Section 5.3).
An alternative proposed hypothesis for the origin of the
E-DMM is metasomatism of the oceanic mantle lithosphere
by a low degree mantle melt (Niu et al., 2002). In this
scenario, the metasomatized oceanic lithosphere will have
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Fig. 21. (a) Carbonaceous chondrite normalized volatile element abundance in the D-DMM, E-DMM, and the Pacific upper mantle
assuming 78% D-DMM and 22% E-DMM. The gray field is defined by the maximum and minimum estimates of the upper mantle volatile
content from previous studies (Table 4) Schilling et al. (1980), Michael (1988), Javoy and Pineau (1991), Sobolev and Chaussidon (1996),
Marty and Tolstikhin (1998), Dixon et al. (2002), Saal et al. (2002), Salters and Stracke (2004), Bézos et al. (2005), Workman and Hart (2005),
le Roux et al. (2006) Hirschmann and Dasgupta (2009), Beyer et al. (2012), Marty (2012), Halliday (2013) and Le Voyer et al. (2015). The
carbonaceous chondrite composition is from Anders and Grevesse (1989). (b) D-DMM normalized refractory and volatile element abundance
of the E-DMM versus the element’s bulk peridotite-basaltic melt partition coefficient. The abundances of elements in E-DMM relative to the
D-DMM decreases as a function of increasing elemental peridotite-basaltic melt bulk partition coefficient, suggesting that the two sources can
be related by a single melting event. The refractory trace element composition of D-DMM and E-DMM were taken from Workman and Hart
(2005) from Donnelly et al. (2004), respectively and the volatile contents are from this study. Refractory trace and volatile element mineral-
melt partition coefficient are from Kelemen et al. (2003), Hauri et al. (2006) and Rosenthal et al. (2015). Dy partition coefficient was used for
the S partition coefficient since S behaves as a relatively compatible element during sulfide saturated E-DMM mantle melting (Fig. 18c). The
mineral assemblage of the peridotite (55.2% olivine, 25.1% opx, 16.0% cpx, 3.6% spinel) is from pHMELTS model Ghiorso et al. (2002),
Asimow et al. (2004) for the D-DMM.

volatile and ITE element abundance pattern related to the as a recycled oceanic lithosphere metasomatized by low
D-DMM and E-DMM by simple melting, and this pattern degree melts (Niu et al., 2002) is a process that is consistent
will not largely change as they are protected from the with the observation that (1) the E-DMM and D-DMM
dehydration process during recycling back to the mantle have a relatively constant CO,/Cl ratio of ~57 (Section 4.3),

at subduction zones. Therefore, the origin of the E-DMM and that (2) the volatile and refractory ITE for the E-DMM
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Table 4

Comparison of our estimated volatile element composition of D-DMM, E-DMM, Pacific upper mantle, and upper mantle to previous

estimates.

Reference Mantle source CO, Cl (ppm) H,O F (ppm) S (ppm)

(ppm) (ppm)

This study D-DMM 22 0.4 59 8 100

This study E-DMM 990 22 660 31 165

This study Pacific upper mantle (78% D-DMM 235 5 191 13 114
+ 22% E-DMM)

Schilling et al. (1980) Large ion lithophile element depleted - 7.3 - 65 -
asthenosphere

Javoy and Pineau (1991) Upper mantle 1100 - - - -

Michael (1988) Incompatible-element-depleted upper - - 140 + 40 - -
mantle

Michael (1988) Incompatible-element enriched upper - - 350 £ 100 - -
mantle

Sobolev and Chaussidon Depleted MORB mantle source - - 80-330 - -

(1996)

Sobolev and Chaussidon T-MORB mantle source - - 190-290 - -

(1996)

Sobolev and Chaussidon E-MORB mantle source - - 200-950 - -

(1996)

Marty and Tolstikhin Upper mantle 136 + 83 - - - -

(1998)

Marty and Tolstikhin EMORB type upper mantle 198 £ 140 - - - -

(1998)

Dixon et al. (2002) DMM - - 100 - -

Saal et al. (2002) MORB mantle source 72+ 19 1+0.5 142 £+ 85 16 +3 146 + 35

Salters and Stracke Depleted mantle 50.34+12  0.514+0.09 116+ 58 11+45 119+£30

(2004)

Workman and Hart DMM 36+ 12 0.38 £0.25 70-160

(2005)

Bézos et al. (2005) Depleted mantle source - - - - 190 + 40

Le Roux et al. (2006) MORB mantle - 5+1 128+5 17+1 129+ 6

Hirschmann and Dasgupta DMM 60 + 35 - 110 £ 55 - -

(2009)

Beyer et al. (2012) Depleted MORB mantle - - - 12 -

Marty (2012) Depleted mantle 73 £29 - 150 £+ 50 - -

Halliday (2013) Earth mantle (Model 3 — Basaltic glass) 163 £ 76 - 300 £ 100 - -

Le Voyer et al. (2015) DMM - 1 110 12 -

relative to the D-DMM simply decreases as a function of
increasing elemental peridotite-basaltic melt bulk partition
coefficient (Fig. 21b).

6. CONCLUSION

We have reported major, trace, and volatile element
(CO,, Hy0, F, Cl, S) data as well as Sr, Nd, and Pb isotope
composition of MORB glass samples from the Northern
East Pacific Rise off-axis seamounts, Quebrada-Discovery-
GoFar transform fault system, and Macquarie Island.
The incompatible trace element (ITE) pattern of the
samples range from highly depleted (DMORB,
Th/La < 0.035) to enriched (EMORB, Th/La > 0.07),
and the isotopic composition spans the entire range
observed in EPR MORB.

At the time of melt generation, the source that generated
the EMORB was essentially peridotitic. The variable
incompatible trace element ratios (e.g. Th/La) of basalts

with Sr, Nd and Pb isotope ratios similar to E-DMM sug-
gests that the E-DMM melted incrementally without the
aggregation of the different melt fractions. The identical
major and trace elements composition of DMORB gener-
ated from both E-DMM and D-DMM, suggest that the
E-DMM is a peridotitic source.

NMORB might represent mixing of melts from a two-
component mantle (D-DMM and E-DMM), rather than
an actual DMM mantle source. This is consistent with
the similar frequency distribution of Nd isotopes generated
from clinopyroxene from abyssal peridotites (at the cen-
timeter spatial scale) and lavas from the QDG transform
fault and NEPR seamounts. These observations when con-
sidered together with the observed correlations between
crustal thickness and extent of magma aggregation and dif-
ferentiation (Pickle et al., 2009) strongly suggest that the
NMORB might represent mixing of melts from a two-
component D-DMM and E-DMM rather than melting an
actual DMM mantle source.
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After filtering the volatile data for secondary processes
(volatile degassing, sulfide saturation, assimilation of
seawater-derived component, and fractional crystalliza-
tion), we use the volatile to trace element ratios of our
samples and a two-component mantle melting-mixing
model to estimate the volatile content of D-DMM
(CO, =22 ppm, H,O = 59 ppm, F = 8 ppm, Cl = 0.4 ppm,
and S =100 ppm) and of the E-DMM (CO, = 990 ppm,
H,0 = 660 ppm, F =31 ppm, Cl =22 ppm, and
S =165 ppm). A particularly important observation is the
fairly constant CO,/ClI ratio of ~57 &8 in the D-DMM
and E-DMM, which is difficult to reconcile with a recycled
oceanic crust origin of E-DMM. Recycled oceanic mantle
lithosphere metasomatized by a low degree mantle melt is
a more consistent hypothesis with the observation.

Our two-component mantle melting-mixing model
reproduces the trace, volatile element contents, and isotopic
composition of our samples, in particular the kernel density
estimates (KDE) of Th/La and '**Nd/"**Nd isotopic com-
position of our samples and axial MORB data compiled
from the literature. Moreover, our model suggests that
the melts produced during variable degrees of melting of
the E-DMM controls most of the MORB geochemical
variation.

The parameters of the model required to match the
observation suggests that (1) 78% of the upper mantle is
highly depleted in volatile and refractory ITE (D-DMM)
and 22% 1is enriched in volatile and refractory ITE
(E-DMM), and (2) a fraction (~65 to 80%) of the low
degree EMORB melts (~1.3%) may escape melt aggrega-
tion by freezing at the base of the oceanic lithosphere signif-
icantly enriching it in volatile and trace elements, consistent
with proposed geodynamical processes acting at mid-ocean
ridges and with the generation and composition of the
E-DMM.

Our two-component mantle melting-mixing model
allows us to make the following statements. (1) The esti-
mated primitive CO, content (955 ppm) of the average
oceanic crust suggests a CO, flux from the ridge of
1.32 x 10" mol yr ! or 58 Mt yr—!. (2) The CI/K ratio for
uncontaminated DMORB and NMORB may be higher
than previously defined due to mixing of fractional melts
of E-DMM and D-DMM. (3) The large range in F/Nd
(14.3-45.4) of our samples is due to variation in the mantle
source F/Nd ratio and also the significant fractionation of
F/Nd during melting of garnet peridotite. (4) The negative
correlation between S and H,O content of our samples
along with the failure of our model to reproduce the nega-
tive correlation between S/Dy and Th/La ratios of our sam-
ples suggests either the model of Fortin et al. (2015) might
be overestimating the SCSS of our samples or our samples
might have lost S due to some process other than sulfide
saturation, such as S partitioning into the CO,—H,O phase
during degassing. (5) Our model does not reproduce the
large range in H,O/Ce (150-400) of EMORB samples, indi-
cating variable amounts of diffusive loss of H" from the
E-DMM to the ambient D-DMM, or from the EMORB
during percolation through the surrounding D-DMM. (6)
The volatile and refractory ITE abundances in E-DMM
normalized to D-DMM decreases as a function of increas-

ing peridotite-basaltic melt bulk partition coefficient
suggesting the two sources can be related by a single melt-
ing event. This observation and the relatively constant
CO,/Cl ratio of ~57 + 8 for the E-DMM and D-DMM is
consistent with the origin of the E-DMM as a recycled
oceanic lithosphere metasomatized by low degree melts.

Using the proportion of D-DMM of 78% and E-DMM
of 22% and the estimated D-DMM and E-DMM volatile
element contents, we calculate the volatile element content
of Pacific upper mantle (CO, = 235 ppm, H,O = 191 ppm,
F =13 ppm, Cl=5ppm, and S =114 ppm). The volatile
element budget of the Pacific upper mantle presented in this
paper provides a fundamental constraint to establish the
origin and evolution of the volatile element budget in the
Earth.
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APPENDIX A. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2015.10.033.

APPENDIX B. MAJOR ELEMENT CORRECTION
FOR FRACTIONAL CRYSTALLIZATION

The major element composition of primitive melts pro-
vide useful information for estimating the mantle source
lithology of the heterogeneous Earth’s upper mantle. How-
ever, most MORB are not primitive melts since they expe-
rience variable degrees of fractional crystallization affecting
the major element composition of the melts. Therefore, the
major element composition of MORB must be corrected
for fractional crystallization before interpreting them to
infer mantle source lithology.

Previous method to correct the major element composi-
tion of MORB for fractional crystallization by Niu et al.
(1999) assumes a single liquid line of decent (LLD) for
melts that ranges from DMORB to EMORB. This assump-
tion may lead to erroneous fractional crystallization correc-
tion since EMORB and DMORB have different LLDs due
to the higher H,O content in EMORB compared to
DMORB (Danyushevsky, 2001; Michael and Chase,
1987). Thus, the correlation between the estimated primi-
tive melt major element composition and their isotopic
composition observed by Niu et al. (1999) (Fig. S3) may
be an artifact of the fractional crystallization correction.
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To take into account the different H,O content of the
samples, we fit a polynomial function to the LLDs calcu-
lated for DMORB (H,O poor) and EMORB (H,O rich)
in Section 4.4, and use these functions to correct the major
element composition of samples for fractional crystalliza-
tion to an Mg# of 72. We only correct the major element
composition of DMORB and EMORB samples with
Mg# higher than 60 using their respective LLDs to avoid
the complicating effect of melt mixing in the more evolved
samples and in the NMORB. Furthermore, we only use
samples from NEPR seamounts in order to make direct
comparison between the results of our method and those
of Niu et al. (1999). The estimated primitive major element
composition of the DMORB and EMORB samples from
NEPR seamounts are plotted against their isotopic compo-
sition (Fig. S3), and are compared to those estimated by the
method of Niu et al. (1999). The estimated primitive
EMORB melt using our method is higher in FeOt, Na,O,
TiO,, and K,O, while lower in Al,O; and CaO compared
to estimated primitive DMORB; more importantly our
trends for FeOt and Al,O; are opposite to those using the
method of Niu et al. (1999). Niu et al. (1999) interpreted
the low FeOt and high Al,O3 of their estimated primitive
EMORB to be consistent with low F melt of peridotite at
relatively low pressure (10 kbar) (Baker et al., 1995), but
their trends are most likely an artifact of not taking into
account the effect of H,O content on the delay of plagio-
clase saturation in EMORB. Instead, the lower Al,O3 and
CaO and higher FeOt content in the primitive EMORB
estimated using our method is consistent with melting of
the E-DMM in the garnet stability at higher pressure than
the D-DMM, consistent with experimental melt composi-
tion of garnet peridotite (Walter, 1998) having lower
Al,O3 and CaO and higher FeOt content compared to spi-
nel peridotite (Wasylenki et al., 2003). Therefore the esti-
mated primitive EMORB major element composition is
consistent with melting of E-DMM in the garnet stability
field at high pressure.

APPENDIX C. TWO-COMPONENT MANTLE
MELTING-MIXING MODEL

The incremental near fractional melts from the D-DMM
and E-DMM were calculated using pHMELTS (Asimow
et al., 2004; Ghiorso et al., 2002; Smith and Asimow,
2005) and are mixed following the method of Rudge et al.
(2013). Here we briefly describe the mixing method. We
calculate 2000 weighted averages of the compositions of
the individual fractional melts,

C=>">id, (1)

=1 i

where c’} are concentrations of the ith fractional melt of the
jth mantle source, and ffj. are random weights assigned for
the ith fractional melt of the jth mantle source that has
an expected value that takes into account the triangular
geometry of the melting region and the masses of the indi-
vidual incremental melts. Specifically for our case, the equa-
tion can be written as,

NDMORB NEMORB

C= Z FpsorsComors T Z FErorBCEMORB (2)
i=1 i=1

where ¢}, opp and chyops are ith fractional melts of the

D-DMM and E-DMM, and #), ..and 7. are the

randomly chosen weights that satisfy the conditions,

?‘iDMORB = 07;’2M0RB =0, (3)
NDMORB . NEMORB .
Fosors + Pevors = 1o 4)
i=1 i=1
E(’A’ i)MORB) =f DMORB&)bMORgv (5)
E(? iEM()RB) =f EMORB&);‘MORZN (6)

where fpyors and (where fpyors =1 — fpyors) are the
average fraction of D-DMM and E-DMM melts that
makes up the model melts, @,,,,pp a0d @%y0rp are normal-
ized weights, and E(7,,,0zz)and E(7%,,,z5) are the expected
values of 7,0z and i, ps. The normalized weights
Ohvors ANd @yops are normalized melt generation depth
from the top of the melting region calculated for a triangle
with a 45° angle from horizontal to the melting regime
boundary. The fractions f,,0rs and fzyors are given by,

’ _ Poow 2™ Opyiors
pMORS Pooum it Obyors  Pepamrd et Oviors
(7)
! _ Pepvnr )it Oprsors
PMORE Poom it Opyors + Pepamd it Oviors
(8)

where pppyns and pppyyy (Where pppyy = 1 = pppagy) are the
solid fractions of D-DMM and E-DMM in the Pacific

upper mantle, a)},MORB and w},MORB are melt generation
depth from the top of the melting region. The random
weights 74 rs and 7o, are distributed as a Dirichlet dis-
tribution with parameters apon, and oo, given by,

(Powonss P58 s - PSS o)
~ Dir(%pomss - -+ » XDNoREs YimoRB> -+ » VErIORE) 7
Ao = (N = 1)f »DMORBCUZJMORB’ (10)
Uiors = (N = 1)f EMORBa)iEMORE (11)

where N is the mixing parameter that controls the amount
of mixing between the melts. N = 1 means no mixing while
N = oo means complete mixing.

APPENDIX D. REASON FOR WHY WE DID NOT
ATTEMPT TO REPRODUCE THE MACQUARIE
ISLAND SAMPLES USING OUR MODEL

The samples from Macquarie Island are distinctly
enriched compared to the other ridge settings
(Figs. 2a and 3c). This enriched composition can be repro-
duced mostly by low degree EMORB melts (F = 0.5-0.7%)
that hardly mix with DMORB (0-30%); consistent with the
tectonic origin of the Macquarie Island (Kamenetsky et al.,
2000). Macquarie Island represents a transition from an
extensional environment forming a mid-ocean ridge to
transpressional conditions that tectonically uplifted it
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5~10 Ma ago (e.g. Christodoulou et al., 1984; Goscombe
and Everard, 1998; Johnson and Molnar, 1972; Ruff
et al., 1989; Varne et al., 2000; Varne et al., 1969). During
the last stages of spreading (5-10 Ma) the transpression
produced a gradual shut off of the magmatism. During
the shutting off of the magmatism the low degree melts
from the E-DMM are most likely the last melts extracted
at the sea floor. The eruption age of Macquarie Island lavas
coincides with that of the tectonic uplift of the island
(Duncan and Varne, 1988), supporting such an interpreta-
tion. Hence, the Macquarie Island samples are most likely
the last melts from a E-DMM that were extracted at the
surface after the shut off of the ridge magmatism; and there-
fore, it made no sense to reproduce the KDE of these sam-
ples using our mixing model.
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