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Abstract In this study, a data set of 60 elements in 319 mid-oceanic ridge basalt (MORB) glasses
representing 144 chemically distinct lava flows from the Mid-Atlantic Ridge was acquired by laser
ablation inductively coupled plasma mass spectrometry. Our new data are comparable in terms of the
number of elements analyzed to several recent MORB data sets, albeit limited in geographic coverage to
the North Mid-Atlantic Ridge. This extensive data set was used to examine the elemental systematics of
depleted (D)-, normal (N)-, and enriched (E)-MORBs. We show that elemental ratios sensitive to fluid
transport in subduction zones (e.g., Th/U, Nb/U, Ba/Th, and Ba/La) are constant and similar to their primitive
mantle values in N- and E-MORBs, but depleted in accordance with their compatibility in D-MORBs. The
absence of evidence for subduction zone processing indicates the need to reassess the relation between
MORB enrichment and recycled materials. Additionally, we reexamined the ratios of chalcophile and
siderophile elements to lithophile elements of comparable compatibility, which are important in assessing
planetary accretion, core formation, crust-mantle differentiation, and hydrothermal ore formation
processes. MORBs show significant negative anomalies of As, Tl, Pb, and Bi, but not of Sb, relative to
lithophile elements of similar compatibility, which cannot be accounted for by melt depletion alone. The
depletions of As, Tl, Pb, and Bi in MORB are complementary to significant enrichments observed in the
continental crust, indicating that they have been transferred to the continental crust via fluid mobility in
arcs or obduction of seafloor hydrothermal ores.

1. Introduction

The composition of mid-oceanic ridge basalts (MORBs) is an important parameter in understanding the
Earth’s bulk composition, evaluating the evolution and differentiation of the geochemical reservoirs on
Earth, and documenting the role of recycled material in the mantle (e.g. Hirschmann & Stolper, 1996;
Hofmann, 1988; Langmuir et al.,, 1993; Niu & O’Hara, 2009; Stracke, 2012; Sun & McDonough, 1989). The
abundances of chalcophile and siderophile elements in the Earth’s mantle additionally reflect processes of
accretion, volatile element depletion, core formation, and late accretion (e.g., Ballhaus et al., 2013; Mann
et al.,, 2009; Righter et al., 2010, 2015; Wade et al., 2012; Wood et al.,, 2014; Yang et al., 2015). MORBs sample
ambient upper mantle, chemically complementary to the incompatible element-enriched continental crust,
as partial melts subsequently modified by magma chamber processes (e.g., Coogan & O’Hara, 2015; Shorttle
et al, 2016). Based on the abundances of incompatible elements MORBs can be categorized into enriched-
(E-), normal- (N-), and depleted- (D-) MORBs (Gale et al., 2013; Perfit, 2001; Schilling, 1973). In a pioneering
study, Schilling (1973) found MORBs erupted along the Reykjanes ridge (North Mid-Atlantic Ridge) to be
enriched in incompatible elements by the adjacent Iceland plume. E-MORBs were thus used to discriminate
plume-related MORBs from common N-MORBs that are incompatible element depleted. Based on a detailed
compilation of global MORB data, Gale et al. (2013) showed that E-MORBs > 500 km from plumes are far more
common along the mid-oceanic ridge system than previously thought. Models for the formation of E-MORBs
far from plumes include the incorporation of recycled oceanic crust (e.g., Hirschmann & Stolper, 1996), plume
heads (e.g., Hémond et al., 2006), deep portion of oceanic lithosphere (e.g., Niu et al., 2002), or delaminated
subcontinental lithosphere (e.g., Galer & O'Nions, 1986) in depleted MORB mantle (DMM), or the enrichment
of DMM by low-degree melts from subducted oceanic crust (e.g., Donnelly et al., 2004).

While the compositions of major elements and lithophile trace elements in the MORBs were extensively
studied in prior work (e.g., Gale et al, 2013, 2014; Langmuir et al, 1993; Niu & O’Hara, 2008; Sun &
McDonough, 1989), the concentrations of chalcophile (with the exception of Pb) and siderophile elements
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in the MORBs were not adequately discussed due to a dearth of relevant information. For example, most
chalcophile and siderophile elements (e.g., As, Ge, In, Sb, Cd, Re, and Bi) were not included in the global
MORB compilation of Gale et al. (2013), since these elements were not frequently analyzed in geochemical
studies. Two recent studies provided a broad suite of elemental abundances in MORBs: Jenner and O’Neill
(2012) reported about 60 elements in ~600 ocean floor basalts, including ~500 MORB glasses from the
Smithsonian volcanic glass collection, and Kelley et al. (2013) reported 40 trace elements in ~600 MORBs
from plume-influenced ridge segments. However, many ratios (e.g., Cd/Dy, Sb/Ce, and Rb/TI, W/U)
constrained using the MORB data from these two studies are mutually inconsistent (Kelley et al., 2013).

To address deficiencies in our knowledge of chalcophile and siderophile element abundances of MORBs, we
have precisely analyzed about 60 elements, including major elements, lithophile elements including rare
earth elements (REEs), first row transition elements (FRTEs), chalcophile and siderophile elements in 319
MORB glasses representing 144 distinct lava flows from the Mid-Atlantic Ridge (MAR) and Mid-Cayman
Rise (MCR). We show that the compositional diversity of our geographically limited MORB samples is repre-
sentative of the global compositional spectrum of MORB recognized by Gale et al. (2013), covering the
depleted (D)-, normal (N)-, and enriched (E)-MORBs. In this paper, we examine the systematics of D-, N-,
and E-MORBs using the lithophile trace element ratios (e.g., Th/U, Nb/U, Ba/Th, and Ba/La) that are sensitive
to modification by fluids in subduction zone processes. Using this data set, we tested the hypotheses for the
genesis of enrichment in MORBs. We used this large data set to better constrain the ratios of chalcophile and
siderophile elements to the lithophile elements with similar compatibilities. The complementary composi-
tional relationship of chalcophile and siderophile element abundances between the MORBs and the conti-
nental crust are discussed.

2. Materials and Methods

In this study, 319 MORB glasses from the MAR 10°-40°N and MCR 80°W (Figure 1) were analyzed using laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). All samples analyzed are MORB glasses
obtained from the Smithsonian Seafloor Rock Collection, which were received as polished epoxy discs con-
taining MORB glass chips with the Smithsonian VG 2 glass standard in each mount. It is important to note
that, since multiple samples were usually collected from a single dredge, some MORB analyses of this study
may be replicate analyses of the same lava flow, a fact that was distinguished by dividing the chips into
chemical groups based on homogeneity of major element analyses (Melson et al., 1976, 2002). Using the
assignments of glass chips to the chemical group numbers in the Smithsonian Abyssal Volcanic Glass Data
File (AVGDF; Melson et al., 2002), the 319 MORB glass chips analyzed in this study belong to 144 distinct
chemical groups, interpretable as representing 144 distinct MORB lava flows. Using fracture zones (FZ) as off-
sets, we further divided the MORB lava flows into 11 groups based on their localities (Figure 1), including
Valley and the French-American Mid-Ocean Undersea Study (AMAR-FAMOUS, n = 36), north (n = 1) and south
(n=1) of Hayes FZ, south of Kane FZ (n = 25), 16.8°N MAR (n = 1), north (n = 35) and south (n = 20 of 15°20 FZ,
north (n = 4) and south (n = 1) of Vema FZ, and Mid-Cayman Rise (MCR, n = 16). A few samples (n = 4)
measured in this study are from South MAR, including AMAR 8.7°S (n = 1) and 16°-22°S MAR (n = 3). A
comprehensive dataset of 60 elements in ~500 MORB oceanic basaltic glasses from the Seafloor Rock
Collection was produced by Jenner and O’Neill (2012), however there is no overlap between samples
analyzed in this study and those reported in Jenner and O’Neill (2012; Figure 1), except that we have both
analyzed VG 2, a glass used as the calibration material of the AVGDF (Melson et al., 2002). The ~600
MORBs analyzed represent an unknown number of flows since Jenner and O’Neill (2012) did not group their
glasses into chemical groups according to the criteria of Melson et al. (2002).

In this study, all samples were measured using the high-resolution Thermo Finnigan Element XR™ ICP-MS
equipped with an Electro Scientific Industries New Wave™ UP-193FX ArF (193 nm) excimer laser ablation
system at the Plasma Analytical Facility of the National High Magnetic Field Laboratory, Florida State
University (Humayun, 2012; Humayun et al., 2010; Yang et al., 2015). Sample aerosol produced by laser
ablation is swept into the mass spectrometer using a stream of ultrahigh purity He gas (800 ml/min). A stream
of Ar gas is added downstream, and the flow rate of this gas is tuned for signal optimization on the ICP-MS. In
this study, MORB glasses were ablated using 150 pm spot sizes at 50 Hz repetition rate for 20 s per spot. Each
sample or standard was ablated at five different spots and the results averaged.
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Figure 1. Locations of samples analyzed in this study together with samples analyzed in Jenner and O'Neill (2012) and sam-
ples compiled in AVGDF from the same area. Samples from this study are color coded as black: D-MORB; blue: N-MORB, and
red: E-MORB. Classifications of MORBs are shown in Figure 2. Based map was custom generated by GeoMapApp (http://
www.geomapapp.org). D = depleted; N = normal; E = enriched; MORB = mid-oceanic ridge basalt; AVGDF = Abyssal
Volcanic Glass Data File; NMAR = North Mid-Atlantic Ridge; FZ = fracture zones; AMAR-FAMOUS = Valley and the French-
American Mid-Ocean Undersea Study.

Mass peaks acquired are listed in Table S1 in the supporting information. Each peak was monitored by elec-
trically scanning the acceleration voltage (EScan mode) over a 15% mass range followed by magnet jumps to
cover the mass spectrum from 6 to 238. All peaks were acquired by peak jumping between peak tops with
10% mass window and 50 ms of acquisition time on the peak top for 20 s for each spot. The Element XR™
is equipped with two detectors, a Faraday Cup and a Dual Mode (analog and ion counting) Secondary
Electron Multiplier (SEM), of which only the SEM in analog (>10° cps) or ion counting mode (<10° cps)
was employed. Isotope peaks were collected in low resolution (M/AM = 300) with Analog mode detection
for major elements and Triple mode detection (effectively ion counting or analog) for other measured
elements. Analyses were only undertaken >30 min after each sample disc exchange to ensure background
counts, and oxide production rates were minimal during data collection.

To apply corrections for double charged ion interferences affecting the mass region of Zn-Se (Table S1), the
doubly charged odd isotopes '*’Ba**, "*Nd**, and '*?Sm™** were monitored at m/e = 68.5, 72.5, and 74.5 in
each spectrum collected (Yang et al,, 2015). Measured '2%Sn intensity was used to correct the interference of
1550 on '"®In. The interference of *'Zr'°0 on '%’Ag was corrected by estimating the *°Zr'®0 from the
difference between '°>Pd and '°°Pd (neglecting CuAr interferences on '°>Pd), and then calculating °'Zr'®0
by multiplying by the isotopic ratio of °'Zr/*°Zr. Isotopic abundances were taken from De Bievre and
Taylor (1993).
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Background intensities measured with the laser off were subtracted from elemental peak intensities and then
converted to elemental ratios with respect to SiO, by multiplying by the relative sensitivity factors (RSF)
obtained from analysis of standards (Humayun et al., 2007):

RSF — Ci/Csio,

Ii/l295i
where C; is the preferred value of element or oxide i in the external standard, and /; is the intensity of the
isotope peak of that element. The choices of the external standards for each element are described below,
and the standards used for each element are given in Table S1, along with the reference values used for these
calibration materials.

The elemental concentrations were calculated by multiplying the elemental ratios with SiO, contents
obtained from the major element procedure (Humayun et al., 2010):

100

where x; are all major oxides, including SiO,. Accordingly, the major oxides of Na, Mg, Al, Si, P, K, Ca, Ti, Mn,
and Fe are normalized to 100 wt. %. Some minor elements, including S, Cr, and Ni, and volatiles not deter-
mined in this study (e.g., H,0), are not included in the summation.

In this study, major elements (excluding FeOt and MnO) were calibrated against VG 2 a MORB glass dredged
from the median valley of the Juan de Fuca Ridge, for internal consistency with major MORB databases, such
as the Smithsonian AVGDF (Melson et al., 2002). A piece of VG 2 is mounted with each of the MORB glass
sample suites. Thus, VG 2 was analyzed 23 times during the course of analyses of the MORB glasses. Wet
chemical abundances for the major elements from Jarosewich (1975) were used for calibration, except for
MgO. The MgO content of the wet chemical analysis of VG 2 used to calibrate the abundances was revised
from 6.71 wt.% (Jarosewich, 1975) to 6.95 wt. % (Helz et al., 2014) for consistency with other recent glass
analyses (Clague et al., 1990; Dixon et al., 1991; Stolper et al.,, 2004). FeO1 and MnO were calibrated against
United States Geological Survey (USGS) standards (BHVO-2g, BCR-2g, and BIR-1g) to obtain Fe/Mn ratios that
are traceable to high-precision ICP-MS data (Qin & Humayun, 2008).

In this study, the USGS glasses (BHVO-2g, BCR-2g, and BIR-1g) were used as external standards for elements
that have been precisely determined in these glasses, for example, FRTEs, Rb, Sr, Nb, Zr, Ba, REEs, Th, and U.
For elements that are either poorly known or low in abundance in USGS glasses, such as Li, Be, B, As, Ga, Ge,
Ag, Mo, In, Sn, W, and TI, NIST SRM 610 (Jochum et al,, 2011) was used as the sole standard since matrix-
dependent elemental fractionation is less intense in SRM 610 than in SRM 612 (Gaboardi & Humayun,
2009). The MPI-DING glasses (Jochum et al., 2006) were analyzed once to validate the methods. The corre-
lations of Cd to Dy (Yi et al., 2000) and of Sb to Pr (Jochum & Hofmann, 1997) were not observed when
using NIST SRM 610 as the external standard to calibrate Cd and Sb. Since both Cd and Sb have
FIP > 8 eV, matrix effects between SRM 610 and basaltic glasses are implicated (Gaboardi & Humayun,
2009). Retroactively, Cd and Sb had to be calibrated against USGS glass standards. In GeoReM, the Sb
content is given as information values for all three USGS glasses and all MPI-DING glasses, except for
KL-2g that has a certified value. A bootstrap method was then applied where USGS glasses were treated
as unknowns in the analytical session where KL-2g had been analyzed. The resulting provisional Sb deter-
mined for BCR-2g (0.31 ppm) and BIR-1g (0.53 ppm) are within the uncertainty of their GeoReM values
(BCR-2g: 0.35 + 0.08 ppm; BIR-1g: 0.56 + 0.08 ppm), while Sb determined for BHVO-2g (0.11 ppm) is 3 times
lower than its GeoReM value (0.3 ppm). Among eight analyses of Sb in BHVO-2g compiled in GeoReM, only
one from Jochum et al. (2005) is higher than 0.3 ppm while others vary from 0.12 to 0.21. The revised Sb
abundances of BCR-2g and BIR-1g were then applied to calibrate Sb in all of the MORB samples analyzed
in this study. Since a certified value of Cd is not available for any of the USGS or MPI-DING glasses, the infor-
mation values were used to obtain RSFs for Cd (Table S1). A future improvement in accuracy is possible with
the development of new Cd abundance standards since our data are linearly dependent on the abundance
in the standard.
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3. Results

Concentrations of 60 elements in 319 MORB glasses, and the individual replicate analyses of VG 2, USGS glass
standards, and MPI-DING glass standards analyzed in this study are given in Table S1, together with the
isotope used, the detection limits, the interferences corrected, the standards used to calibrate the concentra-
tions, and the concentration data for the standards. At the high beam intensity (150 pm, 50 Hz) used in this
study, the variability of the blanks contributed negligibly to the precision of the measurements of most
elements included in our analytical routine, except Se, Ru, Rh, Te, Os, Ir, Pt, and Au that had concentrations
below their detection limits in MORB glasses. Alkalis, particularly Li and Cs, showed a strong memory effect
(residual signal carryover from sample to sample), which consequently contributed to high and variable
backgrounds, resulting in analyses that are below detection limit for some samples (Table S1). The average
compositions of the chemical groups representing distinct MORB lava flows are given in Table S2 and are
plotted in the figures of this manuscript. In this section, we will first assess the precision and accuracy of
MORB data obtained in this study.

3.1. Evaluating Data Precision and Accuracy

For those major and trace elements that were not standardized to USGS glasses, their abundances in the
three USGS glasses (BHVO-2g, BCR-2g, and BIR-1g) measured repeatedly (n = 14) in this study are given in
Table S1. The analytical precision is better than 4% (1) for major elements, except for KO in BIR-1g. Major
element compositions of USGS glasses determined in this study are in good agreement with GeoReM-
preferred values (Jochum & Nohl, 2008) within uncertainties, except for minor elements Na,O, P,0s, K,0,
and TiO,. The Na,O contents determined in this study are 6% lower for BCR-2g and BIR-1g and 12% lower
for BHVO-2g than the GeoReM-preferred values. The P,O5 contents determined in this study are ~10% lower
for both BHVO-2g and BCR-2g and 31% lower for BIR-1g than the GeoReM-preferred values. The K,0 contents
determined in this study are ~20% higher for BHVO-2g, similar for BCR-2g and 18% lower for BIR-1g than the
GeoReM-preferred values. The TiO, contents determined in this study are similar to GeoREM values for both
BHVO-2g and BCR-2g but 9% lower for BIR-1g than the GeoReM-preferred values. The systematically lower
Na,O and P,05 of USGS glasses obtained in this study relative to GeoReM-preferred values is due to the
use of VG 2 as the major element standard. Replicate analyses (n = 14) of 15 trace elements whose
abundances were previously not well determined in the USGS glasses are also given in Table S1. Analytical
uncertainty is less than 10% (1c) for most of the trace elements analyzed in USGS glasses in this study and
is 3% (10) for Ga and Ge. The analytical uncertainty is larger (>20%, 1c) for elements that are extremely
depleted (ppb level; e.g., Ag, Re, and Bi) in natural basalts and for elements with strong memory effect (e.g.,
Li, Cs) in the instrument.

Long-term data precision was assessed by examining the reproducibility of multiple analyses of the VG 2 and
USGS glasses, which were run routinely with MORB glasses as reference materials. The analytical precision,
assessed by the replicate measurements of USGS glasses, is comparable with that assessed by the replicate
measurements of VG 2. While VG 2 was used as the calibration material for most major elements, it was
treated as an unknown for FeOr, MnO, and trace elements in this study. The uncertainties of trace element
analyses were obtained by calculating the 1o standard deviation of the 23 replicate analyses of VG 2
(Table S1), with each analysis being the daily mean of five replicate spots. The analytical precision is better
than 6% (1o) for most of the elements analyzed in VG 2, and is 3% (10) for Ge, particularly. The analyses of
Li, Be, B, Ag, Sb, Cd, Cs, Re, and Bi are less precise (>20%, 10), due to their low abundances in natural basalts
or high blank corrections during analysis (e.g., Li and Cs). Cesium abundances from only two localities are
shown in the figures.

Another indication of the precision is derived from the analyses of a set of 32 MORB samples from a single
chemical group (A 15.41 Nal) from north of 15°20 FZ identified on the basis of major elements (Melson
et al,, 2002). The highly incompatible element abundances for these 32 samples (Table S1) agree within
the analytical precisions obtained from replicate analyses of VG 2 (Table S1), confirming that MORB flows
identified on the basis of major elements are also homogeneous in trace elements.

Accuracy of the analytical method was assessed by the comparison of the analyses of MPI-DING glasses
obtained in this study with their GeoReM values (Table S1). For seven MPI-DING glasses (GOR-128G,
GOR-132G, ATHO-G, ML3B-G, KL2-G, TI-G, and StHs6/80-G) analyzed in this study, the percentage deviation
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Figure 2. Correlations of K,O/TiO, (a) and Ba/La (b) against (La/Sm)y of
MORBs analyzed in this study, along with the MORB data compiled in Gale
et al. (2013). (La/Sm)y is the primitive mantle (PM)-normalized La/Sm ratio.
The PM composition is taken from McDonough and Sun (1995). MORB
samples analyzed in this study were classified into depleted (D)-MORB with
(La/Sm)y < 0.8 and enriched (E)-MORB with (La/Sm)y > 1.5 following Gale
et al. (2013). In this study, MORBs with (La/Sm) N between 0.8-1.5 were
considered as normal (N)-MORBs, which have narrower compositional
spectrum than that of N-MORB used in Gale et al. (2013) referring all MORB
compositions along the global ridge system excluding back-arc spreading
center. Samples that plotted on the constant (La/Sm)y lines of 0.8 and 1.5
were grouped with the majority of samples from that ridge segment.
Although mid-Cayman rise samples are plotted in N-MORB segment along
the trend of K,0/TiO, versus (La/Sm)y (a), they have Ba/La ratios that are
distinctively lower than Ba/La in N- and E-MORBs (b) and therefore are clas-
sified as a separate group. D = depleted; N = normal; E = enriched; MORB =
mid-oceanic ridge basalt; AMAR-FAMOUS = Valley and the French-American
Mid-Ocean Undersea Study; NMAR = North Mid-Atlantic Ridge; SMAR =
South Mid-Atlantic Ridge.

of the compositions determined in this study from the GeoReM values are
a few percent for most of the elements. These deviations are larger for
some chalcophile and siderophile elements (e.g., Ge, Ag, Sn, Sb, In, Cd,
and Re) whose concentrations are given only as information values in
GeoReM, and for some elements that are extremely depleted (e.g., P,05
in ATHO-G; Th and U in GOR-132G).

Nielsen and Lee (2013) reported Tl abundances in the three USGS glasses.
The Tl concentrations of the three USGS glasses measured in this study
agree within errors of the values reported by Nielsen and Lee (2013;
Table S1).

3.2. Lithophile Trace Elements

While some workers have debated the value of compositional groupings
(Jenner & O'Neill, 2012), for consistency with the larger MORB community
(Gale et al, 2013) MORBs analyzed in this study were classified into
depleted (D)-MORB, normal (N)-MORB, and enriched (E)-MORB based
on the ratio of (La/Sm) normalized to primitive mantle (PM), marked as
(La/Sm)y (Figure 2). Following Gale et al. (2013), MORBs with (La/Sm)
n < 0.8 are considered as depleted while with (La/Sm)y > 1.5 are consid-
ered as enriched in this study. However, Gale et al. (2013) considered
N-MORB to be any kind of MORB along the global ridge system excluding
basalts from back-arc spreading centers, while here we restrict the term
exclusively to MORBs that are neither D-MORB nor E-MORB. A couple of
additional adjustments were made as follows. A few samples from
AMAR-FAMOUS with (La/Sm)y slightly below 0.8 (Figure 2) were consid-
ered as N-MORBs since their Ba/La ratios are significantly higher than
Ba/La of D-MORB (Figure 2b). AMAR-FAMOUS samples with (La/Sm)y of
1.50 to 1.55 (Figure 2) were also grouped as N-MORBs with the majority
of samples from this ridge segment. Although MCR MORBs have (La/Sm)
n and KyO/TiO, ratios of N-MORBs (Figure 2a), their Ba/La are distinctly
lower than that of N- and E-MORBs and are comparable to that of
D-MORB (Figure 2b). Therefore, MCR MORBs were treated as a distinct
group in this study. The grouping used in this study for MORB is shown
by a color-coded scheme in Figure 2 that is used consistently throughout
this manuscript.

PM-normalized spider diagrams of MORBs are shown in Figure 3 by local-
ity, along with the mean compositions of D- and E-MORBs from Gale et al.
(2013) for comparison. The trace elemental patterns of the D-MORBs
analyzed in this study are similar to that of the global average D-MORB
(Gale et al., 2013) but are more depleted in highly incompatible elements
such as Rb, Ba (Figures 3b and 3e). All E-MORBs analyzed in this study are
from one ridge segment of south of the 15°20 FZ (Figure 3d), showing the
trace elemental pattern that is consistent with the global E-MORBs from
Gale et al. (2013). N-MORBs (Figures 3a and 3c) defined in this study are
plotted between the global averages of D- and E-MORBs of Gale et al.
(2013). The effect of fractional crystallization on MORB compositions
results in parallel patterns of the spider diagrams of densely sampled

MORSB suites, including AMAR-FAMOUS (Figure 3a), South of Kane FZ (Figure 3b), north (Figure 3c) and south
(Figure 3d) of 15°20 FZ, and Mid-Cayman Rise (Figure 3f).

To better observe the systematics of D-, N-, and E-MORBs, trace element ratios are plotted against (La/Sm)y
as an index of source fertility in Figures 4 and 5, together with MORB data compiled in Gale et al. (2013) for
comparison. The average values of these ratios of D-, N-, and E-MORBs determined in this study are given

in Table S1.
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Figure 3. (a-f) PM-normalized spider diagram of MORBs analyzed in this study, along with the mean compositions of glo-
bal D-MORB and E-MORB from Gale et al. (2013). PM composition is from McDonough and Sun (1995). PM = primitive matle;
D = depleted; N = normal; E = enriched; MORB = mid-oceanic ridge basalt; AMAR-FAMOUS = Valley and the French-
American Mid-Ocean Undersea Study; SMAR = South Mid-Atlantic Ridge.

Figures 4 and 5 show that (La/Sm)y and other trace lithophile ratios of regional MORBs analyzed in this study
cover the range of variation of these ratios observed in global MORB (Gale et al., 2013). The ratio of two highly
incompatible elements should be a planetary constant if the elements are of similar incompatibility
(Hofmann, 1988), but small differences in compatibilities of some elemental pairs are revealed based on
our MORB data. For example, the Th/U ratio is constant in all but the D-MORBs and MCR basalts
(Figure 4a), where the lower ratio implies source depletion of the more incompatible Th. A similar effect is
seen in Ba/La (Figure 4i), and a lesser effect is seen in the Nb/U (Figure 4b) and Ba/Th (Figure 4h) ratios.
The K/Rb ratio (Figure 4d) illustrates the opposite compatibility relationship with K being higher in more
depleted sources than Rb. A lesser effect is seen in K/U (Figure 4c). Some of the ratios for the more incompa-
tible element-enriched MORBs agree well with those of PM (e.g., Th/U, Nb/U, K/Rb, Ba/Rb, Ba/Th, and Ba/La),
but the Cs/Rb ratio is a factor of 2 lower in MORB than in PM (Figure 4e), which may require reevaluation of
the PM Cs/Rb ratio. Ratios of Rb/Sr of E-MORBs and most of N-MORBs are above, while those in D-MORBs are
below the PM value (Figure 4f).

Refractory element ratios plot close to the chondritic values. Interestingly, the (Sm/Nd)y and (Gd/Yb)y ratios
of D-MORBs and MCR MORBs form a parallel trend to that of N- and E-MORBs (Figures 5a and 5d). In Figure 5e,
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Figure 4. (a—i): Correlations of lithophile trace elements ratios against (La/Sm)y of MORBs analyzed in this study and MORBs compiled in Gale et al. (2013). The com-
positions of several geochemical reservoirs shown in this figure are as follows: Altered oceanic crust (AOC) of ODP site 801 (Kelley et al., 2003); estimated composition
of the recycled oceanic crust (ROC) that has undergone the chemical modification through subduction (Stracke & Bourdon, 2009); Kilauea parental magma from
Norman and Garcia (1999), lower continental crust (LCC) and upper continental crust (UCC) of Taylor and McLennan (1995) in plot (a) and of Rudnick and Gao (2003)
in other plots; depleted MORB mantle (DMM) from Salters and Stracke (2004) and primitive mantle (PM) from McDonough and Sun (1995). Orange field shows the
composition of Manus Basin arc lava from Jenner et al. (2012). MORB = mid-oceanic ridge basalt; AMAR-FAMOUS = Valley and the French-American Mid-Ocean

Undersea Study.

the Zr/Hf ratios of MAR D-, N-, and E-MORBs are identical to the chondritic value (34.3, Miinker et al., 2003),
except for glasses from the AMAR-FAMOUS region that plot 0-10% below the chondritic value. The Nb/Ta
ratios (Figure 5f) for D-MORBs are ~10% lower than those of N- and E-MORBs, which in turn are ~20%
lower than the chondritic value (19.9, Miinker et al., 2003).

Although MCR MORBs have (La/Sm)y of 0.8-0.9 higher than the D-MORB range of (La/Sm)y < 0.8 (Gale et al.,
2013), they are comparable with D-MORB in many trace element ratios, such as Th/U (Figure 4a), Ba/Rb
(Figure 4qg), and Ba/Th (Figure 4h), so that their high (La/Sm)y likely represents a lower degree of melting
rather than an enriched source. Accordingly, plots of the ratios of (Hf/Sm)y (Figure 5b) and (Zr/Hf)y
(Figure 5e) show that MCR basalts have Zr > Hf > Sm, which may indicate the small differences of the com-
patibilities of D (Zr) < D (Hf) < D (Sm) that can only be revealed by lower degree melts than typical MORBs.
AMAR-FAMOUS N-MORBs have distinctly lower K/U (Figure 4c), K/Rb (Figure 4d), Ba/Th (Figure 4h), (Zr/Hf)y
(Figure 5e), and (Gd/Yb)y (Figure 5d) relative to those ratios in other MAR N-MORBs analyzed in this study.

3.3. Siderophile and Calcophile Element

We first compared the siderophile and chalcophile data from this study with that from literature. (As): Arsenic
abundances range from 50 to 400 ppb for 313 analyses of MORB glasses, but the majority of glasses have
100-200 ppb As. The range for As is smaller than that reported by Jenner and O’Neill (2012), who noted a
range from 0 to >1 ppm for 299 MORB analyses, while Kelley et al. (2013) did not report As abundances.
(Mo): Molybdenum abundances range from 200 to 1,000 ppb for 319 analyses of MORB glasses, smaller than
the range (200-3,000 ppb) reported in Jenner and O'Neill (2012) for 532 MORB analyses and the range
(60-3,000 ppb) reported in Kelley et al. (2013) for 573 MORBs. (Ag): Silver abundances range from 10 to
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Figure 5. (a-f) Correlations of chondrite-normalized lithophile trace element ratios against (La/Sm)y of MORBs analyzed in
this study and MORBs compiled in Gale et al. (2013) chondritic values are taken from Anders and Grevesse (1989) except for
Nb/ta and Zr/Hf that are from Mlnker et al. (2003). MORB = mid-oceanic ridge basalt; AMAR-FAMOUS = Valley and the
French-American Mid-Ocean Undersea Study; FZ = fracture zones; NMAR = North Mid-Atlantic Ridge; SMAR = South Mid-
Atlantic Ridge.

50 ppb for 319 analyses of MORB glasses, similar to the range in Ag abundances noted by Hertogen et al.
(1980) for seven MORB analyses and by Jenner and O'Neill (2012) for 307 MORB analyses. (Cd): Cadmium
abundances range from 50 to 200 ppb for 319 analyses of MORB glasses, larger than the range reported
for seven MORBs (50-150 ppb) by Hertogen et al. (1980), similar to the range reported in Jenner and
O'Neill (2012) for 568 analyses (100-240 ppb) but smaller than that reported in Kelley et al. (2013) for 573
analyses (6-500 ppb). (/n): Indium abundances in MORB glasses from this study (50-100 ppb) overlaps that
of Hertogen et al. (1980) but smaller than the range (50-150 ppb) of Jenner and O’'Neill (2012), with the
MCR glasses having the highest In abundances. (Sn): Tin abundances range from 0.4 to 2.4 ppm in 319
MORB glasses, similar to the range observed in 568 MORB analyses by Jenner and O’Neill (2012) but
smaller than the range (0.04-4 ppm) of Kelley et al. (2013), with the MCR glasses exhibiting the highest Sn
contents (1.5-2.4 ppm). (Sb): Antimony abundances range from 20 to 140 ppb in 319 MORB glasses from
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this study, with the highest values (>100 ppb) in the MCR glasses, compared with 2-74 ppb (Hertogen et al.,
1980), 4-40 ppb in 250 analyses from Jenner and O’Neill (2012), and 10-200 ppb in 562 analyses from Kelley
etal. (2013). (W): Tungsten abundances range from 10 to 250 ppb in 319 MORB glasses from this study, which
are narrower compared with the ICP-MS analyses from three previous studies, including 6-555 ppb in 50
MORBs from Arevalo and McDonough (2008), 3-600 ppb in 548 MORBs from Jenner and O'Neill (2012),
and 50-1500 ppb in 572 MORBs from Kelley et al. (2013), but comparable with an isotope dilution data set
of MORBs (5-220 ppb) from Koénig et al. (2011). (Re): Rhenium abundances range from <0.1 to 2 ppb in
glasses from this study, with the average of 1.33 £ 0.52 (10), a range similar to that obtained by Hertogen et al.
(1980), Hauri and Hart (1997), Schiano et al. (1997), Sun et al. (2003), Escrig et al. (2005), and Schilling and
Kingsley (2017). Jenner and O'Neill (2012) reported 154 analyses of Re in MORBs with an average of
0.7 + 0.6 ppb, with most of the analyses ranging from 0.1 to 0.8 ppb, systematically lower than that obtained
in this study They applied an interference correction for TmO+ that was not applied here after we determined
that such a correction would be negligible. (T/): Thallium abundances range from 3 to 35 ppb in 319 MORB
glasses from this study, comparable with that from 3 to 30 ppb in 97 MORB analyses from Nielsen et al.
(2014) and from 2 to 50 ppb in 531 MORB analyses from Jenner and O'Neill (2012), and consistent with the
range of 7-22 ppb found by Hertogen et al. (1980). The data set from Kelley et al. (2013) reported Tl contents
in some MORB samples at the ppm level, but we did not observe such Tl enrichment in any of the glasses
studied. (Pb): Lead abundances range from 0.2 to 1.2 ppm in 319 MORB glasses from this study, similar to
0.1-1.9 ppm of 568 MORB analyses from Jenner and O'Neill (2012) and 0.1-6.2 ppm of 573 MORBs analyzed
by Kelley et al. (2013). MCR MORBs have Pb contents (0.6-1.1 ppm) as high as the E-MORBs analyzed in this
study. N-MORBs from AMAR-FAMOUS have lower Pb (0.2-0.5 ppm) relative to that (0.4-0.7 ppm) of other
N-MORBs from our study. (Bi): Bismuth abundances range from 6 to 15 ppb in 319 MORB glasses, with an
average of 10 + 3 ppb Bi. For comparison, Hertogen et al. (1980) reported 6-9 ppb Bi in seven MORBs, and
Jenner and O’Neill (2012) reported a lower range of 4-15 ppb of Bi in 529 MORB analyses. It is disheartening
that 23 analyses of VG 2 yielded a range from 3 to 24 ppb Bi, with an average of 13 £+ 5 ppb, but reproducibility
on BCR-2g was better, 55 + 6 ppb Bi, compared with ~50 ppb given in GeoREM.

Ratios of chalcophile and siderophile elements to lithophile elements with similar compatibilities were then
compared. Ratios of As/Ce, Tl/Ce, Pb/Ce, In/Y, Sn/Sm, Sb/Sm, Mo/La, Cd/Dy, Ag/Cu, W/Ba, Bi/Dy, and Re/Yb
plotted against (La/Sm)y in Figure 6, along with the recommended canonical values and literature data
if available.

4, Discussion
4.1. Lithophile Trace Element Systematics of MORBs

MORB glass compositions have been modified by fractional crystallization processes prior to eruption on the
oceanic floor (e.g., Coogan & O'Hara, 2015; Grove & Bryan, 1983; Klein & Langmuir, 1987). Incompatible trace
element ratios have been widely employed to examine variations in mantle source characteristics since the
partitioning of these elements into both mantle and crustal mineral assemblages is minimal (Hofmann, 1988).
The chemical information contained in incompatible element ratios is regarded to be dominated by mantle
source depletion and enrichment processes with only minimal effects coming from partial melting or magma
chamber processing that occur prior to eruption of MORB lavas. Some workers have questioned this long-
held notion arguing that magma chamber processes affect all but the most highly incompatible element
ratios (e.g., Coogan & O'Hara, 2015; Lissenberg & MacLeod, 2016; O'Neill & Jenner, 2012, 2016). Reactive
porous flow in cumulate piles within MORB magma chambers potentially creates elemental fractionations
among the least incompatible elements that differ from fractional crystallization due to buffering of the
Mgt by olivine (Lissenberg & MacLeod, 2016). The role of diffusive elemental fractionation in cumulate piles
has been invoked by Coogan and O’Hara (2015), but zoning profiles of clinopyroxene in ODP 735B gabbros
does not support a role for diffusive fractionation (Lissenberg & MacLeod, 2016) The reactive porous flow
model proposed by Lissenberg and MacLeod (2016) invoked zone refining for creating incompatible element
enrichments in excess of fractional crystallization involving melt exchange with 4-8 equivalent volumes of
pyroxene-rich cumulates. To assess the effect of magma chamber processes on incompatible lithophile
elemental ratios, Figure 7 compares ratios of elements differing in compatibility by about an order of magni-
tude ranging from highly incompatible to less incompatible: Ba/La (Figure 7a), Rb/Sr (Figure 7b), (La/Yb)y

YANG ET AL.

4245



~1
AGU

100 Geochemistry, Geophysics, Geosystems 10.1029/2018GC007593

ADVANCING EARTH
'AND SPACE SCiENCE

0.03 0.004 0.0006 0.008
a d
. j
oo
0.0004 oo .
3 8 ‘
I 3 S 0004
< >
< 00002
0.00 L L L L 0.001 L L L L 0.0000 L L L L
b e h
04 F A 0.04 -
*
0002 |
O ©
® £ B J
Q @ a g
= = °
P oo | & c o
0.000 L L L ! 0.0 L L L L 0.00 ! L L L
c f i o |
8 o004 & 0.004 £ 0.0005
Q Q z
o P Q
o m ['4
0.00 L L L 1 0.00 L L L L 0.000 L L L L 0.0000 4
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25
(La/Sm)y (La/Sm)y (La/Sm)y (La/Sm)y

3

Jenner and O'Neill (2012) Kelley et al. (2013) o Schilling and Kingsley (2017) « Sun et al. (2003)

Yi et al. (2000) ¢ Arevalo and McDonough (2008) ¢ Jochum and Hofmann (1997)

AMAR-FAMOUS A North of Hayes FZ 4 South of Hayes FZ 0 South of Kane FZ ® 16.8° NMAR 4 North of 15°20 FZ
South of 15°20 FZ < North of Vema FZ & South of Vema FZ + 16-22° SMAR + 8.7° SMAR Mid-Cayman Rise
VG2 showing analytical uncertainty
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(Figure 7c), and La/Zr (Figure 7d). In Figure 7, Mg# has been used as the index of fractionation, with the stan-
dard assumption that the Fe*3/3Fe ratio is 0.15, justified by recent experimental work (Zhang et al., 2018).

MORB glass data were selected from this study and from Jenner and O’Neill (2012). To better examine the
effects of magma chamber processes, glasses were grouped according to ridge segments that were assigned
based on the discontinuities at fracture zones along MAR and EPR using GeoMap APP (http://www.geoma-
papp.org). The MORB glasses were filtered using the following criteria and plotted in Figure 7 by location.
To obtain sufficient range of Mg# to define the fractionation trends of MORB lava flows, only segments that
were densely sampled (N > 8) with MORBs covering an Mg# range >5 were plotted. The average compositions
of 137 MORB lava flows from five ridge segments from the NMAR were selected from this study, and the com-
positions of 260 MORB analyses from 13 ridge segments from both MAR and EPR taken from Jenner and
O'Neill (2012) met the criteria (Figure 7). MORBs from Jenner and O’Neill (2012) were assigned D-, N-, or
E-MORB following the same criteria Gale et al. (2013) laid out for glasses from this study. Galapagos spreading
center MORBs analyzed in Jenner and O'Neill (2012) are also shown in Figure 7 as four groups (K11, K12, K17,
and K28). Glasses from the Blanco Trough, which may be influenced by the Juan de Fuca hotspot (Courtillot
et al,, 2003), contain D-, N-, and E-MORBs that were plotted separately in Figure 7.

Following Lissenberg and MacLeod (2016), we calculated the effects of zone refining in a crustal magma
chamber with mineral abundances from Lissenberg and MacLeod (2016) and partition coefficients from
Bédard (2001). Because of the high fraction of plagioclase in the models of Lissenberg and MaclLeod
(2016), the Ba/La ratio is predicted to decrease by factors of 2-3 with increasing zone refining, contrary to
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were grouped by ridge segments (see text) and color coded for quick recognition as, black: D-MORB; blue: N-MORB, and
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what is observed for the variations within individual segments (Figure 7a). Thus, zone refining cannot explain
the Ba-enrichment of E-MORB compared to N- and D-MORB observed in Figure 7a.

Since Rb is much more incompatible than Sr, Rb/Sr ratios of MORB segments shown in Figure 7c are anticor-
related with Mg#. The systematics among D-, N-, and E-MORBs observed for Ba/La ratios (Figure 7b) are also
observed for Rb/Sr (Figure 7c), which is that D-MORBs, except those from the Galapagos spreading center and
Blanco Trough, are systematically lower in Rb/Sr ratios relative to that of N- and E-MORBs. The zone refining
model discussed above predicts that Rb/Sr should increase by factors of 3-5, which is less than what is
observed probably due to choices of partition coefficients.

The ratios of (La/Yb)y remain nearly constant along most MORB segments shown in Figure 7c. The (La/Yb)y
ratio systematically increases from D-MORB to N-MORB to E-MORB. E-MORBs from the Blanco Trough do not
form a continuum with N-MORBs, and the most fractionated D-MORBs from the Blanco Trough (Mg# < 55)
have (La/Yb)y lower than those of N-MORBs. The zone refining model discussed above predicts an increase
of 30-70% in the (La/Yb)y ratio of an intercumulus liquid, that is, variations that are comparable to those
observed within a single segment, and cannot explain the segment-to-segment variations or the differences
between D- and E-MORB:s (Figure 7c). Van Orman et al. (2001) showed that La diffuses more than an order of
magnitude more slowly into clinopyroxene crystals than Yb, and trivalent REE are slow diffusers compared
with Fe-Mg exchange. A simple prediction for the deviation of the composition of an evolving intercumulus
liquid within a MORB magma chamber from fractional crystallization is that the faster diffusive transport of
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Fe-Mg versus La-Yb would manifest itself in La becoming more incompatible than predicted at a given Mg#.
Mixing of intercumulus liquid into the magma chamber (e.g., Coogan & O'Hara, 2015) would then produce
mixed liquids that exhibit higher (La/Yb) N at a given Mg# than predicted by fractional crystallization. One
might also expect that the longer magma resides in the magma chamber the more intercumulus liquid is
mixed into it. Thus, at lower Mg#s a larger range of (La/Yb)y would be expected from models involving
replenishment, fractionation, mixing, and tapping relative to simple fractional crystallization of magma.
This is not observed in the Blanco Trough MORBs, where the largest range in (La/Yb)y is observed at the
highest Mg#s. The effect is similar for the La/Zr ratio (Figure 7d), even though Zr is more compatible, and
as a tetravalent cation Zr might be a slower diffuser than La resulting in reverse enrichments during crustal
processes. No reverse enrichment is observed in La/Zr (Figure 7d). The systematic variation observed
between D-, N-, and E-MORBs in four pairs of elements that vary significantly in their compatibility failed to
be produced by crustal processes involving fractional crystallization or zone refining, with or without diffusive
fractionation in the cumulate pile. Thus, Figure 7 shows that mantle heterogeneity is required to explain the
distinct differences observed between D-, N-, and E-MORBs and that any effects associated with magma
chamber processes are second order, or lower, effects.

Lithophile trace elements have been used to study source depletion and enrichment processes during MORB
genesis (e.g., Langmuir et al., 1993; Niu & O’Hara, 2008) and the chemical (e.g., Donnelly et al,, 2004; Sun &
McDonough, 1989; Zindler et al., 1984) and mineralogical (e.g., Donnelly et al., 2004; Hémond et al., 2006;
Stracke & Bourdon, 2009; Ulrich et al., 2012) heterogeneities of the MORB mantle. Crust-mantle differentiation
as an igneous process would be expected to create a depleted mantle that is compositionally complemen-
tary to the continental crust (Hofmann, 1988). Recycling of subducted oceanic crust into the depleted mantle
would be expected to enrich it in incompatible lithophile elements (Stracke & Bourdon, 2009). The origin of
E-MORSB:s is classically thought to occur by ridge-plume interaction near hotspots (e.g., Schilling, 1973, 1985),
but recent reexamination of global MORB compositions shows that E-MORBs constitute about 10% of ridge
segments far from plumes (Gale et al., 2013). Thus, another process must be found to explain the enrichment
observed in E-MORBs far from plume-affected ridge segments. Two major classes of hypotheses have been
proposed both of which involve the role of recycled oceanic crust. Donnelly et al. (2004) proposed that the
enrichment of depleted mantle occurred by the addition of low-degree (< 1%) partial melts of recycled ocea-
nic crust. In this model, the E-MORB source is an enriched peridotite but the lithophile element pattern is
expected to inherit some of the chemical features of altered oceanic crust with or without a subduction filter
imposed. Hémond et al. (2006) and Ulrich et al. (2012) argued that recycling of plume heads or OIBs into the
mantle could create enrichments inherited by E-MORBs. Another possibility is that the suboceanic mantle
contains abundant recycled oceanic crust, now garnet pyroxenites, the preferential partial melting of which
produced the enriched lithophile element signatures of N- and E-MORBs (Hirschmann & Stolper, 1996;
Sobolev et al.,, 2007). Correlations of '80/'®0 and MORB enrichment index (e.g., La/Sm and K,O/TiO,; Eiler
et al.,, 2000) and the heavier 7222U of MORBs relative to the PM value (Andersen et al,, 2015) have been taken
as supporting evidence for the presence of recycled crustal material in the MORB mantle. Other sources of
enriched mantle were proposed to be the lower portion of oceanic lithosphere hosting incompatible
elements (Niu et al., 2002) or delaminated lithospheric mantle (Galer & O'Nions, 1986).

The systematics of lithophile trace elements of D-, N-, and E-MORBs from this study are shown in Figures 4
and 5, where lithophile elemental pairs are plotted against the ratio of (La/Sm)y, an index of MORB source
enrichment. The D-MORBs sampled in this study are compared with the global MORB data set of Gale
et al. (2013), and it should be noted that the samples studied here include some of the most depleted
MORBs relative to the global MORB data set and have narrow ranges of (La/Sm)y (0.55 + 0.05) but show very
broad ranges of incompatible-element ratios, such as Th/U, Nb/U, K/Rb, Rb/Sr, Ba/Rb, and Ba/La. Glasses from
the MCR generally plot intermediate between D-MORB and N-MORB (Figure 4). Also shown on Figure 4 are
estimates of PM, DMM, UCC, LCC, and estimates of altered oceanic crust (AOC; Kelley et al., 2003), recycled
oceanic crust (ROC; Stracke & Bourdon, 2009) and Kilauea parental melt (KPM; Norman & Garcia, 1999). To
assess possible arc signatures, the field defined by back-arc lavas from the Manus Basin (Jenner et al.,
2012) is shown for comparison (Figure 4).

Since the ratio of (La/Sm)y is not fractionated significantly by melting or crystallization, melting a
depleted MORB mantle, such as DMM with (La/Sm)y = 0.54 from Salters and Stracke (2004), yields the
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observed (La/Sm)y ratios of the D-MORBs from this study. The main feature that emerges from each of the
elemental ratio plots in Figure 4 is that N- and E-MORBs define a single ratio in Th/U, Nb/U, K/Rb, Ba/La,
and Ba/Th, while D-MORBs are lower in all of these ratios, with the exception of K/Rb, where Rb is clearly more
incompatible than K. The ranges of some ratios of elements of similar compatibility and similar fluid mobility,
like K/U and Ba/Rb, of D-, N-, and E-MORBs overlap each other and that of most other terrestrial geochemical
reservoirs (UCC, LCC, PM, DMM, and KPM), indicating that whatever process caused the enrichment of N- and
E-MORBs in these elements left no clues in these ratios. The ratios of Nb/U, Ba/La, Ba/Th, and Th/U are sensi-
tive to the influence of slab dehydration fluids formed at <4 GPa (Kessel et al., 2005), since Ba and U are highly
mobile in such fluids compared with Nb, La, and Th. N- and E-MORBs do not show clear signatures of fluid
mobile element enrichment in Th/U, Nb/U, Ba/La, and Ba/Th, in contrast with the Manus back-arc basin lavas
that show such enrichments (Figures 4a, 4b, 4h, and 4i). It is immediately obvious that fluid addition pro-
cesses that would affect the fluid mobile elements (K, Rb, Cs, Ba, and U) have played no role in the enrichment
of D-MORB mantle to form N- or E-MORB sources within the studied samples from the NMAR. However, LCC
shows low Nb/U, and high Cs/Rb, Ba/Rb, Ba/La, and Ba/Th ratios indicative of fluid-mobile element enrich-
ment during continental crust formation processes. Only the Th/U ratio of UCC or LCC does not show signifi-
cant evidence of U mobility.

A simple expectation of recycled oceanic crust is that it is likely to be depleted in fluid mobile elements rela-
tive to MORB composition after passing through the subduction zone. For example, ROC has undergone
some Rb, Ba, and U loss during modification through subduction zones (Stracke & Bourdon, 2009) and has
lower Ba/La (2.7) but higher Nb/U (95) relative to those ratios in mean MORB (Ba/La = 5.6; Nb/U = 45 in
Gale et al., 2013). Thus, entrainment of recycled crust into the depleted mantle should create enriched mantle
sources that have either enrichments or depletion of these element ratios since the specific degree of the
presubduction alteration of ROC is highly variable (Eisele et al., 2002; Hémond et al.,, 2006; Stracke et al.,
2003). Thus, the MORB glasses studied here show no evidence of material involved in subduction zones play-
ing a significant role in the enrichment of depleted mantle to form N- or E-MORB sources. These observations
exclude recycled oceanic crust, recycled altered oceanic crust, recycled subarc or back-arc mantle, or recycled
lithospheric mantle enriched by ancient subduction events from forming a significant portion of the sources
of NMAR MORB. Low-degree partial melts of recycled oceanic crust should be expected to concentrate
elemental signatures of alteration of the oceanic crust that would affect alkalis, Ba and U abundances and
ratios of these elements to nonfluid mobile elements of similar compatibility (Th, Nb, La, etc.). Thus, the model
proposed by Donnelly et al. (2004) would only work if the recycled oceanic crust has neither been altered at
the ridge/seafloor nor gone through the subduction zone or otherwise it would be difficult to have
mobile/nonmobile element ratios that reflect PM values in the most enriched NMAR MORBs.

Continental crust, on the other hand, has higher Ba/La (22.8) but lower Nb/U (20; Rudnick & Gao, 2003) rela-
tive to the N- and E-MORB compositions. As shown in Figure 4, continental crust is not strictly complementary
to D-MORSB, since it has elemental fractionations in Cs/Rb that are not seen in any MORBs, but is similar to
elemental signatures in the Manus Basin lavas from Jenner et al. (2012). Incidentally, the enriched elemental
patterns of N- and E-MORBs are not unlike ratios observed in OIBs, for example, KPM plots on the trends
defined by N- and E-MORBs.

4.2, Siderophile and Chalcophile to Lithophile Element Ratios in MORB

Siderophile and chalcophile element abundances in the mantle reflect equilibrium during core formation
(Righter et al., 2015; Rubie et al., 2004), or subsequent reintroduction by late accretion processes (Ballhaus
et al,, 2013) or core-mantle exchange (Brandon, 1998). The MORB mantle likely represents a reservoir that
has not interacted with the core after core formation, although Kelley et al. (2013) invoked core-mantle
exchange in depleted MORBs. Thus, the siderophile and chalcophile element composition of the MORB
mantle is key input parameter for models of core formation. Numerous studies have shown that ratios
between elemental pairs such as As/Ce and Mo/Ce (Sims et al.,, 1990), Tl/Ce (Nielsen et al.,, 2014), Pb/Ce
(Newsom et al., 1986), Sn/Sm (Jochum et al.,, 1993), Sb/Pr (Jochum & Hofmann, 1997), In/Y (Yi et al., 2000),
Cd/Yb (Yi et al., 2000), W/U (Arevalo & McDonough, 2008), Rb/Tl (Hertogen et al., 1980), and Re/Yb (Sun
et al,, 2003) are nearly constant in oceanic basalts (cf. Jenner, 2017), due to the similarities of their compatibil-
ities during partial melting and fractional crystallization. Although the canonical values recommended for
these ratios have been extensively used to interpret MORB genesis and characterize the MORB mantle
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sources in prior MORB studies (Arevalo & McDonough, 2008, 2010; Hofmann, 1988; Salters & Stracke, 2004;
Sun & McDonough, 1989; Workman & Hart, 2005), the amount of data from which these ratios have been
determined has been rather limited. In this study, we measured large numbers of MORB covering the global
range in (La/Sm)y with significantly improved precision, providing an opportunity to reevaluate the MORB
ratios for the following elements:

Arsenic: Our new data confirm that As abundances are best correlated with Ce abundances in oceanic
basalts (Sims et al., 1990). The average MORB As/Ce ratio (0.010) determined in this study agrees with a global
MORB + OIB estimate (0.0096) of Sims et al. (1990). The As/Ce ratios of MORB analyzed by Jenner and O'Neill
(2012) show broader range than that of MORBs analyzed in this study (Figure 6a), particularly for D-MORBs,
with an average As/Ce ratio (0.015) that is 50% higher than our estimate and that of Sims et al. (1990).

Molybdenum: Molybdenum has been considered to be similar to Ce in compatibility in MORB and OIB
basalts (Newsom et al., 1986). However, our new data show that Mo/La ratios (Figure 6k) in all the MORBs
from this study define a constant ratio (0.07 + 0.01, 16) somewhat lower than that of Sun et al. (2003) but
similar to that of Kelley et al. (2013) at all but the lowest (La/Sm)y ratios (Figure 6k). At the lowest (La/Sm)y,
the MORB data of Kelley et al. (2013) and of Jenner and O’Neill (2012) increase as if Mo were more compatible
than La (Figure 6k). This is possibly due to an analytical artifact in those studies that is worst at low Mo
contents, that is, constant Mo contents are observed at lowest Mo abundances. The Mo/La ratio in MORB
analyses from Jenner and O'Neill (2012) are systematically higher than MORB from this study or any of the
other published data sets available (Kelley et al., 2013; Sun et al.,, 2003) that sample all major ridges.

Silver: Unlike other chalcophile elements discussed here, Ag does not behave as an incompatible element
in basaltic glasses and correlates inversely with moderately incompatible elements from Sm-Lu. Jenner
(2017) showed that MORBs define a constant Cu/Ag ratio during fractionation. Schilling and Kingsley
(2017) also found a constant Cu/Ag ratio in MORB from the Reykjanes Ridge. In Figure 6g, MORBs analyzed
in this study, and those reported by Jenner and O’Neill (2012), define a constant Ag/Cu ratio
(0.0003 + 0.0001, 10) consistent with that observed by Jenner (2017) and Schilling and Kingsley (2017). A
similar range of Ag/Cu (0.0003 + 0.0001) was reported for mantle peridotites (Wang & Becker, 2015) indicat-
ing that this ratio is not fractionated by partial melting. The abundances of S are anticorrelated with Ag in
MORB glasses from this study.

Cadmium: Although the analytical uncertainty (£23%, 1c) of Cd/Dy ratio in MORBs obtained in this study is
larger than that of other ratios examined here due to the analytical difficulties discussed earlier, Figure 6h
shows that the Cd/Dy ratios (0.021 + 0.005, 16) of MORBs determined in this study agrees with the Cd/Dy
ratios obtained by isotope dilution analysis on a smaller group of MORBs (Schilling & Kingsley, 2017; Yi
et al,, 2000). MORB analyses of Jenner and O'Neill (2012) are systematically higher in Cd/Dy ratio, while those
of Kelley et al. (2013) are systematically lower than the results of this study and of Yi et al. (2000) and Schilling
and Kingsley (2017). Constant offset factors that adjust for different standards used in prior studies could
bring the data sets of Jenner and O’Neill (2012) and Kelley et al. (2013) into agreement with the isotope dilu-
tion data and our LA-ICP-MS data.

Indium: In this study, In correlates well with Ti, Y and Th-Yb and exhibits less correlation with Fe, Zn, and Ga,
and correlates inversely with Mg#. The In/Y ratio (0.0025) in D- and N-MORBs measured in this study is in
agreement with the isotope dilution analyses of Yi et al. (2000), while that of Jenner and O'Neill (2012) is
higher (Figure 6d), but the In/Y ratios of the two data sets converge at higher (La/Sm)y. Yi et al. (2000) pointed
out that most OIBs have higher In/Y than that of MORBs due to the fact that Y is much more compatible in
garnet than in spinel and clinopyroxene. Thus, a trace amount of garnet in the mantle residue will keep Y
from entering basaltic melts and thus increase In/Y in the melts. This effect is seen in E-MORB samples
analyzed in this study that exhibit an In/Y ratio of 0.003 (Figure 6d).

Tin: The best correlations of Sn are with Na, P, Zr, Sm, Eu, and Hf abundances in data from this study.
Figure 6e shows the tight correlation between Sn and Sm in our data, similar to that in the data from
Jenner and O'Neill (2012) and Kelley et al. (2013). The ratios of Sn/Sm (0.25 + 0.03, 16) of MORBs analyzed
in this study are consistent with the isotope dilution analyses from Yi et al. (2000) but lower than the PM
values (0.32) given in the isotope dilution study of Jochum et al. (1993). Since Jochum et al. (1993) did not
report Sm abundances, their data could not be shown in Figure 6e.

Antimony: Antimony has been argued to be similar to Pr in its compatibility Jochum & Hofmann, 1997).
Kelley et al. (2013) applied the Sb/Ce ratio to their data but did not obtain a constant ratio for all MORBs.
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Figure 6f shows that Sb/Sm remains nearly constant in D-, N-, and
E-MORBs, indicating that Sb behaves more compatibly like Sm and Sn
during magmatic processes. The isotope dilution data of Jochum and
Hofmann (1997) have the same Sb/Sm ratios as our data and that of
Kelley et al. (2013) but do not have a sufficient range of (La/Sm)y to
appreciate the effect of melt depletion on the Sb/Sm ratios of MORBs.
Figure 6f shows that Sb/Sm ratios of MORBs determined in this study
(0.016 + 0.005, 10) and in Kelley et al. (2013) are comparable with the
isotope dilution data from Jochum and Hofmann (1997), while that
ratio (0.005) from Jenner and O'Neill (2012) is lower, likely due to a standar-
dization issue.

Tungsten: The geochemical behavior of W has been proposed to be
most comparable to that of highly incompatible lithophile elements, such
as Th, U, and Ba (Arevalo & McDonough, 2008; Jenner & O’'Neill, 2012;

PR P E Newsom et al., 1986, 1996; Sims et al.,, 1990). The ratio of W/Th of the bulk

Log (W] e e 00 silicate Earth has been given as 0.20 = 0.06 by Newsom et al. (1996).

Arevalo and McDonough (2008) argued that W follows U during magmatic

. ﬁ::;;ﬂ%hc‘;%f;?(zoos)Kegey:és:'gf?ffzo11) processes and estimated the ratio of W/U in the bulk Earth to be
O R s e T oot of KeneF2 0.65 = 0.41. The issue of the compatibility of W in MORB is revisited in
@ SouthofVemaFZ + 16:22°SMAR + 8.7°SMAR O Mid-Cayman Rise Figure 8. Following the approaches of Arevalo and McDonough (2008)

Figure 8. Log-log plot of the concentrations of Ba, Th, and U against that of
W in MORBs analyzed in this study. Literature ICP-MS data from Arevalo and

and Nielsen et al. (2014), in Figure 8, log [Ba], log [Th], and log [U] are
plotted against log [W] of MORBs analyzed in this study, along with

McDonough (2008), Jenner and O'Neill (2012), and Kelley et al. (2013), and LA-ICP-MS analyses from Arevalo and McDonough (2008) and Jenner
isotope dilution data from Kénig et al. (2011) are shown for comparison. and O'Neill (2012), solution ICP-MS analysis from Kelley et al. (2013), and
Numbers shown next to the data trends are slopes calculated by performing  isotope dilution ICP-MS data from Kénig et al. (2011) for comparison. The

York regression (York et al., 2004) of MORB data only from this study. MORB =
mid-oceanic ridge basalt; ICP-MS = inductively coupled plasma mass spec-
trometry; AMAR-FAMOUS = Valley and the French-American Mid-Ocean

correlations defined by data from this study and that of Jenner and
O'Neill (2012), agree with the correlations obtained from the isotope

Undersea Study; FZ = fracture zones; NMAR = North Mid-Atlantic Ridge; dilution data of Konig et al. (2011). Data of Arevalo and McDonough
SMAR = South Mid-Atlantic Ridge.

(2008) agree with that of Konig et al. (2011) only at high abundances of

Ba, Th and U, but exhibit higher W contents at low values of Ba, Th, and
U (Figure 8). Konig et al. (2011) argued that the discrepancy between the LA-ICP-MS data (Arevalo &
McDonough, 2008) and isotope dilution data (Konig et al., 2011) reflected instrumental problems in the
LA-ICP-MS technique employed by Arevalo and McDonough (2008). The solution ICP-MS data of Kelley
et al. (2013) exhibit systematically higher W as lithophile abundances become smaller, indicating analytical
issues at lower W abundances.

Following Nielsen et al. (2014), the slopes of the correlations in Figure 8 were calculated applying York regres-
sions (York et al., 2004) to MORB data from this study. The slope for log [W] and log [Ba] is 1.047 + 0.007, while
for log [W] and log [Th] is 0.706 + 0.006 and for log [W] and log [U] is 0.542 + 0.006, indicating W is more
incompatible than U and Th but partitions most similarly to Ba during MORB magmatic differentiation. This
finding is consistent with that of Jenner and O’Neill (2012), but at odds with that of Newsom et al. (1996)
or that of Arevalo and McDonough (2008), although the latter conclusions are likely influenced by analytical
problems at low W concentrations.

Rhenium: Rhenium has not been extensively analyzed in MORB studies, but was expected to behave as a
moderately incompatible element that follows Yb during melting and differentiation (Hauri & Hart, 1997;
Reisberg et al., 1993). Rhenium abundances obtained in this study are not precise enough to correlate with
any elemental parameters, including S, Cu, or Yb. As shown in Figure 6l, the Re/Yb ratios in N- and
E-MORBs obtained in this study are similar to the recent isotope dilution analyses from Schilling and
Kingsley (2017). The MCR MORBs (<0.0002) and D-MORBs (mostly below the detection limit, 0.0001 ppm)
in this study (Figure 6h) exhibit a systematically lower Re/Yb ratio relative to D-MORBs from Schilling and
Kingsley (2017). The constant Re/Yb ratio (0.00028) of global MORB reported by Sun et al. (2003) has proven
difficult to generalize to other MORB data sets (e.g., Figure 6l).

Thallium: The geochemical affinity of Tl with alkali metals makes it highly incompatible during magmatic
process and depleted in residual mantle. Early work argued that Rb/Tl ratios in oceanic basalts were
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constant at ~230 (Hertogen et al., 1980). Nielsen et al. (2014) found Tl to be less incompatible than Rb, due to
partitioning into sulfides (Kiseeva & Wood, 2013), and showed that Tl has a constant ratio to Ce in MORBs. Our
new data confirm that Rb/Tl ratio decreases from ~500 of E-MORBs to ~100 of D-MORBs, indicating that Tl is
not as incompatible as Rb during mantle partial melting. Our data confirm that Tl has a constant ratio
(0.0008 + 0.0002, 10) to Ce in MORBs (Figure 6b), consistent with the value (TI/Ce = 0.0009 + 0.0002, 20)
observed by Nielsen et al. (2014) and Jenner (2017).

Lead: Lead is well known to be similar to Ce in its compatibility and the mantle Pb/Ce has been proposed to
be 0.036 by Newsom et al. (1986). Pb/Ce ratios (0.034 + 0.004, 16) of MORBs analyzed in this study are
comparable to that from Jenner and O’Neill (2012) and Kelley et al. (2013; Figure 6c).

Bismuth: Bi was rarely studied in MORB geochemistry (Hertogen et al., 1980), and the first extensive MORB
data set was reported by Jenner and O’Neill (2012). The Bi abundances in MORB from this study overlap with
that of Hertogen et al. (1980) and Jenner and O'Neill (2012) and do not correlate with indices of fractionation
(Mg#) or source fertility (La/Sm)y. By examining the partitioning of Bi relative to lithophile elements, we found
that Bi weakly correlates with Dy (and other MREE) abundances. The Bi/Dy ratio in MORBs has been con-
strained to be 0.0002 + 0.0001 (16) based on the MORB samples analyzed in this study. We obtained an
average Bi/Dy ratio (0.00015 + 0.00005, 16) of MORBs from the data of Jenner and O’Neill (2012), although
Jenner (2017) found Bi is more compatible than Dy (Figure 6i).

Finally, estimates of the canonical ratios and their uncertainties derived from the present data set are sum-
marized in Table S1. Because sample coverage is limited to the NMAR region, the ratios obtained are applic-
able to global values of the DM only where such ratios are not sensitive to regional chemical heterogeneities.

4.3. No Evidence for Core-Mantle Interaction in MORBs

Kelley et al. (2013) observed high ratios of Mo/Ce, Sb/Ce, and W/U ratios in the most depleted MORBs they
analyzed. They interpreted this result as evidence of entrainment of small volumes (< 1%) of outer core mate-
rial in MORB sources, which would not affect the abundances of the lithophile elements used in the denomi-
nators. Particularly, they argued that really small contributions from the core were evident only in the most
depleted basalts because those sources had very low W abundances. Results from this study show that there
is no need to invoke excess siderophile element abundances in any of the MORB basalts studied here or by
Kelley et al. (2013). For all three elements, we found that the choice of lithophile denominator strongly influ-
ences this conclusion. The tendency of such ratios in Kelley et al. (2013) to increase at low (La/Sm)y ratios is
due to differences between the compatibility of Ce and that of Mo or Sb rather than any real enrichment of Sb
or Mo in the MORB sources. When the Mo and Sb data of Kelley et al. (2013) are plotted relative to an element
of similar compatibility (La or Sm), that effect disappears (Figures 6f and 6k). This is not true for W, where the
data of Kelley et al. (2013) form ratios that increase at low concentrations of W (Figures 6j and 8). MORB data
from this study, Jenner and O’Neill (2012) and from Konig et al. (2011) do not show this behavior. In this case,
we suspect that Kelley et al. (2013) have either an interference or an uncorrected blank contribution to the
W peak that cause these elemental abundances to become constant, while U abundances decrease at low
(La/Sm)y ratios.

4.4. Mantle Differentiation of Chalcophile and Siderophile Elements

Melt extraction from the mantle is expected to deplete the incompatible chalcophile and siderophile ele-
ments, and enrich their abundances in the continental crust. In section 4.3 above, the relative compatibilities
of chalcophile and siderophile elements have been considered. It has been known for a while that the Pb/Ce
ratio in MORB and OIB is lower than that of the continental crust (Hofmann, 1988). Figure 9 shows the
concentrations of chalcophile and siderophile elements normalized to PM (McDonough & Sun, 1995) for
the averages of the D-, N-, and E-MORBs (this study), DMM (Salters & Stracke, 2004), and estimates of the
composition of the continental crust (Hu & Gao, 2008; Rudnick & Gao, 2003). Also included are those key
lithophile elements used in the ratios discussed above (section 4.3). To first order, the compositions of
D-MORBs are consistent with elemental compatibility during melting of a depleted source (e.g., DMM,
Salters & Stracke, 2004). In comparison with D-MORBs, E-MORBs are significantly more enriched (x10) in
highly incompatible trace elements (<Dyg) but are slightly more depleted (x0.1) in moderately incompatible
ones (>Dyg), possibly due to the existence of garnet in the source of E-MORBs. Imposed on the igneous com-
patibility trend are a series of anomalies that originate from either incorrect PM values (e.g., W, Cd, and Sn)
used for normalization or from nonigneous processes (e.g., As, Tl, Pb, and Bi).
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Figure 9. PM-normalized average compositions of chalcophile and siderophile elements in D-, N-, and E-MORBs analyzed
in this study, the depleted MORB mantle from Salters and Stracke (2004) and the upper (U), lower (L), and bulk (B) conti-
nental crust (CC) from Rudnick and Gao (2003) and Hu and Gao (2008). The PM composition is taken from McDonough and
Sun (1995). The key lithophile elements used as the constraints in the estimations of chalcophile and siderophile elements
are also included. D = depleted; N = normal; E = enriched; MORB = mid-oceanic ridge basalt.

A systematic negative anomaly is seen in the W abundances in all MORBs and in the continental crustal com-
positions, from which it is inferred that the estimated W abundance (29 ppb) of PM (McDonough & Sun, 1995)
is too high. This W anomaly disappears when using the revised PM abundance for W (12 ppb) of Konig et al.
(2011). The abundance of Cd in both the continental crust and in the MORBs from this study and DMM
(Salters & Stracke, 2004) shows a negative anomaly that is obscured by the adjacent Bi anomaly. The Cd
anomaly appears to be an artifact of PM (McDonough & Sun, 1995) as well. The PM estimate for Cd was based
on a single study of Cd in terrestrial basalts (Baedecker et al., 1971) from which mantle abundances were
calculated assuming a constant Zn/Cd ratio, since Baedecker et al. (1971) did not report lithophile abun-
dances for their samples. Since Cd is not depleted significantly by melt extraction, and does not appear to
be concentrated in the continental crust by nonmagmatic processes, its abundance in the PM should be
~18 ppb (Yi et al., 2000), comparable to the 11-14 ppb estimated in DMM (Salters & Stracke, 2004), signifi-
cantly lower than other estimates of PM: 35 ppb (Witt-Eickschen et al., 2009), 40 ppb (McDonough & Sun,
1995), 50 ppb (Lyubetskaya & Korenaga, 2007), and 60 ppb (Palme & O'Neill, 2003). Similarly, the slight nega-
tive anomaly of Sn in MORB from this study (Figure 9) disappears when substituting the PM values of Sn
(91 ppb) from Witt-Eickschen et al. (2009) in place of the Sn content (130 ppb) from McDonough and Sun
(1995). The PM values for As, Tl, Pb, and Bi undoubtedly need reexamination too, but because of the presence
of large reciprocal anomalies in Figure 9, errors in PM values do not materially affect the outcome of the
discussion below.

The elements As, Tl, Pb, and Bi are strongly depleted in MORBs and enriched in the continental crust
(Figure 9), which is likely due to a nonmagmatic process discussed below. Estimates for Tl in the continental
crust (Hu & Gao, 2008; Rudnick & Gao, 2003) are too high to balance the mantle abundances, and this issue
will need to be reexamined. Estimates for Bi in the continental crust range from 60 to 280 ppb, with
180 ppb used as the nominal value (Rudnick & Gao, 2003). The higher number is based on an integration
of the crust of China and is dominated by high-Bi analyses of the Interior North China craton (Gao et al.,
1998). When analyses from this region are excluded, four other regions of China all exhibit 130-140 ppb
Bi in the bulk continental crust, but we note that Hu and Gao (2008) obtained the same high Bi
(230 ppb) as Gao et al. (1998) from a global set of upper crustal rocks. Heinrichs et al. (1980) obtained a
lower estimate of Bi in the continental crust (85 ppb), about half the recommended value in Rudnick and
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Gao (2003). The significantly higher enrichment of Bi over Dy in the continental crust is not in dispute
regardless of the Bi estimate for the continental crust chosen (Gao et al., 1998; Heinrichs et al., 1980; Hu
& Gao, 2008).

MORBs are generally regarded as partial melts derived from a residual mantle formed due to the extraction of
the continental and oceanic crust (Hofmann, 1988). While oceanic crust is recycled back into the mantle, con-
tinental crust is stored as a distinct reservoir over geological time (e.g., Taylor & McLennan, 1995). Elements
are transferred between the continental crust and mantle in several ways: (1) transfer by partial melts and
magmatic intrusion into the crust; (2) transfer by hydrothermal processes to marine sediments followed by
obduction of those sediments at trenches (Peucker-Ehrenbrink et al., 1994); (3) fluid transport in subduction
zones (Noll et al., 1996); (4) subaerial volcanic outgassing and deposition in surface sediments. The influence
of each of these processes on transferring As, T, Pb, and Bi to the continental crust is considered below.

Juvenile crust formed by partial melting is added to the continental crust by accretion of arcs or oceanic
crust or by magmatic intrusion and/or underplating. Element transfer by magmatic processes follows the
order of incompatibility. Since the large anomalies of As, Tl, Pb, and Bi do not follow the order of elemental
incompatibility, this implies that one of the three nonmelting processes must be responsible for the high As,
Tl, Pb, and Bi observed in the continental crust (Figure 9). First, the role of magmatic outgassing lacks the
correct chemical signatures to transfer these four elements to the crust. A study of the enrichment factors
for each of these elements in Kilauea aerosols found the following order of enrichment: Cd ~ Bi > Tl ~
Sn > As ~ Pb ~ Sb ~ Zn (Mather et al., 2012). Yet the continental crust is not enriched in Cd, Zn, or Sn above
their lithophile equivalents (Dy, Fe, and Sm). Enrichments for Re in the continental crust, or depletions in
MORB sources, are also not observed while Re is known to be degassed in subaerial lavas (Lassiter, 2003;
Norman et al, 2004). Thus, another process must contribute enrichments for As, Tl, Pb, and Bi in the
continental crust.

Noll et al. (1996) documented the increase in abundances of As and Pb in arc lavas due to fluid mobility, while
abundances of Cu, Zn, Mo, Sn, and W did not increase above lithophile equivalents. Prytulak et al. (2013) did
not find evidence of fluid mobile behavior of Tl in the Mariana arc, while Jenner et al. (2012) found positive Tl
enrichments (relative to Ce and Pr) from some Lau back-arc lavas and Nielsen et al. (2015) found Tl strongly
partitions into the fluid phase at Mariana forearc. Recent Tl isotopic work indicates that the Tl budget of arc
lavas are dominated by Tl from pelagic clays from a sediment mélange (Nielsen et al., 2016, 2017; Shu et al.,
2017). Jenner et al. (2012) also found correlated enrichments of As, Tl, Pb, and Bi in backarc lavas from the
Manus Basin, which were interpreted by Jenner (2017) as evidence of fluid enrichment of As, Tl, Pb, Sb,
and Bi to arc crust. Tooth et al. (2013) observed that Bi required higher temperatures than Sb for hydrother-
mal transport by aqueous fluids in the absence of chlorine. Etschmann et al. (2016) determined that Bi (lll)
chloride is the predominant mobile species of Bi above 200 °C in hydrothermal processes, so that fluid
mobility of Bi is possible in subduction zones.

The same tendency to partition into hydrothermal fluids that gives rise to enrichment of As, Pb, and Bi in arcs,
also concentrates these elements in hydrothermal sulfide ores or sediments at mid-oceanic ridges.
Obduction of such sediments enriched in hydrothermal ores was proposed to explain the Pb enrichment
of the continental crust (Peucker-Ehrenbrink et al., 1994). Bismuth is known to concentrate in Pb ores
(Carlin, 2010), so a mechanism that works for Pb enrichment would also work for Bi enrichment in the con-
tinental crust. Because Bi data are comparatively scarce, the Pb/Ce ratio (Newsom et al., 1986) provides a
powerful constraint with which to evaluate the extraction of As and Bi from the mantle. Both OIBs and
MORBs have low Pb/Ce ratios, while continental crust is enriched in Pb/Ce, indicating that the extraction of
As, Tl, Pb, and Bi from the MORB source(s) started prior to 2.5 Ga, during a period of Earth history when
the operation of modern plate tectonic processes like subduction are controversial (Korenaga, 2013; Tang
etal, 2016).

The Sb abundance in the continental crust (Rudnick & Gao, 2003) shows a positive anomaly (x3) relative to
Pr-Sm that lacks the complementary depletion in MORBs (Figure 9). The lack of depletion of Sb observed
in MORBs in this study stands in contrast to the observed enrichment of Sb in the continental crust
(Rudnick & Gao, 2003). This is not well understood at present. Similarly, Figure 9 also shows that the Ag
abundance in the continental crust (Rudnick & Gao, 2003) is about x7 higher than PM, without a complemen-
tary Ag depletion in MORBs. Jenner (2017) emphasized the role of sulfide accumulation in the deep crust,
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followed by crustal delamination to remove compatible chalcophile and siderophile elements from the
continental crust. These processes help understand the lower abundance of Cu, and the higher Ag/Cu
ratio in the continental crust, but do not impact the abundances of As, Pb, Tl, and Bi that are not enriched
in cumulate sulfide ores.

5. Conclusions

(1) The ratios of Th/U, Nb/U, Ba/Th, and Ba/La in N- and E-MORBs are comparable to the PM values, which
cannot be reconciled by a significant addition of AOC that has undergone the loss of fluid-mobile
elements (e.g., U, Ba) to the DMM.

(2) A compilation of available data for all chalcophile and siderophile element data allowed refining
the ratios of these elements to lithophile elements for each type of MORB. Many low-level
chalcophile/lithophile element ratios, including As/Ce, Tl/Ce, Pb/Ce, In/Y, Sn/Sm, W/Ba, and Mo/La, were
precisely determined (< 8%, 15). The Sb abundances of Jenner and O'Neill (2012) are systematically too
low by a factor of 4 relative to our data and that of Kelley et al. (2013) and Jochum and Hofmann (1997).
The W/Ba ratio in the present study remains constant even at the lowest values of Ba observed in
D-MORBs, comparable in precision to the isotope dilution data from Konig et al. (2011).

(3) Our new measurements revealed that Sb is most similar to Sm, Mo is most similar to La, and W is most
similar to Ba in their compatibilities. The constant ratios of Sb/Sm, Mo/La, and W/Ba of MORBs obtained
in this study show no need to invoke core-mantle interaction in MORBs.

(4) The negative anomalies of W, Cd, and Sn in the PM-normalized MORB are caused by the overestimation
of these elements in the PM compositions from McDonough and Sun (1995). These anomalies disappear
if the updated PM compositions of W (12 ppb, Konig et al., 2011), Cd (18 ppb, Yi et al., 2000), and Sn
(91 ppb, Witt-Eickschen et al., 2009) are used.

(5) Comparison of the MORB compositions with that of the continental crust shows that abundances of As,
Tl, Pb, and Bi (but not Sb or Ag) are more depleted in MORB than implied by their lithophile equivalents
with the complementary enrichment observed in the continental crust. The chemical signature of this
enrichment is shown to be due to neither volcanic outgassing nor magmatic transfer. Fluid mobility in
arcs or obduction of seafloor hydrothermal ores is found to be the principal transfer mechanism. The
similarity of depletions of As, Tl, Pb, and Bi between each of the MORB types implies that all MORB
sources must contain roughly equal amounts of recycled oceanic crust that replenished the nonmobile
elements and that this process must have taken place early in Earth history despite controversy over the
initiation of modern-style plate tectonics.
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