@JAGU PUBLICATIONS

Geochemistry, Geophysics, Geosystems

RESEARCH ARTICLE

10.1002/2014GC005536

Key Points:

« The ratio Ce/Tl is constant in MORB

« Ratio between sulfide and
clinopyroxene is constant in the
mantle

« DMM contains 195 = 45 ppm sulfur

Supporting Information:
« Readme
« Table S1

Correspondence to:
S. G. Nielsen,
snielsen@whoi.edu

Citation:

Nielsen, S. G., N. Shimizu, C-T. A. Lee,
and M. D. Behn (2014), Chalcophile
behavior of thallium during MORB
melting and implications for the sulfur
content of the mantle, Geochem.
Geophys. Geosyst., 15,4905-4919,
doi:10.1002/2014GC005536.

Received 7 AUG 2014

Accepted 25 NOV 2014

Accepted article online 4 DEC 2014
Published online 18 DEC 2014

Chalcophile behavior of thallium during MORB melting and
implications for the sulfur content of the mantle

Sune G. Nielsen, Nobumichi Shimizu?, Cin-Ty A. Lee2, and Mark D. Behn'

"Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, USA,
2Department of Earth Science, Rice University, Houston, Texas, USA

Abstract we present new laser ablation ICP-MS trace element concentration data for 28 elements in 97
mid-ocean ridge basalt (MORB) glasses that cover all major spreading centers as well as Tl concentration
data for all mineral phases in five Iherzolites from the Lherz massif, France. The ratio between the elements
thallium (TI) and cerium (Ce) is nearly constant in MORB, providing evidence that the depleted MORB man-
tle (DMM) has uniform Ce/Tl. Lherzolite mineral data reveal that sulfides are heterogeneous and contain
between 23 and 430 ng/g of Tl while all other minerals contain Tl below the analytical detection limit of ~1
ng/g. We argue that Tl in MORB is controlled by residual sulfide during mantle melting. To investigate the
observed relationship between Tl and Ce, we conduct models of fractional mantle melting, which show that
the constant Ce/Tl in MORB is only reproduced if the ratio between clinopyroxene and sulfide in the upper
mantle varies by less than 10%. In addition, the rate of melting for these two phases must be nearly identi-
cal as otherwise melt depletion and refertilization processes would lead to Ce/Tl fractionation. These model
results allow us to establish a relationship for the sulfur content of DMM: [Slppmm = SCSS X Mcpx /Repx, Where
SCSS is the sulfur concentration of a silicate melt at sulfide saturation, Rcpy is the melt reaction coefficient,
and Mcpy is the modal abundance of clinopyroxene in the DMM. Using this equation, we calculate that the
average upper mantle sulfur concentration is 195 = 45 ug/g.

1. Introduction

Thallium (Tl) isotopes are a relatively newly explored stable isotope system that show potential as a tracer
of crustal components in igneous systems because of the highly fractionated isotopic signatures observed
in low temperature altered oceanic crust [Nielsen et al., 2006a] and marine ferromanganese sediments [Niel-
sen et al., 2013; Rehkamper et al., 2002, 2004]. For example, studies have suggested that Tl isotopes in ocean
island basalts (OIB) can trace the presence of recycled marine ferromanganese sediments in the mantle
source [Nielsen et al., 2006b, 2007]. Additionally, Tl isotopes may prove to be an excellent tracer of inputs
from the subducted slab to the mantle wedge [Prytulak et al., 2013].

One of the main difficulties when interpreting Tl isotope data in igneous rocks stems from the scarcity of
knowledge about the geochemical behavior of this element during melting, fractional crystallization, and
assimilation. Historically, Earth scientists have rarely analyzed Tl because of its low abundance in mantle-
derived rocks. Therefore, most information on the Tl distribution in igneous systems originates from highly
evolved rocks that tend to be substantially more enriched in Tl and hence more analytically tractable [Hein-
richs et al., 1980; Shaw, 1952]. The abundance of Tl in the continental crust is controlled primarily by its uni-
valent charge and large ionic radius, which is akin to the alkali metals potassium (K), rubidium (Rb), and
cesium (Cs) [Heinrichs et al., 1980; Shannon, 1976; Wedepohl, 1974]. The large ionic radius is thought to
render Tl highly incompatible during igneous processing and hence it concentrates in the continental crust
[Shaw, 1952]. Some studies have also found that Tl is enriched in certain sulfides [Heinrichs et al., 1980;
Shaw, 1952], which is a characteristic that was noted when Tl was first discovered [Lamy, 1862]. Since there
is no mineral phase in the mantle that directly accommodates alkali metals, it is unclear what element Tl
behaves most similarly to in this environment. Thallium isotope studies have suggested that correlations
between Tl isotopes and the Cs/Tl ratio in OIB points toward a more alkali-like T affinity in the mantle [Niel-
sen et al., 2007, 2006b]. However, recent experimental work on the partitioning of Tl between sulfide and sil-
icate melts indicates that Tl might be sequestered by sulfides [Kiseeva and Wood, 2013; Wood et al., 2008].
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Given this seemingly contrasting evidence, we must first understand what processes govern the elemental
distribution of Tl in primitive lavas before we can use Tl isotopes as a quantitative tracer in mantle-derived
melts.

Here we perform the first global analysis of Tl concentration data in mid-ocean ridge basalts (MORB) with
the aim of determining the geochemical behavior of Tl during mantle melting. We find that Tl is likely con-
trolled primarily by sulfides in the mantle and we discuss the implications of this chalcophile behavior for
the sulfur content of the depleted MORB mantle (DMM).

2, Methods and Samples

2.1. Samples Analyzed

We analyzed trace element concentrations in 97 MORB glasses (supporting information Table S1), 87 of
which are from the Smithsonian collection [Melson et al., 2002] and 10 samples are from the Gakkel Ridge
provided by Charlie Langmuir. We selected aphyric samples from most of the major spreading centers
around the globe: East Pacific Rise, Juan de Fuca Ridge, American Antarctic Ridge, Mid-Atlantic Ridge, Cen-
tral Indian Ridge, and Gakkel Ridge. All samples except three have >6% MgO in order to minimize potential
effects from assimilation and/or fractional crystallization [Rubin and Sinton, 2008; Wanless et al., 2010].

We also analyzed Tl concentrations in the mineral phases olivine, orthopyroxene, clinopyroxene, spinel, and
sulfide from five lherzolites (LN12-18A2B, LN12-18B2A, LN12-18B2B, LN12-18B2C, and LN12-18B2D) from
the Lherz massif, France. Although Iherzolites from Lherz do not represent primitive mantle [Le Roux et al.,
2007, 2009], the trace element abundances of these lherzolites are likely similar to the upper mantle. For
this reason, the Tl concentrations in the minerals should provide a reasonable illustration of the Tl distribu-
tion in the upper mantle. In general, mantle peridotites often contain two types of sulfide, one that is inter-
stitial at grain boundaries and one that is included within silicate grains [Alard et al., 2002; Burton et al.,
1999; Harvey et al., 2011; Luguet et al., 2003]. In Lherz, however, included sulfides are rare [Lorand et al.,
2010] and are most frequently <20 pum in diameter, which makes it difficult to obtain precise Tl concentra-
tion data because the detection limit increases at smaller spot sizes. We, therefore, only analyzed interstitial
sulfides for this study, which limits the ability to assess the influence of included sulfides on the Tl mass
balance.

2.2. Trace Element Concentration Determination by Laser Ablation ICP-MS

Concentrations of 28 trace elements including Tl, Pb, Cs, Rb, La, and Ce were determined using a single-
collector inductively coupled plasma sector field mass spectrometer (Thermo Finnigan Element 2 ICP-MS) at
Rice University (supporting information Table S1). A New Wave 213 nm laser ablation system was used for
sample introduction. The laser was operated with a fluence of 20 J/cm?, a pulse frequency of 10 Hz, and a
spot size of 110 um, which was utilized in order to obtain the largest possible Tl ion beam and thus lower
detection limit. Integration time on Tl and Cs was also increased from 0.01 to 0.03 s to improve counting
statistics on these two elements. The elements K, P, Sc, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Y, and Zr were analyzed
in medium (m/Am ~3000) resolution mode, while the elements Cr, Mn, Co, Ni, Zn, Rb, Sr, Y, Zr, Nb, Cs, Ba,
La, Ce, Gd, Yb, Lu, Hf, Ta, T, Pb, Th, and U were measured in low (m/Am ~300) mass resolution mode. For
each sample, either four or six separate laser analyses were conducted; two (or three) individual spots in
low-resolution mode and two (or three) spots in medium resolution mode. Reported concentration data are
therefore the average of several analyses. In all cases, the agreement between multiple spots as well as
between elements analyzed in both low and medium resolution mode (i.e., Cr, Mn, Co, Ni, Zn, Y, and Zr)
was better than the long-term reproducibility of the method.

Data reduction was performed by first subtracting the average gas background from the ablation signal.
Instrumental drift and ablation efficiency were then accounted for by normalizing to an initial measurement
using an internal standard. In this case, we used the known concentration of an element for normalization
(**Mg) that had previously been determined with an electron microprobe at the Smithsonian Institution
[Melson et al., 2002]. Elemental concentrations were quantified by generating calibration curves from multi-
ple analyses of the three USGS glass reference materials BIR-1G, BHVO-2G, and BCR-2G. These standards
were chosen because they span the entire trace element concentration spectrum observed in MORB melts
[Nielsen and Lee, 2013]. Calibration curves included standards analyzed before and after each sample mount
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Table 1. Trace Element Concentrations in ug/g and Standard Deviation of Secondary Reference Materials

VG-2 sd (%) VG sd (%) A-99 sd (%)
n® 20 12 7
Rb 1.57 12.0 0.59 124 15.7 15.6
Cs 0.0169 10.5 0.0074 12.8 0.155 103
Ce 135 127 7.86 6.6 56.8 85
Tl 0.0120 134 0.0091 (IBS 0.0324 125
Pb 0.53 10.9 0.48 4.1 177 122

“n—Number of analyses.

in order to correct for any secondary drift of the element/Mg ratio between standards and samples. These
calibration curves always produced correlation coefficients of R? > 0.98, which shows that instrumental drift
between samples and standards was very minor.

Samples were analyzed as glass chips mounted in 1 in. epoxy rounds. Most of the rounds contained one or
several of three basaltic glass standards, A-99, VG, and VG-2. The repeatability of these reference materials
(Table 1) represents our best estimate of the long-term external precision for the MORB glass analyses,
which is about *=15% or better for all elements. Detection limits for all elements were defined as 3 times
the average gas background determined prior to each analysis. During the MORB analyses, this approach
yielded detection limits for Tl that was always better than 0.5 ng/g.

A second set of analyses was performed to investigate Tl concentrations in peridotite minerals from five
Iherzolite samples collected at the Lherz massif in the Pyrenees, France. Silicate minerals and spinel were
analyzed using the same methods as for the MORB glasses, except that >’Fe was used for normalization
instead of 2Mg. The Fe contents of each mineral phase were taken from previous analyses of Iherzolites
from Lherz that exhibited <10% variation [Le Roux et al., 20071, which shows that we are unlikely to induce
significant uncertainties in our laser analyses by using an assumed Fe concentration. The detection limit for
Tl during the Iherzolite analyses were significantly higher than during the MORB measurements and were
consistently around 1 ng/g.

For sulfides, the laser was operated with a fluence of only ~10 J/cm? in order to limit the ablation speed
because sulfide is a much softer material than silicates and spinel. The pulse frequency was 10 Hz and spot
sizes varied between 25 and 60 pum, depending on the size of the sulfide. The elements Mg, Fe, Ni, Co, Cu,
Zn, Mo, Ag, Sn, Sb, Te, Ir, Tl, Pb, and Bi were monitored in low-resolution mode. Magnesium concentrations
were not quantified and the Mg beam was only monitored in order to assess if the laser was ablating silicate
minerals. The USGS reference sulfide MASS-1 was employed to construct calibration curves. We determined
a Tl concentration for MASS-1 of 56.8 1g/g by conventional solution ICP-MS, which we used for our mass
calibration curves. This value is in good agreement with the “information” Tl concentration of ~50 ug/g sup-
plied by the USGS. As was the case for the major minerals, °’Fe was used for normalization during data
reduction. The detection limit for Tl in the sulfides varied significantly because of the variable spot sizes we
were able to use. In general, detection limits for these analyses were between 1 and 10 ng/g.

Lherzolite minerals were analyzed in 150 um thick sections. Each sulfide was imaged with a Bruker SEM
prior to laser analysis. The concentrations of Fe, Ni, Cu, and S were quantified using the EDS detector on the
Bruker SEM and the Fe contents were used as the internal standard. The concentrations of Ni and Cu deter-
mined by laser and EDS were always in reasonable agreement (Figure 1), which shows that, even though
sulfides are clearly heterogeneous, the major element (only Ni was a major element in the analyzed sulfides)
chemical compositions of each sulfide grain did not vary by more than £25% (Figure 1). We are therefore
only confident that sulfide trace element compositions are precise to within the same uncertainty because
variation in the Fe content of the sulfides would propagate directly into the trace element concentrations.

3. Results

We present concentration data for 97 MORB glasses (all samples except three have MgO > 6%) covering the
majority of spreading centers and chemical compositions (supporting information Table S1). We find that
Ce/Tl is near constant (Ce/Tl ~ 1280 = 430, 2 sd) for the entire range of geographical and chemical variabili-
ty (Figure 2). In addition, Pb/Tl also shows little variation with ratios slightly higher (Pb/TI ~ 60) for low TI

NIELSEN ET AL.

©2014. American Geophysical Union. All Rights Reserved. 4907



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2014GC005536

40 6
s ’
Ve 7
35 s s
/ 5 4
’ L, 4
7
30 ,
¥ 7
1 4 ’
v 25 o—— 2 z
a =i a
=) m
- , = s
g , EgE ’
z , z 7
E 2
pot Y = ’
Z 15 s &)
. 2
Vi 7
10 ,
4 —
s 1 T
5 s /i
’
, s L e
0 0 Yoo
0 5 10 15 20 25 30 35 40 0 1 2 3 4 5 6
Ni (wt%) LA-ICPMS Cu (wt%) LA-ICPMS

Figure 1. Nickel and copper concentrations in sulfides measured by EDS in the Bruker tabletop SEM and by laser ablation ICP-MS. The
dashed line is the 1:1 line. Error bars of =25% have been added for illustration purposes and show that, except for at Cu concentrations
below ~2%, the SEM EDS system provides reasonable major element concentrations that can be used for internal normalization during
laser ablation analyses.

concentrations than at higher Tl concentrations (Pb/Tl ~ 45) (Figure 2). The recent study of Jenner and
O'Neill [2012] reports Tl concentration data for 497 MORB glasses (we have excluded MgO < 6 wt %, sea-
mounts, back-arc basins and aseismic ridges from the original data set) none of which are the same as our
samples analyzed here. Their data are consistent with our findings (Ce/Tl ~ 1180 * 640, 2 sd), but they
observe a wider spread in Ce/Tl at low Tl concentrations than we observe here (Figure 2). However, their
measurements were done with a less sensitive mass spectrometer (Agilent quadrupole ICP-MS), which
resulted in a detection limit up to an order of magnitude higher (2-6 ng/g) than we obtained in this study
(~0.5 ng/qg). Therefore, the lowest Tl concentration data of Jenner and O’Neill [2012] are likely to be some-
what less precise than our results, which provides a possible explanation for why they observe a larger
spread in their data than we do at low Tl concentrations (Figure 2).

In the Iherzolite samples, we analyzed a total of 28 clinopyroxene, 30 orthopyroxene, 6 olivine, and 5 spinel
grains. None of the analyses were above the detection limit for Tl of 3 times the background, which on aver-

age was ~1 ng/g. Hence, all the major

10000 minerals of the five lherzolite samples

contained <1 ng/g Tl. The sulfides, on
the other hand, were all above detec-
1000 e e tion limit and contained between 23
and 430 ng/g (Table 2) with an average
100 of ~120 ng/g (n = 14)
E ® 00 goo
=
10 o0 @ o . .
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° o oo o
o Jemner & O'Neill, 2012 4.1. Partitioning of Thallium in the
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ments, we plotted the logarithm of Tl
and other trace element concentra-

tions against each other (Figure 3). In
Figure 2. Ce/Tl, Pb/Tl, and Cs/Tl versus Tl concentration. Symbols are grouped by . —

) e . ; these diagrams, a slope of 1 signifies
geographical region. Circles signify samples from the Pacific Ocean, where dark . .
blue represents the East Pacific Rise (EPR) and light blue the Juan de Fuca Ridge that the two elements have identical
(JDF). Squares signify samples from the Atlantic Ocean, beige is South Atlantic (S bulk partition coefficients (kp = Dy X
Atl), pale blue is Equatorial Atlantic (Eq Atl), and turquoise is North Atlantic (N Atl).

Triangles signify samples from the Arctic Ocean (Gakkel). Diamonds signify sam- Mot + Dopx X Mopx + Depx X MC?X +Dsp
ples from the Indian Ocean (Indian). Gray dots are MORB data from Jenner and X Mg, + Dgyir X Mgyi; where Dy is the

O'Neill [2012]. Note the logarithmic scale on the y axis. mineral-melt partition coefficients for
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Table 2. Sulfide Concentration Data Measured by LA-ICP-MS

LN12- LN12- LN12- LN12- LN12- LN12- LN12- LN12- LN12- LN12- LN12- LN12- LN12- LN12-
Sample ID 18A2B-7 18B2A-16 18B2A-17 18B2B-7 18B2B-10 18B2C-2 18B2C-1 18B2C-6 18B2C-5 18B2D-5 18B2D-6 18B2D-7 18B2D-12 18B2D-3
Spot size micron 30 30 30 30 40 55 30 25 30 50 30 25 50 60
S wt % EDS 34.6 32 28.3 37 356 348 328 33.8 345 35.1 34.2 34.2 33.6 356
Ni wt % EDS 30 25.6 229 255 243 26.6 27.9 282 27.8 29.9 259 242 239 27.3
Fe wt % EDS 354 39.8 40.1 37 38.1 B745! 38 36.9 36.8 34.6 389 40.8 41 37.2
Cu wt % EDS 0 15 43 0.4 2 0.8 il 0.2 0 04 1 0.8 15 0
Co (wt %) 0.43 0.54 0.28 0.52 0.58 0.39 0.56 0.41 0.69 0.37 0.50 0.61 0.70 0.70
Ni (wt %) 232 219 25.1 217 252 229 285 28.0 26.1 223 236 27.9 29.3 233
Cu (wt %) 0.39 1,13 BS6! 1.58 218 1.92 1.51 0.39 3.60 0.84 125 1.24 1.38 0.56
Zn (ug/9) 7 20.8 78 8.7 9.2 49 6.3 47 10.5 V7 9.0 20.7 20.8 6.4
Mo (ug/9) 0.5 24 0.3 18 18 0.7 0.3 0.3 1.1 2.1 0.6 9.3 0.5
Ag (ug/9) 15.2 54 6.9 37 22 19 15.8 3.1 1925 6.8 6.2 6.4 7.7 29
Sn (ug/9) 0.09 0.09 0.24 0.10 0.08 0.03 0.35 0.20 0.18 0.07 0.30 0.28 0.16 0.04
Sb (ug/g) 0.050 0.046 0.052 0.034 0.018 0.017 0.100 0.055 0.052 0.011 0.019 0.056 0.030 0.009
Te (u9/9) 0.9 3.0 9.8 75 1.7 3.2 22 12.0 13 6.4 27 2.8 14 29
Ir (ug/9) 0.24 0.92 0.86 3.03 0.22 0.65 0.10 0.17 0.64 1.04 2.26 0.05 1.15 0.92
Tl (ug/9) 0.296 0.113 0.032 0.159 0.096 0.092 0.092 0.047 0.426 0.048 0.154 0.093 0.048 0.023
Pb (ug/g) 44 7.9 il 238 22 22 2.6 4.1 18.0 104 8.7 94 133 3.9
Bi (19/9) 0.46 1.44 0.18 0.56 0.35 0.14 0.29 0.74 1.79 (IS8 0.34 0.34 0.57 3.25
Sum 59.1 63.5 68.8 60.8 66.0 63.3 68.6 65.8 67.4 58.6 64.4 70.8 723 61.5
Calculated wt % S*  40.9 36.5 31.2 39.2 34.0 36.7 314 34.2 326 M4 35.6 29.2 27.7 385

2Sulfur concentration was calculated from the laser ablation data by assuming S accounted for the entire missing mass of the sulfide.

olivine, orthopyroxene, clinopyroxene, spinel, and sulfide and M, is the mineral abundances by weight of the
same minerals). Theoretically, it is possible to produce a slope of 1 in log-log plots of incompatible elements if
large amounts of fractional crystallization were responsible for the majority of spread in concentrations. How-
ever, all MORB samples considered here contained >6% MgO and at any given MgO content we observe Tl
concentration variations of more than a factor of 5 (not shown), which cannot be caused by fractional crystalliza-
tion. We find that when combining all available MORB data, the slope for the diagram with log[TI] and log[Ce] is
0.999 = 0.034 (2 sd, n = 594), which indicates that these two elements partition identically during MORB melting
(Figure 3). The two next closest elements are La, which is more incompatible than Tl and has a slope of 1.27,
and Pb, which is slightly more compatible than Tl with a slope of 0.85. The slopes of these lines were calculated
from York regressions [York et al., 2004] of all MORB data (n = 594) where errors in both concentrations were

o - Jenner & O’Neill, 2012

- This study

log[TI]

Figure 3. Logarithm of the Tl concentration versus the logarithm of the concen-
trations of Ce (red), La (green), and Pb (blue). Circles represent samples analyzed
by Jenner and O'Neill [2012], triangles are from this study. In log-log plots of melt
concentrations a slope of 1 signifies that the two elements partition identically
during melting.

taken into account. Our data set produces
the same slope, but with a larger uncer-
tainty due to the smaller number of sam-
ples (0.998 £ 0.094, 2 sd, n = 97). The
uncertainties for La, Ce, and Pb were esti-
mated to be about *+10% whereas uncer-
tainties for Tl concentrations were
assumed to increase with decreasing con-
centration. Specifically, we impose Tl
uncertainties of ~10% above 20 ng/g,
14% at 10 ng/g, 20% at 6 ng/g, and 35%
at 3 ng/g. These estimates are based on
the repeat analyses over several analytical
sessions of the glasses BIR-1G, BHVO-2G,
A-99, VG, and VG-2 (Table 1), in which we
observed uncertainties around 30-40%
for measurements of BIR-1G ([TI] = 2.5
ng/g, Nielsen and Lee [2013]) compared

to 10-15% for the other glasses. We did
not differentiate between analyses per-
formed here and those of Jenner and
O'Neill [2012] as we were only able to
make quantitative error estimates for our
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own analyses. However, there is no indication that, except for cases where Jenner and O'Neill [2012] were very
close to detection limit, their uncertainties would exceed ours.

Given that Ce/Tl is constant in MORB, it is important to assess the relation between Ce/Tl in MORB and the
depleted MORB mantle (DMM). In principle, extrusive MORB is not a direct reflection of the melt that was
extracted from the upper mantle. Studies have shown that fractional crystallization, assimilation, and magma
recharge may affect the compositions of MORB prior to eruption [Lee et al., 2014; Rubin and Sinton, 2008; Wan-
less et al., 2010]. However, fractional crystallization and magma recharge mainly affect trace element concen-
trations and not ratios between elements with similar bulk partition coefficients; in particular, highly
incompatible elements are insensitive to such processes. Assimilation could significantly alter trace element
ratios, but such effects have primarily been identified in relatively evolved MORB [Wanless et al., 2010] and
here we only consider samples with >6% MgO. Since Tl and Ce are both strongly incompatible, we infer that
the constant Ce/Tl ratio of MORB likely reflects that of the mantle source from which they were derived.

In order to estimate the average upper mantle Ce/Tl ratio, we use the slope and intercept as well as 2 sd
uncertainties from the York regression shown in Figure 3. This approach produces a more robust estimate
for the average upper mantle concentration because it takes the relationship between the measurement
uncertainty and the Tl concentration into account. We obtain a best estimate for the upper mantle of Ce/
TI=1110 = 330 (2 sd), where the uncertainty is derived from the errors on the slope and intercept in Figure
3. This approach is preferred to conventional standard deviation because of the large errors associated with
low Tl concentrations both in our data set and that of Jenner and O'Neill [2012].

Although Ce/Tl does not vary systematically with element concentration, it is clear that some variation in
Ce/Tl exists outside analytical errors (Figure 2). This heterogeneity could be interpreted in several ways: (1)
Ce/Tl in the upper mantle varies to some extent, (2) fractional crystallization, magma recharge, and assimila-
tion induce small changes in Ce/Tl, and/or (3) minor variations in bulk partition coefficients of Ce and Tl,
arising from mineralogical heterogeneity, cause Ce/Tl of melts to display small offsets from their mantle
sources. While it is not presently possible to disentangle these processes, it is important to note that the
combined effects are very minor, such that Ce/Tl displays similar variation in MORB as is observed for other
constant trace element ratios like Rb/Cs, K/U, and Nb/U [Hofmann et al., 1986; Hofmann and White, 1983;
Jenner and O’Neill, 2012]. We therefore focus on the strong evidence that for the average MORB mantle, Ce
is the element that partitions most like TI.

The identical kps of Ce and Tl are surprising because the ionic radii and valence states of these two ele-
ments in the mantle are very different. In igneous processes, Tl is a very large univalent cation (~1.5 A), sim-
ilar to the alkali metals potassium (K), rubidium (Rb), and cesium (Cs) [Shannon, 1976], which are all highly
incompatible during mantle melting. Thallium may also occur in the trivalent state, which would partition
very differently to univalent thallium. However, thermodynamic data show that only at highly oxidizing con-
ditions will significant amounts of TI>* form. Seawater, for example, which has an oxygen fugacity many
orders of magnitude above any mantle source, possesses almost exclusively TI™ [Nielsen et al., 2009a, 2011]
and hence the redox chemistry of Tl is unlikely to play a role in the partitioning of Tl during mantle melting.

Our data reveal that ratios between Tl and the alkali metals exhibit almost two orders of magnitude varia-
tion in MORB (Figure 2). These data prove that although the ionic radii and charges of the alkali metals and
Tl are essentially identical, they partition very differently into MORB melts. By contrast, Ce is a trivalent cat-
ion with an intermediate ionic radius (~1.0 A), which makes it moderately incompatible during mantle melt-
ing due to its slight partitioning into clinopyroxene [McDade et al., 2003]. Thus, based on their ionic radii
and charges, there is no obvious reason that Tl and Ce should partition identically during mantle melting.

Since the independent discoveries of Tl in 1861 by Crookes [1861] and A. Lamy, it has been known that this
element forms two series of compounds: one that resembles alkali metals; the other similar to Pb with a
strong affinity for sulfides [Lamy, 1862]. In addition, Tl has been shown to partition into sulfides and metals
enriched in sulfur when equilibrated with silicate melts [Kiseeva and Wood, 2013; Wood et al., 2008]. The
affinity of Tl for sulfide compounds is most likely related to its electron configuration whereby the outer-
most electron shell contains three electrons one of which is in the 6p orbital. This electron configuration
tends to favor covalent bonds such as those occurring in sulfides. The alkali metals, on the other hand, all
have a lone s-electron in the outermost shell, which tends to favor ionic bonding. With these chemical dif-
ferences between Tl and the alkali metals in mind, it is therefore reasonable to infer that the larger-than-
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Table 3. Mineral-Melt Coefficients Used in Melting Model

DMMa (Hg/g) Dcpx/melt Dopx/melt Dol/melt Dsp/melt Dsulf/melt
T° 0.00048 0.0006 0.00045 0.000045 0 Model
Ce© 0.55 0.14 0.006 0.00004 0 0
Pb¢ 0.025 0.01 0.003 0.00001 0 Model

?Concentration of Ce in DMM from Workman and Hart [2005], while those of Pb and Tl are based on the Ce/Tl and Pb/Tl ratios
observed for DMM, where it is assumed that low Tl concentrations on average reflect the highest degree of melting and hence the
DMM Ce/Tl and Pb/Tl ratios.

BTI partition coefficients in silicate minerals assumed identical to Rb due to their almost identical ionic radius and charge. Values
taken from Donnelly et al., [2004].

“Ce partition coefficients from McDade et al. [2003], except spinel and sulfide, which are assumed.

9Pb partition coefficient in cpx from Watson et al. [1987]; orthopyroxene and olivine from Kelemen et al. [2003]. Spinel assumed.

expected Tl bulk partition coefficient during MORB melting is related to partitioning into sulfides. This inter-
pretation is also supported by the narrow range of Pb/Tl ratios displayed by our samples (Figure 2), which
suggests that Pb and Tl are controlled by the same mineral phase, namely sulfide.

The inferences made from global MORB data are also consistent with our LA-ICP-MS analyses of silicates,
spinel, and sulfides in lherzolites. The only mineral that exhibited Tl concentrations above the detection
limit was sulfides, which contained on average at least 100 times more Tl than did the major mineral phases
(Table 2). While our data clearly show that sulfide is the mantle mineral that is characterized by the highest
Tl concentrations, we are not able to show that sulfide is the only mineral that contributes to the Tl budget
in the mantle. This shortfall is due to the low bulk Tl concentration of ~0.5 ng/g inferred for the upper man-
tle (Table 3). Thus, even if the silicate phases contained on average 0.2 ng/g of Tl (significantly below our
detection limit of ~1 ng/g) that would still constitute almost 50% of the bulk Iherzolites.

We did not attempt to determine the bulk Tl concentrations in our lherzolites by conventional solution ICP-
MS because these samples showed clear signs of secondary alteration. It is well known that Tl is highly con-
centrated in secondary minerals during alteration [Jochum and Verma, 1996; Nielsen et al., 2006a, 2009b]
and therefore bulk chemical analysis of our Iherzolites would not enable us to determine if the entire Tl
budgets were contained in sulfides or not. Assuming that the unaltered bulk Iherzolites contain ~0.5 ng/g
Tl (Table 3) and that the abundance of sulfide in these peridotites are about 0.06 wt % (equivalent to about
200 ug/g sulfur or 0.04 vol % sulfide), which is similar to other Iherzolites at Lherz [Lorand, 1991], the sulfides
would be predicted to display concentrations around 750 ng/g of Tl. The predicted thallium concentration
is somewhat higher than the average concentrations measured here of ~120 ng/g (Table 2). This disagree-
ment might suggest that a significant amount of the Tl in the lherzolites is located in the major mineral
phases. There could, however, be several alternative explanations for this discrepancy. First, it is possible
that we have over or underestimated the bulk Tl concentration or sulfide abundance, respectively, in our
samples. If the bulk Tl content was closer to 0.1 ng/g and the sulfide abundance was 0.1 wt %, then the sul-
fides readily account for all the Tl in the samples. Second, as outlined in the sample description section, we
have only analyzed interstitial sulfides because these were analytically tractable. If TI concentrations for
included sulfides are significantly higher than interstitial sulfides, as has been observed for Os [Harvey et al.,
2011], then the included sulfides might account for the observed Tl deficit. However, this would not be
expected given that included sulfides are rare at Lherz [Lorand et al., 2010] and because Os is far more com-
patible in liquid sulfide than is Tl [Brenan, 2008; Kiseeva and Wood, 2013]. Third, it has been shown experi-
mentally that Tl, like many other mildly chalcophile elements, is incompatible when sulfides crystallize from
sulfide melts [Jones et al., 1993; Li and Audetat, 2012]. This behavior readily explains why we observe more
than an order of magnitude variation in the Tl contents of our sulfides because different sulfides may repre-
sent different stages of sulfide crystallization. By the same token, Tl might be expected to concentrate in
the last droplets of sulfide melt that crystallize during peridotite cooling. These final sulfide melts would be
expected to preferentially exist along sulfide grain boundaries, which constitute the portion of the sulfides
we have sampled the least with our laser analyses. It is possible that the same explanation accounts for the
lower-than-expected Pb concentrations often recorded for mantle sulfides [Blusztajn et al., 2014; Burton

et al., 2012; Warren and Shirey, 2012].

Taken together, the evidence from MORB glasses, peridotite minerals, and the ionic size and charge of Tl
strongly suggest that sulfides are, if not the only Tl reservoir in the mantle, then at least the most significant.
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Given that all current evidence points toward sulfides as the dominant reservoir for Tl in the mantle, in the
following we discuss some interesting implications that arise from the constant ratio between Tl and Ce in
MORB.

4.2. Fractional Melting Models of MORB Ce/TI

It is well known that Ce in MORB is controlled by clinopyroxene [McDade et al., 2003], so if Tl is controlled
primarily by sulfide, the bulk partition coefficients of Tl and Ce can be approximated as kp1j = Mgyt X DsuieTi
and kp,ce = Mcpx X Dcpxcer Where Mgy and M, are the upper mantle modal abundances of sulfide and cli-
nopyroxene, respectively, and Dseri and Dy ce are the mineral partition coefficients for Tl in sulfide and Ce
in clinopyroxene, respectively. Given that kp 1 ~ kp ce (Figure 3), we rewrite these expressions such that
MguifMcpx = Depx,ce/Dsuiemi- Although element partition coefficients may vary with temperature, pressure,
and mineral/melt composition, for simplicity we assume that Dpy ce and Dgyiem can be considered constant
for normal MORB melting. Therefore, it follows that the ratio between sulfide and clinopyroxene in the
upper mantle cannot vary substantially as otherwise Ce/Tl in MORB would not be as invariant as is
observed.

In the following, we explore the conditions under which we can reproduce the ranges of Ce/Tl in our data
(Figure 2) by calculating trace element partitioning assuming fractional, nonmodal mantle melting. We cal-
culated fractional melting for melt increments of 0.1% up to a maximum of 16% melting. The mineral-melt
reaction coefficients for clinopyroxene, orthopyroxene, spinel, and olivine were assigned values of 0.8, 0.32,
0.08, and —0.2, respectively—similar to the experimental values determined on peridotite at 1 GPa [Baker
and Stolper, 1994; Wasylenki et al., 2003], but with a slightly higher melt reaction coefficient for clinopyrox-
ene to account for the somewhat higher average pressure of MORB melting [Kinzler and Grove, 1992; Klein
and Langmuir, 1987; Longhi, 2002]. Positive reaction coefficients denote that the mineral is consumed dur-
ing melting while negative coefficients denote that the mineral is precipitated. All coefficients were
assumed to be constant when all four phases were present (i.e., until clinopyroxene was exhausted at
~16% melting at which point the calculation was stopped).

Sulfide removal followed the sulfur concentration in sulfide saturated basaltic melts (SCSS) and was set at
1200 ug/g S [Liu et al., 2007; Mavrogenes and O'Neill, 1999; O’Neill and Mavrogenes, 2002]. Sulfide solubility
has previously been found to vary significantly as a function of temperature, pressure, and iron content of
the melt [Liu et al., 2007; Mavrogenes and O'Neill, 1999; O'Neill and Mavrogenes, 2002; Wallace and Carmi-
chael, 1992] and therefore we assumed that MORB melting on average takes place at the same temperature
and pressure (1350°C, 1.5 GPa) generating melts with about 10% FeO [Gale et al., 2013]. In addition, we did
not take into account that sulfides could exist as two distinct phases in the mantle: one that is interstitial
and one that is included in silicate minerals [Alard et al., 2002; Harvey et al., 2011; Luguet et al., 2003]. It has
been shown that these two sulfide phases in some peridotites contain different Pb, Re, and Os concentra-
tions as well as Pb and Os isotope compositions [Alard et al., 2002; Burton et al., 2012; Harvey et al., 2011]
and thus play a significant role in setting the Pb and Os isotope systematics of mantle-derived melts. If
interstitial and included sulfides have highly different Tl concentrations, then the relative proportions of
interstitial and included sulfides may affect the rate of Tl release into a melt and thereby the Ce/Tl ratio.
Unfortunately, it is very difficult to perform quantitative modeling of this phenomenon, because several
unconstrained parameters are required to calculate the effects of two distinct petrographic sulfide phases
in the mantle. These parameters include: relative proportions of the two sulfide phases in the upper mantle,
Tl concentrations in the two sulfide phases, and the relative proportions of the included sulfides in the dif-
ferent silicate phases (olivine included sulfides will be more difficult to release into the melt than clinopyr-
oxene included sulfides). While detailed sulfide petrography exists for a good number of peridotites
[Lorand, 1989, 1991; Lorand et al., 2010; Luguet et al., 2003] it is difficult to assess how relevant these sulfide
distributions in peridotites are for the average upper mantle. In addition, all of our sulfide Tl concentration
analyses were for interstitial sulfides and thus it is not possible with our data set to assess if sulfide petrogra-
phy has an impact on Ce/Tl ratios of MORB. We note that the concentration difference between interstitial
and included sulfides must largely depend on the partition coefficient between silicate melt and liquid sul-
fide, where the partition coefficients that most strongly favor liquid sulfide will tend to produce the largest
difference between interstitial and included sulfides. With the relatively mildly chalcophile nature of Tl in
mind [Kiseeva and Wood, 2013], one might, therefore, not expect a large Tl concentration contrast to exist
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between interstitial and included sulfides. However, only future detailed investigations of Tl concentrations
in mantle sulfides will resolve this question.

For our calculations, the modal abundances (by volume) of the minerals in unmelted DMM were cpx = 13%,
opx = 28%, ol = 57%, sp = 2% [Workman and Hart, 2005]. When converted to fractions by weight (necessary
in order to apply partition coefficients) these values change slightly to about cpx = 13.4%, opx = 27.2%,

ol =57.1%, sp = 2.2%. In the model runs variable amounts of sulfide were added to DMM, which required
that the major minerals, together with sulfide, be renormalized to 100%. This renormalization had no signifi-
cant effect on the mineral modes because sulfide was present at very low abundances (<0.1% by weight).
In order to convert the abundance of sulfide into sulfur concentrations, we used 36% as the average S con-
centration in mantle sulfides, which assumes that mantle sulfides contain primarily Fe and Ni as cations.
Mineral-melt partition coefficients used for Ce, Pb, and Tl are shown in Table 3 together with the concentra-
tions of each element in DMM. The partition coefficients used for Tl in silicates were assumed to be similar
to those of Rb because of the almost identical charge and ionic ratio for these two elements [Shannon,
1976]. The concentration of Tl in DMM is calculated based on the Ce/Tl ratio in MORB and assuming
[Celpmm = 0.55 ug/g [Workman and Hart, 2005]. It should be noted that other estimates exist for [Celppmm
[Kiseeva and Wood, 2013; Salters and Stracke, 2004] that differ significantly from that of Workman and Hart
[2005] and thus would serve to change the calculated Tl concentration of DMM. However, the results of our
models only depend on the relative partitioning of Ce and Tl, and we adjust the partition coefficient of thal-
lium in sulfide (D syitsi) at different mantle sulfur abundances to achieve constant Ce/Tl. In reality, there
are also significant uncertainties on Ce mineral partition coefficients as well as the modal mineralogy of the
mantle, both of which will affect bulk partitioning of Ce and thereby also that of Tl (when using the infer-
ence that these two elements partition the same during mantle melting). However, these uncertainties will
only affect the absolute Dy qyirsi, Which is the reason we have kept this parameter free during our model
runs.

4.2.1. Melt Depletion at Different Sulfur Concentrations

We modeled three different scenarios with variable mantle S contents (Figure 4). For each model simulation,
the modal abundance of sulfide was chosen and subsequently the sulfide-silicate melt partition coefficients
of Pb and Tl were adjusted until a best fit with Ce/Tl and Pb/Tl in MORB (Figure 2) was obtained. Sulfide/sili-
cate melt partition coefficients found for Pb and Tl range from 22-120 to 18-100, respectively, when bulk S
was between 79 and 400 ug/g. These ranges are in reasonable agreement with experimental determina-
tions, which exhibit values for a large range of melt compositions of Dy su.si = 4—24 [Kiseeva and Wood,
2013] and Dpy, suitsii = 6-93 [Kiseeva and Wood, 2013; Lagos et al., 2008; Li and Audetat, 2012]. The range in
degree of melting for MORB indicated in Figure 4 covers the values estimated for normal (N-) MORB [Hof-
mann, 1988; Klein and Langmuir, 1987], transitional (T-) MORB [Shaw et al., 2010], and enriched (E-) MORB
[Donnelly et al., 2004]. It should be noted that although E-MORB is likely produced by total degrees of melt-
ing similar to N-MORB, their enriched incompatible trace element signatures are thought to originate from
incorporation of very low degrees of melting down to 0.2% that produced the E-MORB source [Donnelly

et al., 2004]. If this particular model of E-MORB generation is correct, then E-MORB will record any fractiona-
tion of Ce/Tl and Pb/TI that occurs at these low degrees of melting.

Based on this assumption, we can compare the calculated Ce/Tl ratio to the observed ratio over a wide
range of F from ~1% to 16% (Figure 4). If we apply the definition of E-MORB (Ce > 25.2 ug/qg) recently pro-
posed by Gale et al., [2013], then we have 15 E-MORB samples from the East Pacific Rise, Mid-Atlantic Ridge,
Gakkel Ridge, and Juan de Fuca Ridge within our data set and there are an additional 29 E-MORB samples
in the data set of Jenner and O’Neill [2012]. None of these samples display fractionated Ce/Tl compared with
more depleted samples from the same regions (supporting information Table S1). We therefore conclude
that Ce/Tl is not fractionated by the very low degrees of melting that likely created the E-MORB sources
[Donnelly et al., 2004]. Using these “low” degree melts as a constraint, we show that M ¢/Mcp, cannot vary
by more than £10% in order to insure that the calculated Ce/Tl ratio does not exceed the data range (Fig-
ure 4b).

4.2.2, Refertilization and Melt Depletion Models

A second set of models was performed to investigate the effects on Ce/Tl in melts that originate from man-
tle volumes that have been refertilized by melt impregnation or previously depleted by melt removal. In
these models we used the same mantle starting compositions as those shown in Figure 4a with sulfur
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Figure 4. Modeled sulfide and clinopyroxene abundances (a) and Ce/Tl ratios (b and c) plotted against degree of melting (F). We modeled three different scenarios where the DMM con-
tains 79 ug/g (dashed red lines), 195 ug/g (bold red lines), and 400 ug/g (dash-dot red lines) sulfur. In Figure 4b, we adjusted the partition coefficient of Tl in sulfide until a best fit with
Ce/Tl in MORB was achieved. Lower sulfide requires a higher partition coefficient such that Dy ;¢ was 100, 36, and 18 for sulfur concentrations of 79 ug/g, 195 ug/g, and 400 ug/g,
respectively. In each scenario, we then varied the sulfide abundance by 10% while keeping the best-fit Dy 5, constant in order to generate the error envelopes around the red lines. In
Figure 4c, we investigated Ce/Tl ratios in melts generated from mantle reservoirs that had been refertilized or depleted via melt rock reactions. Square grids in Figures 4b and 4c show
the average Ce/Tl of global MORB with a 1 sd error envelope. MORBs extruded on the seafloor likely represent melting degrees between 5% and 15% [Hofmann, 1988; Klein and Lang-
muir, 1987]. However, the sources of enriched MORB (E-MORB) have trace element patterns that are thought to originate from very low (<1%) degrees of melting [Donnelly et al., 2004],
which we include for the purposes of constraining our model results (see text for more details).

concentrations of 79, 195, and 400 ug/g. For refertilization, each mantle reservoir was impregnated with
20% by volume of a melt generated from a second identical mantle reservoir. The new refertilized mantle
mineral modes were calculated based on the same melt reaction coefficients used to generate the melt (i.e.,
clinopyroxene = 0.8, orthopyroxene = 0.32, spinel = 0.08, and olivine = —0.2) as well as the sulfur concen-
tration of MORB melts, which is ~1200 pg/g [Liu et al., 2007; Mavrogenes and O'Neill, 1999; O’Neill and Mav-
rogenes, 2002]. This process does not alter the mantle Ce/Tl ratio because the melts that cause the
refertilization have the same Ce/Tl as the mantle source. However, depending on the initial amount of S in
the mantle, the refertilized mantle will be characterized by different Mg ¢/Mcpx ratios, which will cause melts
generated from the refertilized mantle to be fractionated in Ce/Tl (Figure 4c). Only when the rate of sulfide
and clinopyroxene removal is nearly identical will refertilization not result in a fractionation of Mg i/Mcpx
which in turn will leave Ce/Tl constant in the subsequently extracted melt.

The melt depletion models shown in Figure 4c were generated by removing 3% melt from the low sulfur
mantle and 10% melt from the high sulfur mantle. We chose these melt depletion degrees in order to pre-
serve the ability to produce sulfur saturated melts from the depleted mantle. Melting is assumed to shut
down when clinopyroxene is exhausted from the mantle residue, which is the reason the curves for melt
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500 depletion end at ~6.5% and ~12.5% melting
for the high and low sulfur reservoirs, respec-
tively. Melt depletion produces similar fractio-
400 - nations of Mgu/Mcpy, Which again causes Ce/
Tl fractionation in subsequent melting events.

S 300 [~ It is important to note that continued cycles
S of refertilization and melt depletion, which
= are likely common in the mantle, will cause
v 200 Ce/Tl to evolve away from the starting value
because the magnitude of Ce/Tl fractionation
100 is different for depletion and refertilization at

any given S content (Figure 4c). Hence, it is
not possible that refertilization and melt
L L depletion will cancel out the induced fractio-

" Cpx (%) 20 30 nations of Ce/Tl.

Given the constraints of the models presented
Figure 5. Modal abundance of clinopyroxene plotted versus S concentra- in Figure 4c, the constant Ce/Tl observed for
berdotta renoitns Lorand 1909, anerees the yellow quachangle.  MORB (Figure 2) i obtained only if the ratio
shows our 1 sd area of [Sloym. between clinopyroxene and sulfide is essen-

tially constant in the mantle. This result is con-
sistent with the strong positive covariation observed between sulfur concentrations (and thereby sulfide)

and clinopyroxene abundances in peridotites [Lorand, 1989] (Figure 5).

4.3. Potential Model Uncertainties

The main ambiguities in these model calculations arise from the fact that only the silicate mineral partition coef-
ficients of Ce have been extensively investigated [McDade et al., 2003]. Reliable partitioning data for Tl, and to
some extent Pb, during MORB melting is scarce. Importantly, Tl and Pb partition coefficients in excess of 0.02 for
clinopyroxene, orthopyroxene, or olivine would render silicates a major reservoir of Pb and Tl in the mantle. The
only experimental study that investigated Tl partition coefficients for mantle minerals used hydrous basanite
melts and was only able to assert that Dy, for olivine, orthpyroxene, and clinipyroxene were <0.015 [Adam and
Green, 2006). Considering these uncertainties, and the fact that partition coefficients for hydrous melts are likely
significantly different to anhydrous melts [Blundy and Wood, 2003], it is clear that, although the existing experi-
mental data does not indicate Tl is more compatible in silicates than is Rb, we cannot presently exclude this pos-
sibility. More information is available on Pb partitioning with several experimental studies reporting coefficients
for clinopyroxene. However, these studies found partition coefficients for Pb in clinopyroxene between 0.01 and
0.1 [Hart and Dunn, 1993; Salters et al., 2002; Watson et al., 1987], the higher end of which would make Pb con-
trolled by a combination of both clinopyroxene and sulfide. For the purposes of our model, it is important to
note that if Tl was also incorporated into silicates the required partition coefficient for Tl in sulfide would be
smaller and consequently render the expression Mg i/Mcpx = Dcpxce/Dsuirm incorrect.

Based on the assertion by Kiseeva and Wood [2013] that the Fe content of a melt is the primary controlling
parameter for chalcophile element partitioning into sulfide melt, these authors predict that Dy syi.si ~ 15
and Dpyp, suirsit ~ 40 for MORB melts. This set of sulfide partition coefficients, however, is not able to repro-
duce the observed Pb/Tl ratios of MORB, unless Tl partitions more strongly into silicates than does Rb. As
outlined above, this conclusion is certainly possible and future studies will need to investigate the exact par-
titioning behavior of Tl in mantle silicates. On the other hand, the experiments by Kiseeva and Wood [2013]
were performed without appreciable amounts of Cu compared with mantle sulfide that likely contain sev-
eral weight % Cu, which could have an effect on elemental partitioning. In addition, the relationship
between Drysy.si and FeO in silicate liquid is not well defined [Kiseeva and Wood, 2013], perhaps because
Drisuir-sit also depends on other parameters besides FeO in the silicate melt.

5. The Sulfur Concentration of the Upper Mantle

With the uncertainties for partitioning of Tl during mantle melting in mind, it is clear that the conclusion of
a constant ratio between sulfide and clinopyroxene in the mantle, as well as the essentially identical
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Table 4. Parameters Used for Calculation of [Slpmm

Parameter Value Error References
SCSS 1200 pg/g 150 ng/g Liu et al. [2007], Mavrogenes and O’Neill [1999],

O'Neill and Mavrogenes [2002], and Wallace and Carmichael [1992]
Repx 0.8 0.1 Baker and Stolper [1994], Falloon and Green [1987], and Kinzler [1997]
Mcpx 13% 2% Niu [2004] and Workman and Hart [2005]

removal rates of these two minerals during melting, must be viewed with some caution. However, if our
inference that sulfide is the only mantle mineral that contains significant amounts of Tl is correct then we
can use the relationship between sulfide and clinopyroxene to put constraints on the sulfide content of the
DMM.

Sulfur incorporation in silicate melts takes place above the sulfide liquidus [Bockrath et al., 2004] and the sul-
fur content of MORB is thus a function of sulfide melt solubility in silicate melts [Liu et al., 2007; Mavrogenes
and O'Neill, 1999]. Therefore, we can write [Slpmm = SCSS X Fres our, Where SCSS is the sulfur concentration
of a silicate melt at sulfide saturation and Fees ot is the fraction of melting required to exhaust sulfide in the
DMM. Fees out is Not well constrained and thus it is not possible to use this equation directly. On the other
hand, clinopyroxene is exhausted from the mantle via melt reactions such that Fp out = Mcpx/Repx, Where
Fepxout is the fraction of melting required to exhaust clinopyroxene in the DMM and R, is the melt reaction
coefficient that determines the rate at which clinopyroxene is removed during melting. Based on the invari-
ant Ce/Tl of MORB and the consistent covariation between sulfur and clinopyroxene in orogenic peridotites
(Figure 5), we infer that clinopyroxene and sulfide melt out at the same rate and are therefore exhausted at
the same degree of melting. We can thus substitute Fcp, out for Fresout, Producing the relationship:

[S]DMM= SCSS X Mcpx/chx (1)

Each of these parameters has been the subject of multiple investigations [Baker and Stolper, 1994; Falloon
and Green, 1987; Kinzler, 1997; Liu et al., 2007; Mavrogenes and O'Neill, 1999; Niu, 2004; O’Neill and Mavro-
genes, 2002; Wallace and Carmichael, 1992; Workman and Hart, 2005] and we are therefore able to plug rea-
sonable values into equation (1) and obtain an independent estimate of the sulfur abundance of DMM. In
Table 4, we list the best estimates for each parameter and their associated errors. From these we obtain a
value of [Slpmm = 195 * 45 (sd) ng/g. We have plotted the S concentration space outlined by our solutions
to equation (1) in a diagram together with orogenic mantle peridotite data [Lorand, 1989], which reveals
that our estimate of [SIpmm is completely encompassed by the orogenic mantle peridotite data (Figure 5).
The strong coherence between the models and peridotite data, which are independent of each other, gives
additional confidence that our value provides a rigorous assessment of [SIpmwm.

Our calculated [S]pmm provides evidence for the likely range of degrees of melting and the saturation state
of sulfide in MORB. With SCSS = 1200 = 150 ug/qg it is evident that sulfide is not exhausted from DMM until
~16 = 5% melting (Figure 4). It therefore follows that any MORB generated by less than ~16% melting will
be sulfide saturated. Since most MORB are thought to be sulfur saturated [Wallace and Carmichael, 1992],
our [Slpmm estimate is in good agreement with models of MORB generation, which predict maximum
extents of melting for MORB between 6% and 20% [Asimow et al., 2001; Hofmann, 1988; Kinzler and Grove,
1992; Klein and Langmuir, 1987].

6. Outlook for Deep Sulfur Cycling and Mantle Heterogeneity

In summary, the constant Ce/Tl ratio of MORBs appears to require that the melting rates of clinopyroxene
and sulfide are synchronized in the upper mantle. This allows us to estimate the sulfide and hence bulk S
content of the average depleted MORB mantle to be ~195 ug/g. Given that it is primarily the ratio between
sulfide and clinopyroxene that controls the Ce/Tl of melts, mineralogical heterogeneity of the upper mantle
in the form of coupled enrichment or depletion of these two minerals would not be detectable by using
Ce/Tl. Therefore, it should be stressed that Ce/Tl cannot be utilized to investigate sulfide heterogeneity of
the mantle unless the ratio between sulfide and clinopyroxene has been disturbed by other processes than
melting and refertilization, which appear to leave the ratio between sulfide and clinopyroxene unaffected.
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10000 Once transported deep into the mantle,
recycled oceanic crust, and sediments
are highly unlikely to be characterized
by sulfide/clinopyroxene that is close to
that of the upper mantle. For example,
sediments often have very high S con-
centrations due the presence of diage-
netic pyrite and altered oceanic crust
has highly variable S concentrations
due to remobilization during hydrother-
A mal activity. On the other hand, calcium,
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Tl (ng/g) butions in sediments and altered oce-
anic crust. In addition, subduction
processes such as release of fluids from
the slab into the mantle wedge will
have very variable S/Ca ratios depend-
ing on oxygen fugacity, which again is
likely to perturb the ultimate sulfide/cli-
nopyroxene ratio of the deeply sub-
ducted material. Volcanism sourced
from recycled crustal material (i.e.,
ocean island basalts and large igneous provinces) is therefore not expected to conform to the same invari-
ance of Ce/Tl versus [TI] as observed for MORB. The limited amount of Tl concentration data for ocean island
basalts indeed displays more variation than MORB (Figure 6) with data from Hawaii and the Azores showing
increasing Ce/Tl at decreasing Tl concentrations. These correlations are suggestive of lower sulfide/clinopyr-
oxene in the Hawaii and Azores mantle sources than DMM, which could be consistent with pyroxenite in
the source of Hawaii [Sobolev et al., 2005] as long as these mantle sources contain less than 1500 ug/g of S.
However, there could also be several other explanations for the variable Ce/Tl in OIB. First, Ce/Tl ratios in
recycled oceanic crust are unlikely to be identical to the mantle, which would render OIB mantle sources
heterogenous with respect to Ce/Tl. Second, systematic variations in the Tl concentrations between intersti-
tial and included sulfides could also give rise to variable Ce/Tl, especially at the low degrees of melting often
inferred for OIB [e.g., Mckenzie and Onions, 1991]. Given these uncertainties, it is currently speculative to
infer the reasons for the observed variation in Ce/Tl for OIB.

Figure 6. Ce/Tl versus Tl concentration for Hawaii, Iceland, and the Azores com-
pared with MORB. While Ce/Tl in MORB does not vary significantly as a function
of Tl concentration, all three OIBs show a substantial spread with Ce/Tl almost
universally higher than MORB. For Hawaii and the Azores there is a suggestion of
higher Ce/Tl at lower Tl concentrations, which could imply that the bulk partition
coefficient for Ce is higher than Tl for these OIBs. In turn, this relationship is
equivalent to higher clinopyroxene/sulfide ratios in the Hawaii and Azores man-
tle sources than in MORB. Thallium and cerium concentration data from Nielsen
et al., [2006b, 2007] and Norman and Garcia [1999].
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