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[1] To understand the role of subducted sediment in arc magmatism and the formation of the continental
crust, we have determined the Li isotopic composition of marine sediments subducting at several trenches,
as well as from nonconvergent margin settings. The bulk isotopic composition (6’Li) of global sediments
varies widely (from 4.3 to 14.5%.), reflecting sediment type, provenance, and diagenetic processes.
Among detrital sediments ( 1.5 to 5%o), clay-rich variants are generally isotopically lighter than sands
owing to isotopic fractionation during continental weathering. Sediments derived from mature continental
crust are especially light. Volcanogenic sediments can have either heavier or lighter isotopic compositions
than the mantle depending on alteration effects. Biogenic carbonate and silica are susceptible to
recrystallization, which results in heavier isotopic compositions (6 to 14.5%o). The lightest composition
was observed in hydrothermally leached sediments ( 4.3%o.). Slowly accumulated metalliferous sediments
display anomalously high 8’Li (6 to 10%02 values due to incorporation of seawater-derived Li. On the basis
of this and previous studies, integrated 6°Li values for subducted sediment vary from arc to arc, ranging
from 0.4 to 9%o. Calculated fluxes of subducted sediment-derived Li also vary, from 1.4 to 18.2 g/yr per
cm arc length. Although Li isotopic compositions of marine sediments largely overlap with those of the
upper mantle and altered oceanic crust, controls on Li isotope composition of arc lavas are complex and
must be understood in terms of the primary compositions and relative contributions of subducted sediments
and oceanic crust, fractionation during metamorphic dehydration, and equilibration of slab-derived fluids
with the subarc mantle. Finally, although clay-rich sediments can contribute to the light isotopic
composition of continental crustal rocks, our results suggest diverse compositions of sedimentary rocks.
Incorporation of sedimentary components in the formation of granitic rocks may give rise to greater
heterogeneity in the composition of the upper continental crust than is currently estimated.
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1. Introduction

[2] Marine sediments may contribute significantly
to arc magmatism and hence continental growth.
Sedimentary material returned to the deep mantle
through subduction potentially exerts important
control on the composition and evolution of the
mantle. To understand the chemical exchange be-
tween crust and mantle, it is essential to determine
the chemical composition and fluxes of the sub-
ducting sediments. Although Plank and Langmuir
[1998] carefully evaluated the chemical and isoto-
pic compositions of subducting sediments before
global arc systems, their survey did not include Li.
This element is concentrated in marine sediments
and altered oceanic crust relative to the mantle, and
is readily mobilized in aqueous fluids. Thus Li
isotope systematics are useful in constraining the
role of fluids in subduction zones as well as the
origins of arc and mantle plume magmas [Moriguti
and Nakamura, 1998a; Tomascak et al., 2000,
2002; Chan and Kastner, 2000; Chan et al.,
1999, 2002a; Zack et al., 2003; Chan and Frey,
2003; Leeman et al., 2004; Moriguti et al., 2004].

[s] To provide a framework for the discussion of
the role of sedimentary Li in the global cycle, we
first summarize the current knowledge of Li isoto-
pic compositions of the major reservoirs (cf. review
of Tomascak [2004]). Li is a moderately incom-
patible element and its isotopes do not fractionate
significantly during partial melting and fractional
crystallization at magmatic temperatures [Tomascak
et al., 1999]. Fresh mid-ocean ridge basalts
(MORB) typically have &’Li of 1.5 to 5.6%o [Chan
et al., 1992; Moriguti and Nakamura, 1998a;
Tomascak and Langmuir, 1999], coinciding with
the range of ocean island basalts (OIB) [Tomascak
et al., 1999; Chan and Frey, 2003]. Thus the upper
and lower mantles are similar in Li isotope range
giving an overall mantle average &'Li of  4%o.
Arc lavas vary from 0.3 to 11%o but mostly
exhibit MORB-like composition [Moriguti and
Nakamura, 1998a; Tomascak et al., 2000, 2002;
Chan et al.,, 2002a; Chan and Leeman, 2003;
Bouman et al., 2004; Leeman et al., 2004; Moriguti
et al., 2004]. Continental crustal rocks span a wide
range (6 to 8%o) [Teng et al., 2004; Bryant et al.,
2004; Bottomley et al., 2003; Sturchio and Chan,
2003]. On the basis of the analyses of granites,
loess, shales and crustal composites, Teng et al.
[2004] estimated an average §’Li of 0 + 2%, for the
upper continental crust suggesting that it is lighter
than the average mantle. During continental weath-
ering the light isotope (°Li) is concentrated in the

secondary clay minerals and the heavy isotope (’Li)
preferentially partitions into aqueous fluids. Con-
sequently river waters are isotopically heavier than
the continental rocks (6 to 33%., average = 23%o)
[Huh et al., 1998, 2001] and river suspended
material and shales are lighter [Huh et al., 2001;
Teng et al., 2004]. Seawater is also heavy ( 31%o)
[Chan and Edmond, 1988; You and Chan, 1996;
Moriguti and Nakamura, 1998b; James and
Palmer, 2000], its isotopic composition being
maintained at steady state by the inputs of rivers
( 23%0) and hydrothermal fluids ( 7%.) [Chan
et al., 1993; Bray, 2001; Foustoukos et al., 2004]
and fractionation into sedimentary sinks with a
fractionation factor of about 0.981 [Chan et al.,
1992].

[4] While the fundamental features of the global Li
isotope cycle gradually emerge, many outstanding
questions remain. Among them: Why do the
majority of arc lavas resemble MORB in Li
isotopic composition? Is the continental crust
indeed isotopically lighter than the mantle, and if
so, what is the cause of the light composition?
What is the degree of perturbation of the deep
mantle by subducted materials?

[5s] Because the sedimentary cycle underlies these
issues, we seek insight in the Li isotope systematics
of sediments from the global ocean. Li isotope data
for marine sediments are still sparse. Published
results for marine clastic sediments at DSDP site
477 and ODP sites 918, 1039 and 1040 show
generally heavy composition (8’Li = 8 to 11%o)
compared to the mantle [Chan et al., 1994; Zhang
et al.,, 1998; Chan and Kastner, 2000]. These
earlier results, which were based on an old mea-
surement technique, are in error. Samples from
these sites have been reanalyzed and the corrected
values are presented in this paper. James et al.
[1999] reported variably altered turbidites and
hemipelagic mud at ODP site 1038 ( 0.5 to
5.6%0). Bouman et al. [2004] surveyed sediments
associated with several arcs. According to their
results, turbidites and pelagic clays show a range of
§'Li between 1.7 and 6.4%.. Radiolarite, chert
and porcellanite vary from 4.4 to 14.5%.. Early
results for carbonate sediments span a wide range
of Li isotopic compositions, 7 to 42%. [You and
Chan, 1996; Hoefs and Sywall, 1997], possibly due
to inadequate cleaning, diagenetic effects or mea-
surement errors. At ODP 851 in the Equatorial
Pacific, variably recrystallized carbonates exhibit
§'Li between 6 and 32%o [You et al., 2003]. Recent
studies show that pure foraminiferal shells have
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Figure 1. World map showing the locations of DSDP and ODP sites associated with arc systems for which lithium
isotope compositions have been investigated, in this work (solid circles) and previous studies (triangles) [James et al.,

1999; Bouman et al.,

§'Li close to seawater composition but coralline
aragonites are lighter (18 to 21%o.) [KoSler et al.,
2001; Marriott et al., 2004a, 2004b; Hall et al.,
2005].

[6] This paper reports results of a systematic study
of Li and its isotopes in representative marine
sediments, with particular emphasis on those asso-
ciated with selected volcanic arcs. We also present
revised data for four previously studied sites,
DSDP/ODP sites 477, 918, 1039 and 1040. With
these data we address the spatial variation of Li
isotope composition of sediments in the global
oceans. Because our study encompasses a variety
of sediment types, we also examine the relationship
between isotopic characteristics and lithology. Li
contents and isotopic compositions of sediment
columns outboard representative subduction zones
allow calculation of integrated Li flux and §’Li for
sediments delivered to subduction zones of global
arc systems. Finally, we consider the implication of
the sedimentary cycle of Li for the composition of
the continental crust.

2. Samples and Method

2.1. Sediment Cores

[7] For characterization of the subduction input to
various arc systems, we employ sediment cores
from various DSDP and ODP sites situated in front
of the trenches. Core locations are shown in

2004]. Also included in this report are two nonconvergent margin sites (open circles).

Figure 1. The sites include DSDP site 183 (Aleu-
tian Trench), ODP site 1027 (Cascades Trench),
DSDP sites 595/596 (Tonga Trench), ODP
sites1039/1040 (Central American Trench), and
ODP site 701 (S. Sandwich Trench). These sedi-
ment cores cover geographical locations in the
Pacific and South Atlantic and a wide range of
sediment types. Many of these same samples are
also being studied for their Nd-Hf isotopic system-
atics [Vervoort et al., 2004]. In addition, revised Li
isotope data are presented for DSDP site 477
(Guaymas Basin) and ODP site 918 (Greenland
Margin). Site 477 is known for high temperature
alteration by hydrothermal fluids. Site 918 contains
deposits that reflect changing sediment source and
climate. Although the latter sites are not associated
with convergent margins, they contribute to the
overall understanding of Li isotope composition of
marine sediments. Also included in Figure 1 are
sites for which Li isotope data are available from
previous studies [James et al., 1999; Bouman et
al., 2004]. Results from those sites will be inte-
grated with the present study to characterize the
global sedimentary Li input to subduction zones.

2.2. Analytical Method

[s] Sediments were washed with distilled water to
remove residual salts from the pore waters, filtered,
and oven-dried. Samples were totally dissolved in a
mixture of double-distilled HF and HCIO, (4:1 by
volume) and converted to the perchlorate form by

30f 25



~/

2. Geochemistry . 3
~ | Geophysics (>
B Geosystems J

chan et al.: marine sediment li composition

10.1029/2005GC001202

HCIO, treatment [Chan et al., 1992]. In the final
step of sediment digestion, H,O, was added to
insure complete dissolution of manganese oxide
[Crock and Severson, 1980]. Li concentrations
were determined by flame emission spectrometry
at LSU using a standard-addition technique to
eliminate matrix effects. On the basis of repeated
analysis of reference rock JB-2, the precision and
accuracy for concentration determination by this
method are better than 2% (20). Sr concentrations
were determined by Perkins Elmer 3300 DV dual
view inductively coupled plasma optical emission
spectrometer at LSU. B concentrations were mea-
sured at Rice University by method of standard
additions using a Varian Vista ICP. Samples were
digested in HF-HCI in the presence of mannitol to
prevent volatilization of B. Replicates and stand-
ards give precision and accuracy better than 5%
relative at the concentrations encountered.

[s] Trace elements were measured by ICP-MS at
Boston University and the University of Kansas
using techniques described in Appendix A. Li
concentrations were determined simultaneously
with the other elements, by calibration to external
standard reference materials. Each sample was
analyzed twice within the ICP-MS run, and with-
in-run precision for Li was 1-3% RSD, similar to
that for the other trace elements. External preci-
sion, based on separate preparations and ICP-MS
runs, was 3—-4% RSD (Table Al) [Johnson and
Plank, 1999]. Accuracy of the Li determination is
dependent on values used for standard reference
material (Appendix A, Table A4), which are after
Kelley et al. [2003] and Eggins et al. [1997]. Use
of these Li values leads to +11% offset in the ICP-
MS Li versus flame emission Li. Major element
analyses for the same sample powders are given by
Plank and Langmuir [1998].

[10] Lithium isotope analyses were carried out by
thermal ionization mass spectrometry. Chemical
separation and mass spectrometry procedures were
refined from those of You and Chan [1996]. Li was
separated from rock or sediments by ion exchange
chromatography. Because the position of the Li
elution peak depends on the elemental composition
of the sample [Moriguti and Nakamura, 1998b],
the elution curves of the ion exchange columns
were calibrated with sediment samples under study
to ensure quantitative recovery of Li. Li isotope
ratios were measured on a Finnigan MAT 262 mass
spectrometer at LSU using lithium phosphate as
the ion source and reported as §Li relative to the
NIST L-SVEC standard. Routine precision and

accuracy are better than £1%. (20), as shown by
analyses of standard reference materials [Chan and
Frey, 2003].

[11] There was a concern whether washing could
alter the Li isotopic composition of sediments. To
determine the effect of washing prior to analysis,
an aliquot of sediment was oven-dried and homog-
enized from which a split was washed in distilled
water. We analyzed washed and unwashed pairs of
sand and silty clay stone from site 1027B (5H4(2)
and 5X3(2) in Table 1). Li concentration of the
unwashed sand sample is higher than that of the
washed sample by 8% and the Li concentration of
the unwashed clay sample is 2% lower than the
washed counterpart. The discrepancy for the sand
exceeds analytical error and the expected contribu-
tion from sea salt suggesting slight compositional
heterogeneity in sand samples. &‘Li of the washed
and unwashed samples agree within analytical
uncertainty (0.6%0 and less). We conclude that
there may be small heterogeneity in aliquots taken
from a core interval, but bulk analyses of Li and
§'Li in sediment samples are not significantly
affected by washing in distilled water. B concen-
trations of washed and unwashed samples agree
within analytical uncertainty.

[12] ®’Sr/*°Sr measurements were carried out using
multicollectors on the Finnigan MAT 262 mass
spectrometer at LSU. Sr was separated from sed-
iment solution using either AG50Wx8 (BioRad) or
Sr specific resin (Eichrom Technology). The eluted
Sr was mixed with 20 pl of 0.025 M H3zPO,4 and
evaporated to dryness. The sample was loaded with
double-distilled 1IN HNO5 for isotope ratio deter-
mination using double Re filaments. 8’Sr/®Sr
ratios were normalized to the %°Sr/®8Sr ratio of
0.1194. The in-run 2o, of 100 ratios was between
+0.000007 and 0.000013. Long-term measure-
ments of NBS 987 yielded a mean value of
0.710260 + 0.000019 (20, n = 24).

3. Results

[13] Li, B and Sr concentrations and Li and Sr
isotopic data from the sediment cores are listed in
Table 1. The complete suites of ICP-MS trace
element data for core samples from DSDP sites
183 and 595/596 and ODP site 701 are presented in
Tables Al, A2, and A3 in Appendix A. Major
element analyses of near trench cores have been
reported by Plank and Langmuir [1998]. Down
core Li and §’Li profiles are shown in Figure 2.
Results from individual sites are presented below.
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Table 1. Chemical and Isotopic Analyses of Sediment Samples From Various DSDP and ODP Sites Near Arc
Trenches

Hole Core Sec Interval, cm Depth, m Lithology Li, ppm B, ppm Sr, ppm &'Li, %0 8'Sr/%®sr
Aleutians
183 9 3 80-82 71.8  clay with diatom 32.03 260.2 480 0.705199
183 14 1 143-145  137.43 diatomaceous ooze 13.26 129.2 560 0.705753
183 21 1 127-129  202.27 diatomaceous ooze w/clay 27.34 426.3 544 0.707610
183 22 2 73-75 212.43 olive silty clay 75.45 1856 155 0.707637
183 27 3 34-36 260.34 silt 59.33 253.0 241 0.706892
183 31 cc 83 350  clayey silt 65.37 202.7 1.40 0.707200
183 38 2 66-68 474.16 clay 71.97 176.4 126 0.707638
183 39 1 3-6 500.03 silty clay 79.22 1485 131 0.707979
183 39 1 95-97 500.93 limestone 12.37 768.6 255 0.707963
183 39 1 103-110  501.03 clay 26.9 216.3  3.92 0.707987
Cascadia
1027B 1H 2 24-26 1.7 clayey silt 4239 602 2712 185 0.707493
1027B 5H 4(1) 76-78 38.0 sand 17.89 353.7 3.68 0.705487
1027B 5H 4(2) 18.38  27.0 3.82
Repeat 3.96
1027B 5H 4(2) not washed® 19.83  29.6 452
1027B 9H 3 44-46 741  sand 10.4 211 4252 452 0.705014
1027B 17X 2 26-28 147.3  debris flow deposit (sand + mud) 42.71 558 2928 1.91 0.707546
1027B 22X 1 55-57 194.1  clayey silt 5455 654 2188 153 0.710618
1027B 28X 1 33-35 251.6 clayey silt 55.07 714 2428 256 0.716139
1027B 40X 2 35-37 368.9 clayey silt 4139 493 2869 228 0.706200
1027B 48X 4 57-59 449.0 silty clay stone 37.73 468 3634 376 0.704811
1027B 57X 3(1) 31-33 533.6  silty clay stone 53.77 166.7 1.62 0.708067
1027B 57X 3(2) 55.01 706 1.72
1027B 57X 3(2) not washed® 5393 724 1.92
Repeat not washed® 1.15
1027C 4R 1 48-50 614.2  basalt 6.29 6.7 1165  3.65 0.702692
1027C 5R 1 86-88 624.2  basalt 6.04 8.9 73.0 499 0.702780
Tonga
596 1 1 105-108 1.05  pelagic clay 62.44 2.16
596 1 cc 5.5 pelagic clay 47.18 5.95
Repeat 6.07
596 2 6 70-72 13.7  metalliferous pelagic clay 52.05 4.83
596 3 5 100-102 22.1  metalliferous pelagic clay 41.96 8.90
Repeat 8.39
Repeat 8.77
596 5 2 114-116 36.94  metalliferous clay/chert 39.61 9.36
595A 5 cc 38 porcellanite 17.73 8.79
Repeat 8.40
596 6 5 104-106 46.84 clay 48.33 8.65
596A 1 1 70-75 66.7  hydrothermal clay 19.18 7.93
596A 1 5 97-101 72.97  hydrothermal clay 10.61 7.31
Central America

1039B 2H 4 140-150 9.4 clay rich diatomaceous ooze 77.08 2.06
1039B 7H 4 140-150 55.4  clay rich diatomaceous ooze 78.09 3.76
Repeat 4.19
1039B 17X 4 135-150  147.65 calcareous silty clay 63.06 7.91
Repeat 7.87
1039B 33X 3 130-150 300.3 nanofossil ooze w. diatom 4.97 12.35
Repeat 12.35

carbonate fraction of 33X-3 0.5 23.33
1039B 41X 1 130-150 374.1 nanofossil ooze 5.69 6.44
Repeat 6.45
Repeat 6.16

carbonate fraction of 41X-1 0.75 12.97
1039B 6R 4 128-142  416.98 nanofossil ooze w. diatom 5.46 9.71

5 of 25



~ Geochemistry 2
1 | Geophysics

) chan et al.: marine sediment li composition

10.1029/2005GC001202

Geosystems 1§ _7J

Table 1. (continued)

Hole Core Sec Interval, cm Depth, m Lithology Li, ppm B, ppm Sr, ppm &'Li, %0 27Sr/%®Sr
Repeat 9.66

Repeat 9.54

1040B 15X 4 125-150 119.05 silty clay stone 56.47 4.62

1040C 19R 2 115-150  335.25 silty clay stone 56.29 4.60

Repeat 4.86

1040C 43R 1 130-150 564.7  siliceous nannofossil chalk 0.86 9.49

South Sandwich
701A 1H 4 5.9 diatomaceous ooze+ash 12.55 81.52 3.17  0.708966
701A 6H 5 53.7  diatomaceous ooze+ash 21.41 113.80 3.67 0.709648
701B 4H 5 105.9 diatomaceous ooze+ash 26.91 135.34 4.22 0.709901
701B 9H 5 150.0 diatomaceous ooze+mud 6.64 45.02  4.78 0.709030
701B 13X 3 188.4  diatomaceous ooze 22.30 110.10  3.15 0.709600
701C 23H 4 211.7  diatomaceous ooze+clay 17.06 77.38  2.69 0.709606
701C 31X 2 284.7 silicic clay 44.15 152.07 329 0.712257
701C 37X 3 343.2  silicic mud 32.62 125.82 341 0.712193
701C 42X 1 387.7 clay 70.30 174.02 320 0.714567
Guaymas
477 4 1 133-140 21.5  unaltered turbidite 375 1.40
477 5 1 140-150 32.5  unaltered turbidite 41
477 7 1 142-150 51.5  contact metamorphism 8.5
477 7 2 27-32 52 contact metamorphism 10.2 2.49
477 9 1 piece 6 60 dolerite sill 4.8 5.33
477 15 1 126-131 106  contact metamorphism 25.7 2.32
477 16 4 140-150 120 hydrothermal alteration 20.8 4.31
477 17 2 140-150 126  hydrothermal alteration 18.3 1.84
477 19 1 140-150 146  hydrothermal alteration 115 5.83
477 20 1 140-150 155  hydrothermal alteration 124
477 22 1 140-150 173 hydrothermal alteration 9.7 4.23
477 23 cc 185  greenschist facies 9.2
477TA 6 cc 210  greenschist facies 7.1
477TA 7 1 3-7 212 greenschist facies 4.6 4.48
477TA 9 1 69-71 231 greenschist facies 3.7 5.33
477A 10 1 110-120 239  greenschist facies 5.8 4.13
Greenland Margin

918A 2H 4 150-155 7.8 marine silt with IRD, dropstones  15.16 3.95

918A 7H 4 145-150 55.3  marine silt with IRD, dropstones ~ 21.27 418

918A 16H 4 140-150 139  marine silt with IRD, dropstones  20.84 4.09

918A 26X 4 140-150 232 marine silt with IRD, dropstones ~ 22.39 3.71

918A 31X 1 0-20 276  turbidites and volcaniclastics 25.73 2.59

918D 25R 13 140-150 515  turbidites and volcaniclastics 32.03 2.50

918D 31R cc 575  weathered plutonic, no dropstones 56.17 3.53

918D 40R 1 140-150 660  volcaniclastics 43.27 0.08

918D 51R 2 140-150 765  volcaniclastics 51.31 0.30

918D 68R 1 91-100 930 turbidites 35.74 4.36

918D 91R 1 119-129 1157  volcaniclastics 32.66 243

2 All sediments were washed with distilled water prior to dissolution except noted.

3.1. Aleutian Trench

[14] Site 183 is situated in the northern edge of the
Alaska abyssal plain. The sediment stratigraphy
consists of (1) ash-rich diatom ooze, (2) pelagic
clay and (3) turbidites with clay and silty clay.
Limestone was recovered from a thin horizon at
500 mbsf [Creager et al., 1973]. Li content and

§’Li are inversely correlated for these samples
(Figure 2a). Diatom oozes are low in Li content
and have heavier isotopic values (5 to 6%.) com-
pared to the clay-rich sediments. The ooze richest
in silica (SiO, = 73.2%) has 13 ppm Li and &’Li of
5.6%o. This concentration is higher than observed
in pure biogenic silica ( 1 ppm), and may reflect
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Figure 2. Vertical Li and Li isotope profiles in sediment columns at DSDP/ODP sites before trenches: (a) site 183,
Aleutian trench, (b) site 1027, Cascadia trench, (c) site 595/596, Tonga trench, (d) site 1039, Central American
trench, (e) site 701, South Sandwich Trench, (f) site 477, Guaymas Basin, and (g) site 918, East Greenland margin.
Note change of &’Li scale in Figures 2f and 2g. Also indicated is the major lithology of the samples. Long-dash lines
indicate boundaries of major lithologic units, and short-dash lines indicate boundaries of subunits.

the presence of a volcanic ash component that
could bias §’Li. This interpretation is corroborated
by the high eng (+3.3) of this sample [Vervoort and
Plank, 2002], and its low La/Sm (<4; Figure 8).
The pelagic clay has a high Li content (75 ppm)
and light isotopic composition (1.6%o). The under-
lying clay and silty clay turbidites are similarly rich
in Li and isotopically light (1 to 2%.). We see no
clear distinction between pelagic and terrigenous
clays in Li isotope composition. Limestones mixed

with clays are dilute in Li concentration and have
slightly higher &’Li (2 to 4%).

3.2. Cascadia Trench

[15] Hole 1027 is at the eastern end of the Leg 168
transect, in close proximity to the Cascadia accre-
tionary prism. Sediments consist of turbidites, hemi-
pelagic mud (clayey silt to silty clay) and debris flow
deposits (poorly sorted muddy sands). Terrigenous
turbidites are derived from Pleistocene glacial sour-
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