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Abstract

Many studies argue, based partly on Pb isotopic evidence, that recycled, subducted slabs reside in the mantle source of ocean

island basalts (OIB) [1–3] [A.W. Hofmann, W.M. White, Mantle plumes from ancient oceanic crust. Earth Planet. Sci. Lett. 57

(1982) 421–436; B.L. Weaver, The origin of ocean island basalt end-member compositions: trace element and isotopic

constraints. Earth Planet. Sci. Lett. 104 (1991) 381–397; J.C. Lassiter, E.H. Hauri, Osmium-isotope variations in Hawaiian

lavas: evidence for recycled oceanic lithosphere in the Hawaiian plume, Earth Planet. Sci. Lett. 164 (1998) 483–496]. Such

models, however, have remained largely untested against actual subduction zone inputs, due to the scarcity of comprehensive

measurements of both radioactive parents (Th and U) and radiogenic daughter (Pb) in altered oceanic crust (AOC). Here, we

discuss new, comprehensive measurements of U, Th, and Pb concentrations in the oldest AOC, ODP Site 801, and consider the

effect of subducting this crust on the long-term Pb isotope evolution of the mantle. The upper 500 m of AOC at Site 801 shows

N4-fold enrichment in U over pristine glass during seafloor alteration, but no net change to Pb or Th. Without subduction zone

processing, ancient AOC would evolve to low 208Pb/206Pb compositions unobserved in the modern mantle [4] [S.R. Hart, H.

Staudigel, Isotopic characterization and identification of recycled components, in: Crust/Mantle Recycling at Convergence

Zones, Eds. S.R. Hart, L. Gqlen, NATO ASI Series. Series C: Mathematical and Physical Sciences 258, pp. 15–28, D. Reidel

Publishing Company, Dordrecht-Boston, 1989]. Subduction, however, drives U–Th–Pb fractionation as AOC dehydrates in the

earth’s interior. Pacific arcs define mixing trends requiring 8-fold enrichment in Pb over U in AOC-derived fluid. A mass

balance across the Mariana subduction zone shows that 44–75% of Pb but b10% of U is lost from AOC to the arc, and a further

10–23% of Pb and 19–40% of U is lost to the back-arc. Pb is lost shallow and U deep from subducted AOC, which may be a

consequence of the stability of phases binding these elements during seafloor alteration: U in carbonate and Pb in sulfides. The

upper end of these recycling estimates, which reflect maximum arc and back-arc growth rates, remove enough Pb and U from

the slab to enable it to evolve rapidly (b0.5 Ga) to sources suitable to explain the 208Pb/206Pb isotopic array of OIB, although

these conditions fail to simultaneously satisfy the 207Pb/206Pb system. Lower growth rates would require additional U loss
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(29%) at depths beyond the zones of arc and back-arc magmagenesis, which would decrease upper mantle j (232Th/238U) over

time, consistent with one solution to the bkappa conundrumQ [5] [T. Elliott, A. Zindler, B. Bourdon, Exploring the kappa

conundrum: the role of recycling in the lead isotope evolution of the mantle. Earth Planet. Sci. Lett. 169 (1999) 129–145]. The

net effects of alteration (doubling of l [238U/204Pb]) and subduction (doubling of x [232Th/204Pb]) are sufficient to create the Pb

isotopic signatures of oceanic basalts.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The chemical evolution of the earth’s mantle

depends on a number of processes, including segrega-

tion of the core, extraction of crust, and re-injection of

subducted slabs. Of these, the recycling of subducted

slabs [1–4] has received much attention towards

explaining some unusual geochemical features of

ocean island basalts (OIB). At one time, models

invoked a sequestered, primordial mantle source for

OIB [6,7], but more recent studies (e.g. [8,9]) favor the

Hofmann and White [1] model of recycled oceanic

crust in the source of hotspot magmas. Altered oceanic

crust (AOC) meets many of the source criteria

established by OIB geochemistry, particularly U and

Re enrichment, which over time could create the

radiogenic Pb and Os isotope signatures characteristic

of many OIBs [10,11]. Isotopic end-members in OIB

suggest links to distinct recycled materials such as

pelagic sediment, terrigenous sediment, and AOC [2].

A plethora of geochemical observations (Sr, Nd, Pb, O,

H, Os, Hf isotopic compositions and certain trace

element ratios) have revealed regional variations in

OIB from French Polynesia [12], Hawaii [3,13,14],

and Iceland [15] that may relate to distinct portions of

recycled subducted crustal packages.

Few of these models, however, have been quanti-

tatively tested against actual crustal inputs to the

subduction zone. Moreover, subducted slabs are

geochemically processed as they descend through

the subduction zone [16–19], which fundamentally

modifies the composition of the slab residue that is

ultimately transported into the deep earth. The radio-

active decay systems of 238U–206Pb, 232Th–208Pb, and
235U–207Pb provide valuable geochemical tools for

tracing the evolution of subducting slabs because the

three elements appear to partition differently in slab

fluids, and the half-lives of the decay systems are

large enough to make adequate tracers over the age of
the earth. The goal of this work is to develop a

quantitative model for Pb isotope evolution in the

mantle, incorporating recent measurements of U, Th,

and Pb in AOC and arc lavas. Thus far, studies of the

U–Th–Pb system have focused on separate phenom-

ena: (1) the Ce/Pb evolution of the earth; (2) high l
(238U/204Pb) in OIB; and (3) the upper mantle bkappa
(232Th/238U) conundrum.Q We discuss each of these

topics below, then consider how to unite them into a

single model for the U–Th–Pb system.

Hofmann et al. [20] first demonstrated the high

value and relative constancy of Ce/Pb in the oceanic

mantle (OIB and mid-ocean ridge basalt [MORB]), in

contrast to the distinctly low Ce/Pb values in the

continental crust, subduction-related magmas, and the

bulk earth. Several studies have since developed

quantitative models for the Ce/Pb evolution of the

mantle and crust based on mass balance of Ce and Pb

across the Aleutian arc [17], experimentally deter-

mined partition coefficients for Ce and Pb between

high P–T aqueous fluids and slab silicates [18],

present-day continent and MORB compositions [19],

and Pb redistribution in oceanic crust during hydro-

thermal alteration [21,22]. Together, these studies

indicate preferential enrichment of Pb over Ce in arc

magmas and the continental crust as a consequence of

the hydrothermal mobility of Pb during seafloor

alteration and subduction dehydration. These different

studies estimate 25–33% loss of the Pb budget in

subducting AOC to arc magmas, and ultimately the

continental crust, leaving the high Ce/Pb slab residue

to mix back into the mantle. The Ce/Pb cycle has thus

been quantitatively well described. Similar constraints

on the U–Th–Pb cycle would permit forward model-

ing of Pb isotope evolution in the earth through time,

which is the primary goal of this study.

Lead isotopes provide clear evidence that most

hotspot magmas do not derive from primordial mantle

because they trend to more radiogenic 206Pb/204Pb and
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207Pb/204Pb compositions than the closed system,

meteorite-defined geochron. This observation relates

to the classic bPb paradox,Q which stems from the

observation that both the mantle and continents lie to

the right of the geochron [23]. Resolution of the Pb

paradox requires a complementary low l (238U/204Pb)

reservoir in the Earth (probably the core [24]), but the

generation of high l (HIMU) in the OIB source is a

separate problem. The most common explanation for

HIMU OIB is subduction recycling of high l AOC

[2,12,25]. While this is a plausible solution that

broadly satisfies the two U–Pb isotopic decay

systems, it fails to address constraints from the

evolution of thorium-derived Pb (208Pb/204Pb) and

Th/U in the mantle (i.e. the bkappa conundrumQ).
The discrepancy between the Pb isotopes of

MORBs and their present ratio of parent isotopes

(j =232Th/238U) has been dubbed the bkappa conun-

drumQ [5]. Specifically, 208Pb/204Pb and 206Pb/204Pb

in MORB appear to have evolved over time from

mantle with higher j (i.e. jPb) than the lavas record

today [26,27]. One general solution to the kappa

conundrum is to decrease j in the upper mantle, either

through continent extraction [27,28] or uranium

addition from subducting slabs [5]. Successful sol-

utions for the kappa conundrum, however, must be

consistent with Ce/Pb and Pb isotopic constraints

from other earth reservoirs.

Several models independently explain Ce/Pb,

HIMU, and kappa, but none yet link all three

observations in a single, coherent model for U, Th,

and Pb. Resolution of these theories requires con-

straints on U, Th, and Pb concentrations in subducting

AOC, from mid-ocean ridge to the trench and through

the subduction zone. Here, we discuss data from a new

bulk estimate of AOC and evaluate how compositions

of the slab, arc crust, and upper mantle change as

subducted crust advances through the earth’s interior.
2. Prior work on altered oceanic crust

Our current understanding of the bulk composition

of old AOC comes largely from a single location,

DSDP Site 417/418, which is the only well-studied,

high-recovery (N50%) drill site that penetrates deeply

(N500 m) into slow-spreading, 118 Ma Atlantic crust

[29]. The Site 417/418 data provide a primary
reference for the geochemical effects of long-term

seafloor alteration on the composition of oceanic crust

[4,29,30]. Another well-studied drill site, DSDP/ODP

Hole 504B, situated in young (~7 Ma) Costa Rica Rift

crust, is the deepest-penetrating basement hole in the

oceans (1.8 km) and provides a reference for young

AOC [31,32]. Hole 504B is also the only location

where drilling has provided an in situ section through

both extrusive pillows and flows and underlying

dikes.

Hart and Staudigel [4] used Site 417/418 data to

develop a Pb isotope evolution model demonstrating

how AOC, subducted continually throughout Earth

history, would evolve to the present day. This model

consists of multiple, three-stage Pb isotope growth

models (modified from the two-stage model of [33])

that initiate the third stage at different times through

earth history, illustrating the continuous addition of

material of constant composition into a reservoir

isolated from the rest of the mantle (Fig. 1). At any

time in Earth history, oceanic crust with the Pb

isotopic composition of the mantle is enriched in U

through seafloor alteration and then is bsubductedQ
into the isolated reservoir. The parent isotopes of U

and Th decay to Pb isotopes that reflect both the time

of AOC subduction and the starting parent/daughter

ratios: l (238U/204Pb), and x (232Th/204Pb). At

present, AOC that has been continuously added to

this reservoir should fall along an array formed by a

line connecting each of these curves at t=0 (Fig. 1).

Hart and Staudigel [4] used this model with the data

from Sites 417/418 to show that AOC will evolve

through time to a Pb isotopic composition that does

not resemble any oceanic basalt (line A, Fig. 2a,b).

This result derives from a large increase in l with a

simultaneous decrease in x for Site 417/418 AOC.

Altered MORB with these parent/daughter character-

istics will evolve to very low 208Pb/206Pb compared

with the modern oceanic mantle.

Bach et al. [32] reached a similar conclusion for the

bulk composition of Hole 504B, but also evaluated

how this crust must change in order to make a viable

precursor to HIMU. They concluded that AOC at

Hole 504B must lose 80–90% Pb and 35–40% U in

order to create a composition that will develop a

HIMU signature in 1–2 Ga. While some losses are

expected during subduction-driven dehydration, Bach

et al. [32] note a significant discrepancy between their
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Fig. 1. Growth curves for (a) 208Pb/204Pb and (b) 207Pb/204Pb vs. 206Pb/204Pb used to construct the Pb isotope evolution models [4] in Fig. 2.

Thick black line is a simple, two-stage growth curve [33], beginning the first stage at T1=4.5 Ga and the second stage at T2=4.0 Ga. The

endpoint at t =0 Ga on the two-stage curve represents the model position of the least radiogenic MORB at the present day (DMM). Conditions

for stages 1 and 2 are provided in Table 1. Three-stage growth curves are shown as thin black lines, which follow the two-stage curve until

initiation of the third stage at T3 in 0.5 Ga intervals. Each three-stage curve represents the growth curve followed by oceanic crust derived from

the MORB mantle at some time in the past (T3), geochemically modified through alteration and/or subduction, and then sequestered until the

present (t =0) to allow ingrowth of radiogenic Pb [4]. The dashed line connects the two- and three-stage curves at t =0 (present day) to show the

trend of the isotopic array of crust of a given composition continually subducted throughout Earth history, as in Fig. 2. All three-stage curves

derive from constant l and x (from the 417/418 Super composite [4]; Table 1). Gray circles are MORB and OIB [5].
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calculated Pb losses from the slab (80–90%) and those

determined through other means (i.e. 25–33% from

Ce/Pb; see above).
There are, however, two major points to consider

before abandoning the subducted slab model for OIB.

First, data from Sites 417/418 and 504 may not
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Site 801 Super composite (500 m), line D is ODP Site 801 (6 km; see Table 1). ODP Site 801 AOC (6 km) after subduction zone processing in

(c) 208Pb/204Pb and (d) 207Pb/204Pb vs. 206Pb/204Pb. Line E is the residual slab after processing through the arc at maximum crustal growth (lost

75% Pb, 10% U), line F is the residual slab after processing through the arc and back-arc at maximum crustal growth (lost 98% Pb, 50% U), line

G is from model OIB reservoir parameters [5] (equivalent to slab losses of 58% Pb and 54% U).
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accurately reflect the composition of global subduct-

ing AOC, and second, the U–Th–Pb systematics in arc

magmas independently constrain the further process-

ing of AOC during subduction. We address both

issues here.
3. Samples and methods

The young age and poor recovery at Hole 504B

and lead contamination suffered by Site 417/418

samples ([4]; see Table 1) raise questions about their

suitability for studies of U–Th–Pb cycling. Here, we

evaluate new data from ODP Site 801, a recently
drilled sequence of fast-spreading, Jurassic MORB

(170 Ma [34]) in the western Pacific Ocean. Initiated

during ODP Leg 129 [35] and continued during Leg

185 [34], drilling at Site 801 penetrated 470 m into

basement, sampling most of the extrusive sequence of

crust. Site 801 is not only ideally situated relative to

the well-studied Mariana island arc system, but since

it is the only deeply drilled site in old, fast-spreading

Pacific crust, Site 801 is also an appropriate basement

reference site for much of the global subduction flux.

Estimation of the bulk composition of Site 801

comprises inductively coupled plasma mass spec-

trometry (ICP-MS) analyses of 79 discrete and 10

mixed composite samples. Sample descriptions, sam-



Table 1

Composition of subducting crust and mass balance results

Pb

(ppm)

Th

(ppm)

U

(ppm)

l (238U/204Pb) x (232Th/204Pb) j (232Th/238U) Pb lost U lost

Pb isotope

model Stage 1 [4,5]

8.2 29.0 3.6

Pb isotope

model Stage 2 [4,5]

8.0 30.8 3.9

417/418 fresh [4] 0.28 0.063 0.035

417/418 Super [4]a 0.69 0.0723 0.321 30 7 0.23

504B fresh [32]b 0.232 0.11 0.016

504B VZ Super [32] 0.232 0.11 0.055 17 36 2.1

801 Primitive Glass

(42R2-116; [36])

0.284 0.111 0.044

801 Dikes

(28R1-118; [36])

0.380 0.179 0.088

801 Gabbroc 0.213 0.049 0.011

801 Super [36] 0.437 0.173 0.390 56 25 0.45

801, 6 kmd 0.241 0.092 0.062 17 25 1.5

Mariana Arc

(Gug9; [45])

2.03 0.271 0.147

Mariana Arc Mantle 0.225 0.030 0.016

Mariana Arc

MORB Mantle [51]

0.019 0.004 0.001

Mariana Trough

(T780:1-3; [55])

0.78 0.36 0.14

Mariana Trough Mantle 0.045 0.021 0.011

Mariana Trough

MORB Mantle [51]

0.032 0.015 0.005

Required for OIB [5] 18 60 3.3 58% 54%

Slab post-arc

(29–50 km3/Ma/km

[52,53])

0.136–0.060

(0.125)

0.092 0.059–0.056

(0.058)

27–59 (29) 44–100 (48) 1.6–1.7 (1.6) 44–75%

(48%)

5.5–9.6%

(6.1%)

Slab post-back-arc

(83–178 km3/Ma/km

[47])

0.110–0.004

(0.099)

0.092 0.047–0.031

(0.047)

27–445 (30) 54–1354 (60) 2.0–3.0 (2.0) 10–23%

(10%)

19–40%

(19%)

Slab post-deeper losses 4–0%

(0%)

30–0%

(29%)

Losses reported as % of original 6 km crustal input. Values in parenthesis indicate preferred values for crustal growth rates of 32 and 83 km3 /

Ma/km for the arc and back-arc. Preferred arc growth rate is average of Reymer and Schubert [52] rates, preferred back-arc rate constrained to

make x =60 in slab residue.
a Many of the 417/418 samples suffered Pb contamination, thus Hart and Staudigel [4] used a Pb value (underlined) derived from a subset of

samples inferred to have avoided contamination.
b U value is from Site 504 bprecursorQ composition, Th and Pb (italicized) are assumed to be unchanged in bulk upper 500 m during alteration.
c Calculated by summing 2 km of 801 dikes and 4 km of gabbro to a Fo89 liquid back-calculated from the primitive glass composition (see text).
d Sum of 0.5 km of 801 Super, 1.5 km of 801 dikes and 4 km of 801 gabbro (see text).
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pling and analytical methods, and major and trace

element data for Site 801 are presented in Kelley et al.

[36]. Trace elements in five pristine glass samples

were also determined by solution and laser ablation

ICP-MS [36,37], and these provide a necessary

baseline against which to assess the effects of

alteration. The composite samples are physical mix-

tures of discrete sample powders, combined in the
relative proportions of their abundance throughout the

core, intended to capture bulk characteristics of large

portions of AOC. The composites include averages of

less altered and highly altered lithologies, averages of

specific depth intervals, and a bSuperQ composite

representing the bulk composition of the full 420 m

tholeiitic sequence at Site 801. Similar composites

were prepared from Site 417/418 samples [29], and
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ppm). (b) U concentrations in secondary carbonates vs. depth. Laser-ablation ICP-MS analyses of individual carbonates (open circles), and

average carbonates within samples (filled stars), and down-core distribution (guided by logging data; light gray shading). Data, averages, and

depth intervals are given in Supplementary Table B. These sample averages are weighted by the length weights given in Supplementary Table B

to determine the average for the site (1.46 ppm U on average in carbonates; dark vertical band). Error bars for each sample are 2r of the mean of

the analyses. The uncertainty on the site average was calculated using a Monte Carlo scheme where each sample average was allowed to vary

randomly within its 2r prior to weighting and calculating site average. The uncertainty quoted (F0.42 ppm) represents the full range in 90% of

the trials. Box calculation shows how we estimate the proportion of carbonate-bound U that is added by alteration. CU and CCaCO3 are

concentrations of U and CaCO3 in different phases, subscript SC is 801 Super composite, Gl is average 801 glass, Carb is average 801

carbonate. Value for CaCO3 in the 801 Super composite from [64].
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equivalent weighted averages were calculated for

Hole 504B [32], making these three locations directly

comparable. We adopt the compositions denoted

bSuper compositeQ as representative of the upper

500 m at Sites 417/418 and 801, and bvolcanic zoneQ
for the upper 500 m at Site 504.

To determine the mineral hosts of secondary U at

Site 801, 12 thin sections were also analyzed by laser

ablation ICP-MS at Boston University. Samples are

largely from the high-U discrete samples reported in

[36], and span most of the 420 m tholeiitic section of

the site (Fig. 3a). Uranium and 20 other trace elements

were measured by rastering a 50-Am beam across the

thin sections. A significant portion of the U is hosted

in secondary carbonates, and we report 83 analyses of

the major and trace element compositions of ankerite

and calcite in Supplementary Tables A and B. Laser

ablation ICP-MS detection limits were b1 ppb, and

spot-to-spot precision was b4% RSD for U. Time-

resolved laser data were reduced using 43Ca as an

internal standard, and NIST 612 glass as the external

calibration standard. Further details can be found in

Supplementary Table B and Farr [38].
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Fig. 4. Nb, Pb, and U vs. Th in ODP Site 801 samples. Data for

discrete samples, composites, and glass from Kelley et al. [36]. Gray

lines are NMORB ratios from Sun and McDonough [65].
4. Results

To illustrate the small-scale geochemical variations

at Site 801, as well as the effectiveness of the

composites at capturing the characteristics of AOC,

we plot Nb, Pb, and U vs. Th for discrete and

composite samples (Fig. 4). Both Th and Nb appear

immobile and unaffected by alteration (Fig. 4a),

illustrated by average NMORB Nb/Th ratios of glass,

discrete samples, and composites. The discrete sample

data show that alteration redistributes Pb (Fig. 4b), but

the average Pb/Th of the composites is within 10% of

fresh glass and average NMORB, suggesting Pb is

redistributed locally with little to no net change in the

top 500 m of AOC. Uranium, however, is clearly

enriched in most discrete samples and all of the

composites (Fig. 4c). The 801 Super composite

indicates a bulk 4.4-fold enrichment of U over pristine

glass (0.39 ppm bulk vs. 0.09 ppm average glass) in

the upper 500 m of oceanic crust (Fig. 3a) that is

consistent with the log-derived bulk U concentration

(0.4 ppm [39]). Bulk U enrichment creates high l
(238U/204Pb; l801=56 (Table 1), lDMM=8 [4]), but
leaves x (232Th/204Pb) close to a typical mantle value

(x801=25 (Table 1), xDMM=30 [4]).

The U enrichment at Site 801 is widespread, but

does not vary simply as a function of depth or

alteration mineralogy. Laser ablation-ICPMS rasters

of thin sections show high U concentrations in both

secondary carbonates and redox haloes proximal to

veins [38], supporting prior work linking U uptake in

altered basalt to carbonate (e.g. [29]) and iron

oxidation (e.g. [40]). Different generations of carbo-
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nate have different U contents, from b0.1 to N50 ppm

U (see Supplementary Table B and Fig. 3). The high

U carbonates have high Sr and REE patterns similar to

seawater, clearly implicating a seawater source of U.

The low U carbonates have REE patterns similar to

basalt, suggesting they precipitated from fluids that

interacted extensively with the host rocks and lost U

along the pathway. These different types of carbonates

are distributed through the core, presumably as

different generations of carbonate precipitated during

the 170 Ma history of the site, consistent with cross-

cutting relationships [41] and Pb isotope model ages

[42]. High-U carbonates predominate in the zone at

725 mbsf, filling primary porosity within hyaloclas-

tites that contain fresh basaltic glass. A significant

amount of U is also found in alteration haloes

surrounding veins. We find the highest U precipitated

well away from the veins, in the boundary between

oxidized (celadonite-rich) and reduced (saponite/

pyrite-rich) haloes [38]. This distribution suggests

processes similar to roll-front deposits, where U (VI)

is mobilized from oxidized regions proximal to veins,

and precipitated as U (V or IV) oxides when reaching

distal reduced portions of the rock. Redox haloes

predominate deep in the core (N850 mbsf), creating

U-enriched regions in the absence of high U

carbonates.

Uranium enrichment of the extrusive basalts at Site

801 (0.39 ppm bulk vs. 0.09 ppm glass; Table 1) is

comparable to that estimated at 118 Ma Site 417/418

(0.321 ppm bulk vs. 0.035 ppm fresh [4]; Table 1), but

is considerably greater than the enrichment deter-

mined at 7 Ma Hole 504B (0.055 ppm bulk vs. 0.016

ppm fresh [32]; Table 1). These observations support

the prediction that carbonate precipitation occurs

throughout the history of a site [43], and is a major

host of secondary U. Thus, unlike other aspects of

seafloor alteration (e.g. Rb/Sr and d18O), which are

thought to form within a few Ma after formation of the

oceanic crust [43], U enrichment may continually

increase with crustal age.

The extrusive sequence of oceanic crust, however,

is a thin layer overlying ~6 km of total crust,

comprising 2 km of volcanics (0.5 km pillows and

flows, 1.5 km dikes) and 4 km of gabbros. While the

upper 500 m may be the most intense focus of

alteration, by mass it is b1/12 of the total crust. A 6

km sequence of crust should sum to a mantle-derived
melt (in equilibrium with Fo89) that has differentiated

into gabbros, dikes, and pillows and undergone

variable extents of alteration. We estimate the 6 km

bulk composition of AOC at Site 801 by first back-

calculating the most primitive glass (42R2-116 [37];

Table 1) to a mantle melt by adding equilibrium

olivine in 1% increments until Fo89 equilibrium is

reached (17% total olivine added). This yields a

primary bulk composition of the total crust, prior to

any alteration. This primary bulk composition may

then be segregated into gabbroic and eruptive

constituents by assuming the upper 2 km consists of

an average glass composition (28R2-118 [37]; Table

1) and the geochemical remainder is distributed over 4

km of gabbro (Table 1). In essence, for a given

element, CB
i =0.33(CV

i)+0.66(CG
i), where Ci is the

concentration of element i, and subscripts B, V, and G

refer to bulk (i.e. 42R2-116), volcanic (i.e. 28R2-118),

and gabbro, respectively. To determine the bulk

composition of 6 km of AOC (Table 1), we recalculate

the bulk 6 km using 4 km (66%) of gabbro, 1.5 km

(25%) of average glass (28R2-118; equivalent to

unaltered dikes), and 0.5 km (8%) of Site 801 Super

composite. We assume that Pb and Th are both

conserved in the bulk crust during alteration of the

dikes and gabbros. Although Pb is clearly redistrib-

uted during alteration [21,22], it remains within the

crustal package that is consumed at subduction zones.

Lead and thorium are therefore roughly equal to their

initial concentrations in the bulk crust (Table 1), and

enrichment of U in the gabbros and dikes is

considered negligible [32,44]. The full 6 km sequence

of AOC is, however, enriched in U by a factor of 1.7,

which is the result of alteration in the upper 500 m.
5. Discussion

Revisiting the Hart and Staudigel [4] calculation

for each of the three AOC estimates, we find that our

new AOC composition does not fundamentally

change the earlier conclusions. Subducting AOC

wholesale into the mantle at various times past still

creates negatively sloping (or sub-horizontal) arrays

with low 208Pb/204Pb relative to 206Pb/204Pb (Fig. 2a)

quite different from any oceanic basalt. Consideration

of a full 6 km sequence of crust does not change this

result (Fig. 2a,b, line D). AOC thus must be chemi-
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cally processed by subduction, with the net effect of

increasing x in the slab (achieved in practice by

mobilizing Pb and U) if it is to contribute significantly

to the OIB source.

The net effects of subduction on the U–Th–Pb

composition of the slab have never been simple to

deduce from the compositions of arc basalts, which

are enriched over mid-ocean ridge basalts (MORBs)

in each of these elements. All three elements are

recycled from the slab to the arc, but of particular

importance is the relative fractionation of each from

the others. For example, distinctive low Ce/Pb ratios

and U-series studies indicating 238U excesses in arc

lavas (e.g. [45]) have always pointed to Pb and U

mobility in subduction zones, but which is more

mobile? Part of the dilemma in interpreting the origins

of U, Th, and Pb enrichments in arc lavas arises from

mixed contributions of sediment- and AOC-derived

components. Using only high-quality ICP-MS data,

we find that Pacific arcs define two-component

mixing arrays (Fig. 5). These arrays are most likely

controlled by mixing of subducted components,

shown for example by the Pb isotopic composition

of arc basalts [17] and strong global linkages between

the Th compositions of incoming sediments at

trenches and arc volcanics [46]. One end-member is

arc-specific, variably enriched in Th, and probably

derived from subducted sediment. The other, presum-
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Fig. 5. Pb/U vs. Th/U in arc lavas (all ICP-MS data). Dark gray

triangles are Honshu [66], light gray squares are Aleutians [67],

black circles are Marianas [45], open diamonds are Mariana back-

arc [55]. Thin black lines are RMA linear regressions through data.

Thick black line illustrates the difference between bulk AOC and

the AOC-derived fluid.
ably AOC-derived, is more uniform, low in Th, high

in Pb, and much higher in Pb/U (and thus lower in l)
than AOC itself. Subtracting the contribution from

sediment resolves the fractionations of U, Th, and Pb

in the AOC-derived fluid that contributes to the arc.

The mixing relationships in Fig. 5 support the idea

that a primary source of variability in arc magmas

stems from differences in the subducting sediment

column at each trench [47], while AOC contributes a

more uniform composition. This notion is also

consistent with the arc basalt/sediment flux correlation

diagrams of Plank and Langmuir [46], where sedi-

ment flux controls the trend and AOC flux controls

the intercept at zero sediment. For some elements,

such as Ba, the intercept (Ba/Na) is highly enriched

over MORB, implying significant addition of Ba from

the AOC. For others, such as Th, it is not, implying

negligible AOC-derived Th (and a dominance due to

the sediment Th flux). In the following calculations,

we therefore assume that AOC contributes zero Th to

the arc, which means our estimates of U and Pb losses

are minima and would be greater if Th were mobile.

By assuming Th is perfectly immobile, the Pacific

arcs in Fig. 5 indicate that Pb is extracted ~8 times

more than U from AOC into the AOC-derived fluid

(i.e. [Pb/Ufluid]/[Pb/UAOC]=30/4=7.7). Preferential

Pb loss from AOC will increase both l and x in the

slab residue, which moves compositions in the right

direction towards creating the OIB source (Fig. 2b).

We determine actual slab losses through mass

balance at the Mariana trench, where inputs and

outputs are well-constrained [36,45,48]. Input fluxes

to the Mariana trench are calculated by multiplying

oceanic crustal thickness (6 km) by density (2.8 g/cm3

for volcanics, 3.0 g/cm3 for gabbro) [49], convergence

rate (5.475 cm/yr [50]), and concentration of U, Th,

and Pb (Table 1), yielding fluxes of 243 g/yr/m arc

length Pb, 91 g/yr/m arc length Th, and 54 g/yr/m arc

length U. Output fluxes at the Mariana volcanic arc

are determined by starting with a Mariana lava with

the greatest AOC component and least sediment

component (sample Gug9 [45]; Table 1), then con-

verting it to a primary mantle melt by adding 35%

olivine (to equilibrium with Fo89; see above) and then

calculating from it a mantle source composition by

assuming batch melting and F =15% (based on Na2O;

Table 1). This arc mantle composition reflects a

mixture of three components: MORB-like mantle,
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sediment, and AOC-derived fluid. We remove U, Th,

and Pb contributions from the sediment to the arc

mantle by first subtracting appropriate, depleted

MORB mantle Pb, Th, and U concentrations (Table

1; [51]) from the arc mantle concentrations, then

assuming all Th in excess of the MORB mantle is

sediment-derived (i.e. CS
Th=CAM

Th �CMM
Th , where CTh

is the concentration of Th, and subscripts S, AM, and

MM refer to sediment component, arc mantle, and

MORB mantle, respectively). We then choose

Mariana sediment component characteristics consis-

tent with sediment Th/U from [45] and Fig. 5 (Th/

U=2.8 and Pb/U=1.1), and use CS
Th to determine CS

Pb

and CS
U. These sediment contributions are then

subtracted from the sediment+ fluid concentrations

remaining after the initial subtraction of the MORB

mantle, leaving the concentrations of U and Pb

contributed to the arc mantle by the AOC-derived

fluid. To convert these equivalent mantle concentra-

tions into arc output fluxes, we divide the fluid

concentrations by F (15%) and multiply by arc crustal

growth rates [52,53] (Table 1), which are the largest

source of error and are currently not known within a

factor of 2. These calculations indicate that the altered

oceanic crust contributes 106–183 g/yr/m arc length

Pb and 3.0–5.1 g/yr/m arc length U to the Mariana arc

crust. Dividing these output fluxes by the AOC input

flux yields the total recycling efficiency: 44–75% of

Pb and 6–10% of U lost from AOC to the Mariana arc

(Fig. 2b).

Arcs, however, are not the only locations of mass

transfer from the slab to the surface. Fore-arc

serpentinite mud volcanoes and the back-arc lavas in

the Mariana Trough also include chemical compo-

nents derived from the slab. Transfer of U, Th, or Pb

from the slab to the fore-arc is negligible, since these

elements are not enriched in fore-arc serpentinites

[54]. We calculate the AOC flux to the back-arc in the

same way as the arc (see above), using a back-arc lava

with characteristics closest to AOC-derived fluid

(Sample T780:1-3 [55]; Fig. 5), adding back 10%

equilibrium olivine, and assuming F =10% (Table 1)

and a MORB mantle composition appropriate for the

back-arc (Table 1; [51]). We subtract sediment

contributions in the same way (using Th/U=5 and

Pb/U=0.9 from Fig. 5), and with appropriate back-arc

spreading rates [47] (Table 1), estimate AOC-derived

output fluxes for U and Pb at the Mariana Trough. We
calculate a smaller loss of Pb (10–23%) and a greater

loss of U (19–40%) at the back-arc relative to the arc.

Fig. 5 illustrates two main observations quantified by

these calculations, one of preferential loss of Pb over

U during subduction (54–98% Pb loss vs. 25–50% U

loss from AOC), and the other of an inferred depth

dependence to Pb and U loss (Pb is mostly lost

shallow to the arc, and U is mostly lost deeper to the

back-arc).

Our estimate of Pb loss from subducted AOC (54–

98%) is greater than prior estimates (29–33% [17–

19,21,22]). This is partly because our estimates

include both the arc and back-arc contributions; if

we compare only the Pb losses to the arc (44–75%),

then our results are somewhat closer to the prior

range. Indeed, one might argue that back-arc spread-

ing centers are rare and, while relevant to the mass

balance in the Marianas, might not be pertinent to a

global calculation. On the other hand, back-arc

magmas bring material to the surface that is lost from

the slab and could otherwise remain in the upper

mantle, and should perhaps be considered in models

for the evolution of the deeper mantle and residual

slab. Using our full estimates for Pb loss from AOC

(54–98%), and assuming all of this Pb remains

sequestered from the upper mantle, the Ce/Pb

evolution of the mantle from 4.5 Ga would proceed

too quickly beyond the observed modern MORB Ce/

Pb of 25 to values between 50 and 197 at the present

day [19]. This discrepancy suggests that (1) lower

crustal growth rates are more consistent with con-

straints from Ce/Pb and (2) some Pb lost from the

slab, particularly beneath the back-arc region, could

become re-incorporated into the upper mantle. If we

consider only Pb losses to the arc (44–75%), the

mantle Ce/Pb would proceed to lower values (38–96),

though still too high for modern MORB. We note,

however, that the Ce/Pb evolution curves for Pb

recycling at lower arc growth rates (29–36 km3/My/

km arc length [52]; 44–54% Pb loss) intersect the

modern Ce/Pb value of 25 at 1.5–2.0 Ga before the

present. If modern-analog subduction processes that

efficiently remove Pb relative to Ce from subducted

crust initiated at a later stage in earth history (e.g. 3.0–

2.5 Ga, instead of 4.5 Ga), then high recycling rates

for Pb are fully consistent with mantle Ce/Pb

evolution. The effect of higher Pb loss on mantle

Ce/Pb could, alternatively, be balanced by low Ce/Pb
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sediment that often accompanies AOC into the

mantle, although we do not quantitatively address

the consequences of sediment addition to the isotopic

balance in this model.

Our estimates of the Pb and U losses from AOC to

the arc and back-arc not only quantify the sense of

Pb–U fractionation in the subduction zone, but also

allow predictions of the long-term effects of this

process on mantle Pb isotopes. Preferential loss of Pb

to the arc relative to U and Th moves the residual slab

in the right direction towards creating the OIB array,

but losses to the arc alone are insufficient to create a

composition that will develop HIMU Pb isotope ratios

(line E in Fig. 2c,d). Only by selecting extreme, high-

end Pb and U losses to both the arc and back-arc (i.e.

98% Pb and 50% U; which correspond to maximum

crustal growth rates) will the slab become a viable

precursor for HIMU. These maximum growth rates

may successfully transform subducted AOC into a

reservoir that will evolve very rapidly (b0.5 Ga) to

the 208Pb/206Pb composition of HIMU OIB (line F in

Fig. 2c), but obtaining this result by selecting the

maximum end of our estimates is not entirely

satisfying and is ultimately inconsistent with Ce/Pb

(see above) and the 207Pb/206Pb system (line F in Fig.

2d; 207Pb/204Pb too low for oceanic basalts). We have

also not yet addressed the kappa conundrum and, as

suggested by Elliott et al. [5], these two issues may be

linked. By choosing more conservative estimates of

arc and back-arc crustal growth rates (e.g. Table 1),

and allowing further losses of U from the slab to the

convecting upper mantle, subduction may simulta-

neously create HIMU and resolve the kappa conun-

drum (i.e. supply U to the upper mantle, decreasing

Th/U over time).

Fig. 6 and Table 1 illustrate this preferred model,

which begins with an estimate of losses to the arc

(48% Pb and 6% U) that correspond to an average of

the lower crustal growth rates of [52] (i.e. 32 km3/Ma/

km arc length; Table 1). We then constrain Pb loss to

the back-arc to lie within the range of Pb losses

permitted by back-arc spreading rates while satisfying

constraints on x (232Th/204Pb) in OIB (xOIB=60 [5];

Table 1), leading to 10% further Pb loss to the back-

arc (58% total; Table 1). Back-arc U losses then derive

from this same spreading rate, leading to 19% loss of

U to the back-arc (25% total; Table 1). The additional

deep U loss (29%) is constrained by the difference
.

between j in the starting 6 km AOC and j in OIB

(Table 1; [5]) (i.e. [1� (jAOC /jOIB)]�25%). These

conditions ultimately satisfy the Pb isotopic con-

straints on HIMU for all three decay systems (line G,

Fig. 2c,d), as well as our mass balance across the

Mariana arc. Such deep U release from subducted

slabs is also of the right magnitude to solve the kappa

conundrum. Assuming 37,000 km of global arc

length, our flux calculations indicate that post-arc U

loss from AOC supplies a global mass flux of 1�109

g/yr of U to the upper mantle, which is the minimum

flux required to balance the decrease in upper mantle

kappa (from 4.0 to 2.6) over 1.8 Ga [5]. The Nb/U

ratio has also steadily decreased in the depleted

mantle since ~2.0 Ga, coincident with kappa [56],

which further supports the notion that subduction

creates a net flux of U into the upper mantle.

High total U losses (54%) contradict current

experimental and field constraints on amphibolite/

fluid and eclogite/fluid element partitioning [57–60]

that suggest Pb is ~10–60 times more mobile than U

during slab dehydration. The range of partitioning

data is, however, comparable to the relative parti-

tioning indicated by our sub-arc fluid composition,

which shows Pb is removed 8� more than U from

AOC. These independent experimental and field

constrains may therefore be most reflective of

shallow, sub-arc processes, and less applicable to

deeper slab processing.

Another result of our model calculations is that Pb

and U appear to be lost from the slab at different

depths (Fig. 6). As the slab descends through the

subduction zone, Pb is primarily lost beneath the arc

whereas U loss increases with depth. The greatest U

loss from the slab, in fact, could take place in the
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upper mantle, beyond arc and back-arc magma

sources, where no direct magmatic expression exists

at the surface. Aside from satisfying the l and j
constraints, physical evidence from samples of altered

oceanic crust also points to the likelihood of deeper U

loss. The laser ablation ICP-MS data from alteration

phases at Site 801 show that ~50% of the excess U is

bound in secondary calcite (Fig. 3; Supplementary

Table B). Because 30% of the U in AOC is secondary,

then ~15% of the total U in the 6 km bulk AOC is

carbonate-hosted. Calcite stability within the subduc-

tion zone may exercise a dominant control over U-

losses from the slab, whereas sulfide stability may

control Pb loss [22]. Carbonates can remain stable

deep into the mantle (z300–400 km depth [61–63]),

providing a mechanism to delay U release from the

slab. Indeed, the proportion of calcite-bound U at Site

801 (15%) is similar to the deep U loss predicted

(29%; Fig. 6). Thus, while originally proposed on the

grounds of the kappa conundrum, the deep release of

U and the relative partitioning of U, Th, and Pb may

be predictable consequences of the different phases

that fix and transport these elements in the downgoing

plate.
6. Conclusions

The composition of altered oceanic crust, if

subducted as-is into the deeper earth, would evolve

to Pb isotopic compositions never observed in the

modern mantle. This arises because seafloor alter-

ation greatly increases U/Pb (l) but leaves Th/Pb

(x) essentially unchanged, which greatly perturbs the
208Pb/206Pb system. Instead, the chemical fractiona-

tions that occur in subduction zones further modify

the composition of the slab. The full U–Th–Pb cycle

involves a factor of 4.4 increase in U over Pb during

seafloor alteration of the upper 500 m of oceanic

crust (a factor of 1.7 increase in the full 6 km), an 8-

fold loss of Pb over U to the arc, but roughly equal

(~55%) overall losses of U and Pb, with no net

change to Th, through the subduction process.

Seafloor alteration thus doubles l in 6 km of

AOC, whereas subduction doubles x , generating a

composition that can create the Pb isotope signature

of OIBs. This work also provides quantitative input

for U, Th, and Pb fluxes that may be used in forward
models of subduction as a driver of coupled mantle

and continent evolution.

The different mineral hosts of U and Pb, and their

relative stabilities along the P–T path of the slab,

cause each element to show a different depth-loss

distribution through the subduction zone. Fig. 6

illustrates that there is no single bslab component,Q
and that each element may be used to trace a different

aspect of the subduction path. Deep losses of U past

the arc and back-arc magmagenesis zones not only

provide a solution to the bkappa conundrum,Q but also
may be a natural consequence of the subduction of

calcite-bearing altered oceanic crust.
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