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Abstract

High precision uranium isotope measurements of marine clastic sediments are used to measure the transport and storage time of
sediment from source to site of deposition. The approach is demonstrated on fine-grained, late Pleistocene deep-sea sediments from
Ocean Drilling Program Site 984A on the Bjorn Drift in the North Atlantic. The sediments are siliciclastic with up to 30% carbonate,
and dated by δ18O of benthic foraminifera. Nd and Sr isotopes indicate that provenance has oscillated between a proximal source
during the last three interglacial periods – volcanic rocks from Iceland – and a distal continental source during glacial periods. An
unexpected finding is that the 234U/238U ratios of the silicate portion of the sediment, isolated by leaching with hydrochloric acid, are
significantly less than the secular equilibrium value and show large and systematic variations that are correlated with glacial cycles and
sediment provenance. The 234U depletions are inferred to be due to α-recoil loss of 234Th, and are used to calculate “comminution
ages” of the sediment — the time elapsed between the generation of the small (≤50 μm) sediment grains in the source areas by
comminution of bedrock, and the time of deposition on the seafloor. Transport times, the difference between comminution ages and
depositional ages, vary from less than 10 ky to about 300 to 400 ky for the Site 984A sediments. Long transport times may reflect prior
storage in soils, on continental shelves, or elsewhere on the seafloor. Transport time may also be a measure of bottom current strength.
During the most recent interglacial periods the detritus from distal continental sources is diluted with sediment from Iceland that is
rapidly transported to the site of deposition. The comminution age approach could be used to date Quaternary non-marine sediments,
soils, and atmospheric dust, and may be enhanced by concomitant measurement of 226Ra/230Th, 230Th/234U, and cosmogenic nuclides.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The timescales of sedimentary processes are important
for understanding the relationships between tectonics,
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climate, and landscape evolution. However, the most
important sedimentary timescales are difficult to determine
despite recent advances in geochronology [1–3]. Here we
present evidence that U-series isotope measurements of
clastic silicate sediment provide a means of determining
the time required to transport detritus from its site of
generation by weathering and erosion to the site of
deposition. The “transport time,” as defined here and
illustratedwith data fromdeepmarine sediments, includes
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Fig. 1. Schematic diagram of recoil ejection of 234Th from a spherical
grain as a result of the alpha decay of 234U, followed by beta decay of
234Th to 234U. The net effect is depletion in 234U relative to 238U in the
surface layer of the grain, and an enrichment of 234U relative to 238U in
pore water surrounding the grain. Because 234Th is insoluble and
particle reactive, ejected 234Th should adsorb to grain surfaces. When it
decays to 234Pa and 234U, the recoil from beta-decay is too small to re-
implant 234Th back into the grains (and any implanted 234U is likely to
be easily leached and returned to the pore fluid). Similar recoil effects
are associated with the α-decay of 234U, 230Th and 226Ra.
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storage time, such as in soils, floodplains, and continental
shelf environments. The approach used emphasizes the
role of α-recoil, rather than chemical leaching, in deter-
mining the extent of disruption of U-series radioactive
equilibrium.

The general conclusions of this paper derive from a
study of U, O, Nd and Sr isotopes in fine-grained deep
sea sediments, aged 10 to 365 ka, cored in the North
Atlantic Ocean at Ocean Drilling Program Site 984A [4].
The drill site is located on the Bjorn Drift, where bottom
currents have reworked the detritus and the sedimenta-
tion rates are high [5]. The sediments are largely
siliciclastic, but have a significant carbonate component.
A detailed late Quaternary climate record is available
based on the δ18O of foraminifera and magnetic
susceptibility. The measured 234U/238U ratios of the
silicate portion of the sediments change systematically
through glacial cycles. These variations can be under-
stood in terms of α-recoil effects in fine-grained detritus
[6,7]. Below we review the expected behavior of
234U/238U ratios in fine sediment grains, which leads to
the definition of a “comminution age” for sediment, and
then evaluate the extent to which data for Site 984A fit
the expected behavior. The emphasis here on α-recoil
needs justification, as many other authors have assumed
that chemical leaching of solids is the primary
mechanism for producing disruption to the U-series
radioactive decay series.

This study is one of the first to apply high precision
mass spectrometric measurements to U-series isotopes in
silicate sediments. In the earliest U-series isotopic studies,
234U/238U ratios were measured by alpha counting tech-
niques, where the precision of about ±5% to ±10% [e.g.
[8,9]] was too poor to see the details of solid phase 234U
distributions. The 234U/238U ratio can now be measured
with an accuracy of ca. ±0.1% by TIMS and multi-col-
lector ICPMS [3,10–14]. The greatly improved measure-
ment precision makes it possible to clarify the 234U loss
characteristics of solids, and how they relate to grain size,
mineralogy, surface area, and chemical environment.

2. U isotopes in sediment grains

2.1. General model for a-recoil effects

Our interpretation of variations in the 234U/238U ratios
in sediments is based on a model for the disruption of the
238U decay series due to the loss of the decay product
234Th by recoil associated with the alpha decay of 238U
[15–21] (Fig. 1). The recoil 234Th atoms (24.1 days)
rapidly β-decay to 234Pa (6.7 h) and then to 234U. In
“normal” rock material, it is expected that the 234U/238U
ratio will be the “secular equilibrium” ratio— the inverse
of the ratio of the decay constants of the two nuclides:

234U
238U

SE

¼ k238
k234

¼ 0:00005489 or
234U
238U

� �
SE

¼ 1

ð1Þ
The parentheses in the second equation denote the

activity ratio. In general, 234U/238U ratios are discussed in
terms of the activity ratio even though the isotope ratio is
now the measured quantity [10,22,23]. A fragment of rock
or mineral that is “normal” in this context is large enough
that there is no loss of intermediate decay products in the U
decay series, and undisturbed for a sufficiently long time to
establish secular equilibrium (roughly 1 million years for
the 238U decay series). In most studies of U-series isotopes
in silicate rocks, (234U/238U) is either not measured or not
reported, because it is assumed that the ratio is very close to
the secular equilibrium value. In studies where it is repor-
ted [e.g. 24,25], which are studies of young volcanic rocks
for the most part, the activity ratios average 1.000±0.005,
and are unity within the analytical uncertainty. The con-
clusion that most rocks have the secular equilibrium
(234U/238U) values probably applies to crystalline rocks,
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but may not be an accurate description of some sedi-
mentary rocks and volcanic tuffs, depending on porosity,
grain size, and degree of lithification.

In rock fragments ormineral grains that are sand size or
smaller, a measurable fraction of the 234Th atoms pro-
duced from alpha decay of 238U is ejected from the solid
grains into the surrounding medium (Fig. 1). One result of
this effect is that surface water and groundwaters have
(234U/238U) up to 20 times higher than the secular equili-
brium ratio [3,26–38]. As groundwater acquires a high
(234U/238U), the solid phase (234U/238U) becomes less
than 1, although for many materials the depletion is
negligible. Depletion in the (234U/238U) of solids becomes
significant onlywhen the grain size is sufficiently small or
the surface area in contact with percolating fluids is large.
The (234U/238U) enrichment in pore waters is much larger
than the (234U/238U) depletion in the associated solids
because the U concentration in waters is typically 1000
times smaller than in solids.

The lowering of (234U/238U) in fine-grained sediment,
originally described by Ku [8], is easily measurable with
modernmass spectrometric methods [3,6], although it has
not receivedmuch attention by comparison to (234U/238U)
Fig. 2. Calculated and measured 234U recoil loss factors (fα) as a function
of grain size. The solid line is a plot of Eq. (2), which applies to a single
spherical grain, or a hypothetical sediment composed of spherical grains
with a single grain size. Also shown are lines for plate-and oblate
spheroid-shaped grains. The line labeled “Roughness=2” shows the
effect of a surface roughness factor (λs) of 2 on oblate spheroidal grains.
The uppermost line adds the effects of a grain size distributionwhere 50%
of the grains have themean grain size, 25%are 10 times smaller, and 25%
are 10 times larger than themean grain size. Themean grain size (15 μm)
and inferred range of the recoil loss factor for sediment from ODP Site
984A is indicated. The measured range of fα (the observed 234U/238U
depletion factor) of Hanford coarse silt (45–60 μm) is also shown. In
general, the observed fα values can be accounted for by α-recoil effects
and do not require preferential leaching of 234U.

Fig. 3. Evolution of the (234U/238U) in sediment grains as a function of
time. For large grains (>65 μm), the loss of 234U is small and they
show no aging effects. For silt and clay sized grains, the fractional loss
rate of 234U is between a few percent and 50%. Small grains produced
by mechanical erosion initially should have the secular equilibrium
isotope ratio, but eventually evolve an isotope ratio that is
commensurate with their size. The time scale for this evolution is 1 /
λ234, which is 354 kyr. After about a million years the grains reach a
steady state (234U/238U) that depends only on their size, but between
the time of formation and 1 Myr after, the isotopic ratio depends on
both size and age.
in natural waters. The 234Th recoil distance is in the range
30 to 40 nm in silicates [15,16,39]. The original estimate
by Kigoshi [15] was 55 nm in zircon (which would imply
a range of about 70 nm in feldspar), but more recent
measurements, as well as calculations using the quantum-
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mechanical SRIM model [40], suggest that the value is
closer to 30 nm for most silicate minerals [7]. For an ideal
spherical mineral grain, the fraction of 238U decays that
should result in the immediate ejection of the daughter
234Th atom from the grain (denoted here as fα) is [15]:

fa ¼ 3
4

L
r
−

L3

12r3

� �
ð2Þ

where L is the recoil distance and r is the grain radius.
Measurements of 234U/238U ratios in fine-grained sedi-
ments suggest that the fraction of 234U atoms lost as a
result of 234Th recoil is typically much greater than that
predicted by the spherical grain model and themean grain
size. In deep-sea sediments with average grain size of
about 10 μm, fractional depletions of 20 to 30% in
(234U/238U) are observed [6,8,9], whereas Eq. (2) would
predict 0.5% for spheres of 10 μm diameter. This
discrepancy may be one reason that preferential leaching
ofU from lattice-damaged sites is thought to be important.
However, detailed consideration of grain geometry
suggests that there is in fact little or no discrepancy.
2.2. Geometrical estimation of 234U loss

Sediments have larger fα values than calculated with
Eq. (2) for several reasons. Mineral grains are not
Fig. 4. Map of the North Atlantic region showing the location of ODP Site 98
locations of the shorelines at the last glacial maximum [LGM, 70] and th
northernmost Atlantic Ocean [5]. The heavy stippled line is the southern ex
margin of summer sea ice at the LGMwas much farther north, close to the upp
Europe is also shown; all of the other land shown (Iceland, Greenland, East
typically spherical and they have surface roughness. If a
grain has a plate shape (or oblate spheroidal shape) with
an aspect ratio of β and a surface roughness factor of λs,
then fα will be larger than predicted by Eq. (2) by a factor
of λs(1+β) /3 for disk-shaped grains, and approximately
λs(3+β) /2 for oblate spheroids with β>5. In addition,
because sediments have a distribution of grain sizes, and
the recoil loss factor is a function of grain surface area
rather than volume, the finest fractions of the sediment
make a contribution to the bulk sediment fα that is much
larger than their mass- or volume fraction would imply. A
more accurate formulation for the bulk sediment
fractional loss factor is therefore:

fa ¼
Z rmax

L=2
X ðrÞbðrÞksðrÞ 34

L
r
−

L3

12r3

� �
dr ð3Þ

where X(r) is the volume fraction of grains with major
radius r. Fig. 2 shows a comparison of the fα value
calculated for spherical grains with a specific radius, for
disk- and oblate-spheroid-shaped grains with the same
large dimension as the spheres, andwith additional effects
due to surface roughness and grain size distribution. For
the example distribution, the enhancement of fα due to the
presence of smaller grains is a factor of about 3. Also
shown is an estimate of fα for Site 984 sediment using a
4 on the southeast side of Reykjanes Ridge. Also shown are estimated
e location and direction of flow of modern bottom currents in the
tent of winter sea ice at the last glacial maximum [70]. The southern
er boundary of the figure. The southern extent of continental glaciers in
ern Canada) was completely ice-covered at the LGM.
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measured grain size distribution from Carter and Raymo
[41] and typical values of β (1 for the largest grains to 10
for the smallest), and λs (2 for the larger grains to 1 for the
smaller grains). This figure shows that it is possible to
account for the observed range of fα values in the Site 984
sediments (about 0.135 to 0.19 as discussed below)
entirely by α-recoil with reasonable values of β and λs,
and without additional leaching effects.

Another way to estimate fα is to use measurements of
specific surface area [15,29]. If the surface roughness is
Table 1
U, Nd, and Sr isotopic data, depth and age of ODP Site 984A sediment sam

Core/section Interval
(cm)

mbsf
(m)

mcd
(m)

Age
(kyr)

[234U/23

1-2W 74–75 2.24 2.29 10.7 0.9682
1-2W 139–140 2.89 2.94 13.6 0.9676
1-3-W 74–75 3.74 3.79 17.6 0.8940
1-3W 139–140 4.39 4.44 20.8 0.8784
2-1W 49–50 5.59 7.72 38.4 0.8825
2-2W 73–74 7.33 9.46 47.5 0.9040
2-4W 74–75 10.34 12.47 63.5 0.8808
2-5W 74–75 11.845 13.975 75.8 0.8695
3-2W 74–75 16.84 19.07 116.4 0.9607
3-2W-dup 74–75 0.9686
3-3W 74–75 18.34 20.57 123.2 0.9321
3-5W 74–75 21.34 23.57 142.8 0.8799
3-5W-dup 74–75 0.8913
3-6W 139–140 23.49 25.72 157.8 0.8600
4-3W 74–75 27.84 30.38 188.6 0.8477
4-3W-dup 74–75 0.8507
4-3W 139–140 28.49 31.03 193.1 0.9292
4-4W 74–75 29.345 31.885 199.0 0.9342
4-5W 74–75 30.84 33.38 206.6 0.9650
4-5W 139–140 31.495 34.035 208.3 0.9421
5-2W 74–75 35.84 39.59 256.0 0.8538
5-3W 74–75 37.34 41.09 269.5 0.8802
5-4W 74–75 38.84 42.59 283.3 0.8300
5-6W 74–75 41.84 45.59 296.0 0.8808
6-1W 74–75 43.84 48.18 312.0 0.9181
6-2W 139–140 45.99 50.33 326.7 0.8825
6-4W 139–140 48.99 53.33 348.6 0.8424
6-5W (ash) 74–75 49.84 54.18 353.1 0.9096
6-6W 74–74 51.34 55.68 361.6 0.9137
6-6W 139–140 51.99 56.33 365.2 0.9091

Samples are identifiedwith the standard designation of core and section (in column
Depths are given both in meters below sea floor (mbsf), the depth measured
correlation with other Site 984 holes so that data can be compared between
The 234U/238U ratios are reported as activity ratios, assuming that the equilibri
for instrumental mass discrimination to 238U/235U=137.88 [14]. Uncertainty i
on data statistics, but reproducibility based on the repeat runs shown in the
The 87Sr/86Sr ratios are normalized for instrumental mass discrimination to
measured value for the NBS987 standard is 0.710242±5, based on 13 meas
The εNd values are calculated from measured 143Nd/144Nd ratios. The mea
146Nd/144Nd=0.72187. The measured εNd value of rock standard BCR-1 is
The initial 234U/238U ratios are calculated assuming that all sediment samples
1.00 and fα=0.135, and a second component with initial 234U/238U activity
Transport time is calculated from the sample age, measured and initial 234U/
of the same scale as, or larger than the recoil range, then
the following should apply:

fa ¼ 1
4
LdSdqs ð4Þ

where S (m2/g) refers to the specific surface area and ρs
is bulk density. Unfortunately, fα can be much smaller
than one might predict from standard measures of
surface area. For example, the BET method is sensitive
ples
8U] ±2σ 87Sr/86Sr εNd [234U/238U]0 ttrans

(ky)

0.0034 0.70630 2.02 0.9693 79
0.0016 0.70827 0.04 0.9696 78
0.0020 0.71577 −9.41 0.8893 294
0.0020 0.71229 −7.32 0.8727 344
0.0024 0.71414 −9.18 0.8811 317
0.0011 0.71280 −6.99 0.9079 237
0.0014 0.71077 −6.03 0.8846 302
0.0016 0.70995 −4.32 0.8736 339
0.0019 0.70446 3.98 0.9965 13
0.0020 1.0065 −12
0.0017 0.70817 −0.06 0.9623 96
0.0014 0.70629 −0.60 0.9001 263
0.0019 0.9149 221
0.0014 0.70879 −2.74 0.8769 332
0.0012 0.70490 3.77 0.8655 367
0.0013 0.8695 354
0.0023 0.9779 55
0.0029 0.70484 3.97 0.9864 34
0.0016 0.70995 1.0314 −82
0.0025 0.70659 0.16 1.0001 −6
0.0014 0.70994 −4.26 0.8844 312
0.0012 0.70797 −2.47 0.9254 199
0.0017 0.71368 −7.17 0.8530 420
0.0019 0.70583 0.65 0.9313 179
0.0015 0.70545 −2.70 0.9913 24
0.0019 0.70697 0.11 0.9394 157
0.0017 0.71234 −7.71 0.8800 327
0.0013 0.70355 6.42 0.9869 38
0.0018 0.70390 5.55 0.9951 16
0.0013 0.70572 2.42 0.9886 32

1) and interval (in column2).Duplicate analyses and ash layer are indicated.
in Hole 984A, and in mean composite depth (mcd) which is based on
adjacent cores [4].
um 234U/238U ratio is 0.00005489. The measured values are normalized
n the measured activity ratio is expected to be better than ±0.001 based
table is closer to ±0.005.
86Sr/88Sr=0.1196 using an exponential correction formulation. The

urements over the previous 12 months.
sured values are normalized for instrumental mass discrimination to
−0.10±0.05.
are mixtures of one component with initial 234U/238U activity ratio of

ratio of 0.88 and fα=0.19.
238U activity ratio, and the inferred fα using Eq. (6).



Fig. 5. U isotope ratio data for Site 984A sediments and pore fluids.
Measurements by TIMS (pore water and bulk solid) have uncertainties
of about ±1% to ±3%. Measurements using multi-collector ICPMS
(Isoprobe) have uncertainties of <0.5%. Pore water and bulk solid data
from Maher et al. [6].
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to surface roughness at the scale of the adsorbed gas
molecules, which is about 0.3 nm. Since the recoil length
is about 30 nm, or 100 times larger than the gas
molecules, the BET measurements can grossly overes-
timate the recoil loss factor.

There are other potential complications of the geo-
metric analysis of recoil. The geometric models will not
provide an accurate description of preferential 234U loss
from sediment grains if the grains are subject to prefer-
ential leaching of 234U [42–46], if the grains are under-
going active dissolution, or if there is 234Th implantation
between grains [47]. Dissolution is expected to limit the
amount of 234U depletion because the most 234U-depleted
parts of the grain – the near-surface regions – should also
be the first to dissolve. The effects of preferential leaching,
mineral dissolution, and implantation are discussed
further below in the light of data presented here.

3. The 234U comminution age

According to the model presented above, when a
small mineral grain is produced by erosion, it begins to
leak 234Th to its surroundings and the bulk (234U/238U)
starts to decrease. If the grain size does not change
substantially over time, the 234U/238U ratio will even-
tually reach a steady state value that is a function of the
grain size (or surface-to-volume ratio) and the 234Th
recoil distance. The time required to reach the steady
state (234U/238U) appropriate to a particular grain po-
pulation is about 1 million years (Fig. 3). The decrease
in (234U/238U) measures the time since the small grain
was produced, which is referred to here as the “com-
minution age.” In the case of glacial sediment, the rock
flour produced by glacial abrasion is produced directly
from bedrock, and hence the time of “comminution”
(literally “to reduce to powder”) is well defined in a
geological context. For mechanical weathering by other
processes, the production of sub-50 μm grains may be
more extended in time. Regardless of the mechanism,
once a particle reaches sufficiently small size, its
(234U/238U) will begin to decrease, and the ratio will
therefore be monitoring its “age.” If the time between
production of the small grains and deposition on the sea
floor is relatively short (10,000 years or less; which is
much smaller than the 354,000 year mean life of 234U),
then the particles will still have (234U/238U) close to the
secular equilibrium value (or the bedrock source value)
when they are deposited. If the timescale for transport
to the site of deposition is much longer (greater than
50,000 years), then the grains will be deposited with
(234U/238U) that is significantly less than the source
rock value.
The (234U/238U) ratios of sediment grains continue to
decrease after sedimentation and burial. Consequently,
the comminution age of a sediment grain is the sum of the
depositional age (time elapsed since deposition) and the
“transport time,” or the time that elapsed between the
formation of the grain and its deposition. The (234U/238U)
of bulk sediment (Fig. 3) depends on its fractional loss
rate (fα), and its comminution age. Measurements of
sediment size fraction (234U/238U) as a function of depth
below the seafloor (or versus age where it is known
independently) potentially allow retrieval of both the
effective fractional loss rate, and the comminution age at
the time of deposition, using a graphical construct as
illustrated in Fig. 3b. As described below, it may also be
possible to estimate fα for a particular grain population by
measuring the shorter-lived U-series isotopes 230Th and
226Ra. The comminution age at the time of deposition can
be considered to be the “sediment transport time.” Be-
cause of the timescale set by the mean life of 234U, this
approach is applicable only to sediments that are younger
than about 1 million years.

The mathematical expression for the comminution age
is derived from the equation that describes the activity
ratio of the comminuted solid:

Ameas ¼ ð1−faÞ þ ½A0−ð1−faÞ�ek234tcom ð5Þ

where Ameas is the measured activity ratio of the sedi-
ment, tcom is the comminution age, and Ao is the activity
ratio of the provenance rock. Eq. (5) incorporates the
approximation λ234−λ238=λ234, and the assumption that
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fα is constant. Rearranging yields this expression for the
comminution age:

tcom ¼ −
1

k234
ln

Ameas−ð1−faÞ
A0−ð1−faÞ

� �
ð6Þ

The uncertainty in the calculated comminution age is
largely due to uncertainty in the estimate of fα, and partly
to any uncertainty in Ao.

4. Samples and analytical procedures

The samples analyzed are from North Atlantic Ocean
ODP Site 984A (61°25.507′N, 24°04.939′W) drilled
during Leg 162 [4]. Site 984 is located on the Bjorn
Drift on the southeastern flank of the Reykjanes Ridge
(southwest of Iceland) at about 1650 m water depth
(Fig. 4). The accumulation rate of the sediment is between
Fig. 6. (a) The 234U/238U activity ratio of HCl-leached residues of bulk Site 98
values versus depth from Raymo et al. [5].
11 and 22 cm/kyr, which is high enough that the Quater-
nary sediment record is well displayed. The sediment is
mainly composed of well-sorted terrigenous silt [48]
containing biogenic carbonate, basaltic material derived
from Iceland, and a fine amorphous component that may
be biogenic silica [41,49]. Although it has been inferred
that most of the detritus deposited at Site 984A is derived
from Iceland, the results presented below, as well as those
reported previously by Revel et al. [50,51] for a nearby
locality, clearly show that much of it has a continental
source. Foraminiferal abundance and calcium carbonate
contents are generally low. Calcium carbonate contents
were not measured directly on samples from Hole 984A,
but were found to be between 3% and 30%, with an
average of 7% in the equivalent depth interval of Hole
984. The mineralogy of the sediment is dominated by
plagioclase, smectite, and quartz, with lesser amounts of
illite, kaolinite and chlorite, in order of decreasing
4 samples plotted against mean composite depth. (b) Foraminifer δ18O



Fig. 8. Sr and Nd isotope ratios (87Sr/86Sr and εNd) of HCl-leached
bulk sediment from Site 984. The data are consistent with sediments
being two component mixtures. One component has high εNd and low
87Sr/86Sr and is most likely sediment derived from Iceland volcanic
rocks. The other component has low εNd and high 87Sr/86Sr and is
similar to European basement rocks [50,51,59].
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abundance [41]. The bottom current, which supplies
sediment to the drift site (Fig. 4), acts to select particles
according to their hydraulic dimensions resulting in a
condensed grain size distribution. The average grain size,
based on relatively few samples that have been measured
is about 15 μm [41]. The Site 984 location is fed sediment
mainly by currents produced from Iceland Sill overflow
water (ISOW), which are likely to carry sediment
originally derived from the European continent as well
as sediment derived from Iceland. Ice-rafted debris is also
present, but the expected deposition rate during glacial
times (ca. 150 mg/cm2/ky) constitutes less than 1% of the
total sediment flux [52].

Details of the analytical procedures as well as U
isotopic data from the pore fluid are given in Maher et al.
[6], who leached the sediment samples according to the
sequential extraction procedure of Tessier et al. [53] with
some modification. The sodium acetate leaching proce-
dure did not remove all of the carbonate. To completely
remove carbonate as well as authigenic phases, the
samples for this study were leached in 1.5 N HCl for
30 min in an ultrasonic shaker. After removal of the
leachate and subsequent distilled water rinses, the resi-
Fig. 7. Residue 234U/238U activity ratio versus exponential age factor.
The Site 984 sediments appear to have variations in specific surface
area that are correlated with the U isotopic ratio, which is likely to be
common, but the range of the recoil loss factor is not large (fα=0.135
to 0.19 in this case). With the initial (234U/238U) value and fα, the
“comminution age” can be calculated. The sediment age is known
independently from the O isotope data and correlations, so the
sediment age can be subtracted from the comminution age, leaving the
“transport time” for the sediment — the time between comminution
and deposition.
dues were completely digested using concentrated HF–
HClO4.

The HCl residues were analyzed for 234U/238U with
the Lawrence Berkeley National Laboratory Isoprobe
(Table 1). The analysis procedure incorporates an
instrumental mass discrimination correction based on
the 235U/238U ratio, and a Faraday–Daly intercalibration
using an in-house secular equilibrium U standard [14].
The analytical precision is estimated to be ±0.15% of the
activity ratio (2 sigma). The samples were measured for
Sr and Nd isotopes using standard chemical separation
methods and the U.C. Berkeley ThermoFinnigan Triton
multicollector thermal ionization mass spectrometer. The
analytical uncertainties in the 143Nd/144Nd and 87Sr/86Sr
ratios are small (roughly 10 ppm of the ratio) and entirely
negligible for the purposes of this study.

Oxygen isotope data were obtained at WHOI using
standard techniques. The sediment ages (Table 1) are
determined from the foraminifer δ18O data by correla-
tion to the timescale of Shackleton et al. [54], plus
additional statistical treatment described in Raymo et al.
[5]. The data are available from the supplement to Raymo
et al. [5].

5. Results

The (234U/238U) measured for pore fluid and bulk
sediment from Site 984A [from [6]], and the HCl-
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leached residues used in this study are shown in Figs. 5
and 6. The pore fluids have high (234U/238U) due to
preferential release of 234U from the solids from
recoil, but limited by concomitant dissolution (weath-
ering) of silicate minerals and recrystallization of
carbonate [6,55]. Both silicate weathering and car-
bonate recrystallization add U with low 234U/238U to
the pore fluid. Primary marine carbonate is deposited
with the seawater activity ratio of 1.146 [56] and its
presence affects the (234U/238U) of the bulk solids.
The HCl leaching procedure attacks mainly authigenic
minerals and carbonate, both of which tend to have
(234U/238U) greater than unity. The residues from HCl
leaching are assumed here to represent the detrital
silicate fraction essentially free of carbonate and authi-
genic components.

Themeasured (234U/238U) of the HCl-leached residues
vary between 0.83 and 0.96 (Fig. 6). There is pronounced
Fig. 9. (a) Calculated sediment transport time for the Site 984 sediments, (b)
plotted versus age, and (d) estimated sedimentation rate based on O-isotope ch
the graphs; they do not correspond to stage boundaries.
cyclicity as a function of depth, which by comparison to
the O isotope record appears to correspond to glacial
cycles. For the past three 100-kyr glacial cycles, the
sediments deposited at Site 984A during interglacial
periods have had relatively high (234U/238U), whereas
during the prolonged glacial periods the 234U/238U ratios
are relatively low. This pattern does not apply to the
sediments that are older than 300 ka (i.e. deeper than about
45 m mean composite depth (mcd)).

Fig. 7 shows the HCl-residue data plotted using the
sediment age data so that the time evolution curves are
straight lines as in Fig. 3b. A simple interpretation of the
pattern is that there is a bimodal distribution of initial
(234U/238U). One component of the sediments was
deposited with an initial (234U/238U) near 1.00 and has a
recoil loss factor of 0.135. The other component was
deposited with an initial (234U/238U) near 0.88 and has a
recoil loss factor of 0.19.
measured εNd value of Site 984 sediments, (c) foraminifer δ18O values
ronology. The dashed lines are provided to enable comparison between
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The Nd and Sr isotope parameters (εNd and
87Sr/86Sr)

are well correlated (Fig. 8). This correlation is consistent
with the sediments being composed of two components. A
similar correlation is observed for samples from the Gardar
drift [50,51]. The high-εNd component is likely to be
Icelandic volcanic rocks. Themost extreme sample, from a
depth of 49.84 m in the Site 984A core (mcd=54.18 m) is
taken from an ash layer and is an example of a pure
volcanic component from Iceland. Icelandic volcanic rocks
vary in isotopic composition to some degree, but the values
of εNd=+6.4 and 87Sr/86Sr=0.70355, which characterize
the ash layer and the inferred sediment component, are
typical and close to the overall Iceland average values.
The range of values for Iceland tholeiitic basalt is roughly
εNd=+5 to +8 and 87Sr/86Sr=0.7033 to 0.7037 [57].
The other sediment component must have εNd≤−10
and 87Sr/86Sr≥0.715. This low-εNd component is clearly
derived from continental sources, and the isotopic ratios are
a good match to typical European basement rocks [51,58]
and in particular, to glacial sediments of the southern
margin of the Norwegian–Greenland Sea [59].
The comminution ages for the Site 984A samples are
calculated assuming that the sediments are 2-component
mixtures and that fα correlates with the initial (

234U/238U).
The uncertainty in fα is estimated to be about ±10%
to ±20%, which yields an uncertainty in tcom of about the
same relative magnitude. Since the comminution ages are
mostly in the range of 400 to 600 kyr, the uncertainties in
tcom and in the inferred transport times are about ±40
to ±100 kyr. Hence the transport times are not highly
precise.

The inferred bulk sediment transport time, Nd isotopic
composition, δ18O data, and sedimentation rates derived
from the δ18O data, are compiled and plotted against age in
Fig. 9. The Nd isotopic composition and 234U/238U trans-
port time are plotted against one another in Fig. 10. The
transport time changes systematically between glacial
times and interglacial times for the past three glacial cycles.
The transport time varies from less than 10 kyr (±50 kyr)
up to 400 kyr (±100 kyr) and is generally long during
glacial times. The Nd isotope measurements also show
corresponding, although not perfectly correlated, changes



Fig. 10. Initial (at time of deposition) U isotope ratio and calculated
transport time versus Nd isotope ratio, which indicates provenance. The
sediments appear to be mostly mixtures of detritus from Iceland, which
gets transported quickly to the site, and continental detritus that has
transport times of 300 to 400 kyr. There are also many samples with
similar mixed provenance but a range of calculated transport times.
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in provenance between glacial and interglacial times. Dur-
ing interglacial times the sediment is typically dominated
bymaterial derived from Iceland and transported rapidly to
the site of deposition (Fig. 10). During glacial times, the
sediment is generally from a continental source and has a
long transport time. However, there are examples where
detritus that is mostly from the volcanic source has a long
transport time, and where detritus with a large continental
component has a short transport time. The breakdown of
the correlation between glacial cycles and transport time is
clearest for the deepest three samples (ages 350–365 ka;
Fig. 9). One of these is an ash sample and would not be
expected to conform to the pattern. The other two samples
are also largely from the volcanic source, but appear to
have been transported quickly to the site of deposition even
though they were deposited during a glacial period.

6. Discussion

6.1. Recoil loss factor, grain size and surface area

The comminution age calculated from sediment
(234U/238U) is dependent on the recoil loss factor, fα,
which should be a function of grain size or specific surface
area. The data presented here on dated sediments are used
to estimate fα (Fig. 5) but it would be desirable to
understand in more detail the relationship between grain
size and recoil loss rates of 234U, and to be able to estimate
fα from a measurable property of the sediment. Specific
surface area has been measured by the BET method on
some Site 984 bulk samples [55] and is found to be about
55 m2/g, which corresponds to fα≈1. This high value is
probably a reflection of the extremely high surface area of
the clay mineral fraction. The measured fα values suggest
specific surface area of about 3 to 8m2/g, which is close to
that measured for feldspar with a grain size similar to that
of the sediment at Site 984 [6,60].

A directmeasure of the recoil loss rate could potentially
be derived from measurements of other U-series isotopes.
Both 230Th (λ−1=109 kyr) and 226Ra (λ−1=2.3 kyr)
might be useful for this purpose. These isotopes will reach
steady state much faster than 234U (λ−1=354 kyr), and the
relevant recoil ranges are similar to that of 234Th. For
example, our calculations using the online program SRIM
[40], indicate that the recoil distances associated with
238U, 234U, 230Th decay in feldspar (density=2.7 g/cm3)
are 30, 32, and 32 nm respectively. With small corrections
for the difference of recoil range, measurements of these
isotopes in conjunction with measurements of 234U could
yield direct estimates of fα. For example, assuming that
fα=(30/32)[1− (226Ra/230Th)], the comminution age is
given by:

tcom ¼ −
1

k234
ln

ðAmeas−1Þ−0:94½ð226Ra=230ThÞ−1�
ðA0−1Þ−0:94½ð226Ra=230ThÞ−1�

� �

ð7Þ
Measurements reported in the literature on suspended

stream sediment are relevant to the idea of using 226Ra to
estimate fα, and more generally to our interpretations of
the deep-sea sediment U isotope ratios at Site 984. Vigier
et al. [3] measured suspended sediment in the Mackenzie
River ofNorthwesternCanada and found that the particles
have (234U/238U) in the range 0.897 to 0.992. The grain
size distribution of the samples was not measured, but the
samples represent material retained by a 0.2 μm filter. The
maximum grain size is probably less than about 20 μm.
Considering the fine grain size, it is likely that the fα
values are greater than 0.1, based on our measurements of
Site 984 sediments. If the mean grain size is in the range
1–10 μm, then the fα values are likely to be in the range
0.1 to 0.5. The Vigier et al. [3] measurements of
(226Ra/230Th) confirm this inference; themeasured values
are 0.596 to 0.918, and in all cases (226Ra/230Th) is
smaller than (234U/238U). Vigier et al. [3] did not consider
the geometric aspects of recoil loss despite the fine grain
size of their samples, and used instead a chemical leaching
model and (238U/230Th) to estimate that the “age” of the
suspended load is in the range 5 to 25 kyr. They note that
the ages inferred with their approach are low in
comparison to soil residence times that should approach
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100 kyr. The calculated 234U/238U comminution ages
using Eq. (7) are 102 to 387 kyr for the samples where
tcom is relatively well constrained by the data. Four of the
six samples have tcom between 102 and 151 ka. These
ages accord better with estimates of soil residence times,
and are also similar in magnitude to those estimated for
the Site 984A sediments from the continental source.
Thus the Vigier et al. [3] data are consistent with our
estimates of fα, the idea that (

226Ra/230Th) can be used to
estimate fα, and our overall model for comminution ages.
Vigier et al. [3] did not leach their sediment samples
before dissolution, so it is possible that adsorbedRa, Th or
U affects to some extent their reported activity ratios, and
hence also the inferred comminution ages.

It is notable that the grain size range for the Site 984
sediments is close to ideal for observing systematic U
isotope effects. The Site 984 sediments have both an
appropriate mean grain size and a relatively compressed
grain size distribution due to sorting during bottomcurrent
transport. The grain size distribution also does not vary
drastically with time. In other sedimentary settings, the
grain size distribution may not be as uniform or consistent
over time, and the U isotope measurements would need to
be done on only the appropriate size fractions. Separating
the finest size fractions may also be a means to isolate
eolian input where that is an issue. If U isotope data are
obtained only on the fine-grained fraction, it is possible
that its transport history is different from that of the coarser
fractions. This issue could be addressed by combining U
isotope measurements of the fine fractions with cosmo-
genic nuclide measurements of the coarser fractions.

6.2. Natural preferential leaching andmineral dissolution

As noted above, the interpretation of (234U/238U)
values in solids may be affected by preferential leaching
of 234U from sites within mineral grains in the interior
regions (i.e. >30 nm depth from the surface). If the 234U is
leached only from sites within a few recoil distances of the
grain surface, the net effect would be to increase the
effective value of the recoil range. This would not change
the approach used here significantly, since the recoil loss
rate cannot be directly estimated from the recoil range
anyway. Data from a sequence of Pleistocene fluvial
sediments cored at the Hanford site in south central
Washington [7,61] are relevant to this issue. The Hanford
sediments have a granitic provenance and were deposited
mainly by catastrophic flood events associated with
deglaciation pulses during the Pleistocene [62]. The
sediments vary in age from about 15,000 years up tomore
than 1 million years [63]. The HCl-leached sand size
fractions (>65 μm) have (234U/238U) close to the secular
equilibrium value (0.988 to 1.006) whereas the fractions
that are silt size and smaller (<45 μm) have activity ratios
that are significantly lower (0.947 to 0.967) but higher
than those measured for the Site 984A sediments. The
Hanford data provide little evidence that natural leaching
by groundwater is lowering the 234U/238U ratios signif-
icantly, because the grains that are sufficiently large that
they should not be affected by recoil (Fig. 2), also show
virtually no lowering of (234U/238U). Any leaching that is
occurring must be affecting only a thin region near the
grain surface, to a depth that is not much greater in
magnitude than the recoil range.

The effect of dissolution on the (234U/238U) of sediment
grains can be roughly evaluated by comparing the time
necessary to achieve 234U depletion in the outer rind of
a mineral grain as a result of recoil effects, which is
λ−1234=354 kyr, to the time scale for removing a layer of
thickness L from the surface of a grain by dissolution. This
ratio:

srecoil
sdiss

¼ R
k234Lq

ð8Þ

depends on the specific mineral dissolution rate, R, which
has been estimated for the Site 984A sediments by Maher
et al. [55] to be 2.5×10−18 mol/m2/s (2.1×10−12 g/cm2/
yr), assuming that the primary dissolving mineral is
plagioclase feldspar or anymaterial with approximately the
same Ca concentration. Using L=30 nm and ρ=2.7 g/cm3

yields a value for this dimensionless number of 0.1, which
suggests that the 234U depletion structure of the grains at
Site 984 is only slightly affected by dissolution. If the
depletion rind in the grains is actually thicker than L as a
result of preferential leaching, then the effect of dissolution
is proportionally smaller. On the other hand, if the
dissolution rate were significantly higher, then mineral
dissolution would limit the amount of 234U depletion and
tend to make the calculated transport times shorter.

6.3. Effects of leaching during analysis and 234Th
implantation

An essential component of the analytical procedure
used in this study is the leaching of the sediment samples
in weak HCl. The details of the leaching procedure may
affect the results, and thus far we have not experimented
extensively with different leaching procedures. For deep-
sea sediments like those of Site 984, which contain both
primary and authigenic carbonate, it is necessary for the
samples to be leached to remove carbonate. Our results
suggest strongly that leaching with acetic acid is
insufficient to quantitatively remove carbonate [6]. Clay
minerals, with their small grain size and large surface area,
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are likely to contain a significant amount of adsorbed U,
Th andRa, and hence leaching is also necessary to remove
these adsorbed components. Leaching may also affect the
measured magnitude of recoil effects by removing some
easily dissolved surface irregularities on silicate grains,
and by leaching some 234U out of lattice-damaged sites
beneath the grain surface. The net effect of the HCl-
leaching procedure we used does not appear to generate
spurious (234U/238U) ratios, insofar as the 234U depletions
we measure are reasonable, consistent in magnitude, and
compatible with the grain size and likely surface
roughness of the samples. It is noteworthy that the ash
sample at mcd=54.18 m, which should have started with
the secular equilibrium (234U/238U) and was instanta-
neously transported to the ocean floor, has almost exactly
the (234U/238U) ratio expected for the inferred age and
estimated fα value. In the study of Hanford sediments
referred to above, we have shown that much stronger
leaching does not yield the desired results. Leaching of
Hanford sediment with concentrated HNO3 apparently
dissolves the 234U-depleted surface regions of the grains,
yielding residues with increased (234U/238U) [7].

Another potential complication is that recoil 234Th
from mineral grains with high U concentration could be
implanted into neighboring grains, either in the source
rock or in the sediment [64]. This effect, whichwould tend
to lower the comminution ages, is probably insignificant
in our data for two reasons. The small recoil range of 234Th
would restrict implantation to a small percentage of grain
surfaces, and experiments suggest that the 234U resulting
from this implantation is rapidly leached away [19]. It is
also possible that our HCl leaching procedure removes
any implanted 234U.

6.4. Transport times for sediment

An unexpected result of this study is that sediment
transport times are as long as 300 to 400 kyr. Prevailing
models suggest that fine-grained sediment is trans-
ported through stream systems rapidly; probably “in-
stantaneously” (i.e. in less than 10 kyr) in terms of the
resolution of our comminution ages. Soil residence
times are thought to be in the range 10 kyr to 100 kyr,
although they must vary with climate and terrain. More
data are needed from other sedimentary environments
to determine the generality of our results. Until now,
sediment transport time has not been measured direct-
ly, but rather has been inferred from material balance in
watersheds [e.g. [65]].

For the case of the drift sediments of Site 984A, the
sediment may have a long transport time because it is
redistributed from somewhere else on the ocean floor.
During both interglacial and glacial times, sediment
derived mainly from Iceland, which is close to Site
984, is transported to the site rapidly. Almost all of the
sediment with long transport times is derived from the
continental source. It is therefore likely that this sedi-
ment was either stored on the continent or continental
shelf areas for a relatively long time, or is older Pleis-
tocene sediment that was reworked by the bottom cur-
rents. If soil residence time is 100 kyr or more, and the
sediment is reworked material deposited in earlier
glacial cycles, then it might be reasonable to get total
transport times of greater than 200 kyr as observed. It is
also possible that the comminution ages we calculate
are too high due because the source rock activity ratio
is less than one.

6.5. Glacial–interglacial sedimentation changes

Both the cyclical variation in sediment provenance
and the variations in transport time are significant for the
oceanographic and sedimentary evolution of the North
Atlantic. The Bjorn Drift is one of several regions of the
North Atlantic Ocean bottom in which sedimentation
rates are abnormally high (ca. 10–20 cm/kyr; Fig. 9d).
The strong currents generated by southwestwardly
flowing high-density waters of the Norwegian–Green-
land Sea flow over the shallow sills formed by the
Iceland–Faeroe Ridge and deposit large amounts of
reworked sediment along the Bjorn Drift [66,67]. The
fact that the sediments at Site 984A are reworked adds
some complications to the temporal correlation of their
properties with the benthic δ18O-record. The data indi-
cate that there are relatively rapid changes in sediment
provenance that occur over time periods as short as
5000 years (Fig. 9b). The lower time limit for prove-
nance shifts is limited by sampling frequency for this
study; it could be shorter than 5000 years. The data for
the transition to the present interglacial suggest that both
the provenance and transport time track the global ice
volume record within a few thousand years. Similar
changes in provenance were observed for North Atlantic
drift sediments by Revel et al. [50]. However, the older
sediments in our record do not show such a good cor-
relation between transport time and ice volume, and
only during the most recent glacial period was the se-
diment supply strongly dominated by the continental
source (Fig. 9b).

The changes in sediment properties measured here
could potentially be explained either by changes in the
overall sediment sources for the North Atlantic, or by
changes in the strength of the bottom currents [cf. [50]].
The sedimentation rates vary by about a factor of two,
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but are not consistently correlated with either the
changes in provenance or the transport times (Fig. 9d).
Recent studies suggest that deep-water formation was
sharply reduced and possibly even ceased during glacial
conditions [68]. In the absence of a strong bottom
current it might be expected that sedimentation at Site
984Awould be dominated by detritus from Iceland. The
Nd and Sr data, as well as the U isotope data, do not
support this idea because the glacial time periods are the
time of greatest contribution from foreign, presumably
current-transported, detritus. The data presented here are
more consistent with weaker bottom currents, or weaker
continental sediment supply, during interglacial times.
An alternative explanation is that the glacial-to-inter-
glacial changes mainly reflect the extent of glaciation of
Iceland. During the last glacial maximum, Iceland was
entirely covered with continental glaciers [69] and sur-
rounded by sea ice much of the year (Fig. 4). The
sediment supply from Iceland to Site 984 may have been
low under these conditions. The margins of Western and
Northern Europe were largely south of the sea ice, and
the shelf areas were above sea level (Fig. 4, [70]), so
glaciers may have been scouring and transporting older
Pleistocene shelf sediment to the Norwegian–Greenland
Sea and the eastern margin of the Atlantic, from where it
was then transported to the Bjorn Drift by bottom
currents. Such sediment might arrive at Site 984 with a
relatively large comminution age.

During the last glacial period, sediment derived from
the European continent and transported by bottom cur-
rents appears to have been the main contributor to sedi-
mentation at Site 984. In the next two earlier glacial
periods, the sediment deposited at Site 984 was more
typically a sub-equal mixture of volcanic and continen-
tal detritus. Although it is unlikely that ice-rafted det-
ritus contributed significantly to the sedimentation, it is
nevertheless the case that the IRD flux was highest in
the last two glacial periods, and much lower in the next
earlier two glacial periods [71]. In the earliest glacial
period represented in our data (Marine Isotope Stage
(MIS) 10; 339–362 ka) the sediment was mainly de-
rived from Iceland and there is little contribution from
the continental source until peak glacial conditions just
before the transition to the interglacial. The results sug-
gest that sedimentation patterns during glacial periods,
and even within individual glacial periods, have varied
substantially over the past 365 ky.

7. Conclusions and implications

The data presented here document systematic lowering
of (234U/238U) in marine silicate sediments with grain size
in the range of clay to medium silt and fine sand (0.1 to
50 μm). It is argued that the depletions in 234U are mainly
due to α-recoil effects associated with the decay of 238U,
rather than chemical leaching. The (234U/238U) ratios can
in many cases be converted to a model “comminution
age,” the time since the rock material constituting the
particle was first reduced to a small size by erosion and
weathering processes.

Calculation of U isotope comminution ages requires
information on the 234U (or 234Th)α-recoil loss rate from
mineral grains. This loss rate can be inferred by measure-
ments of samples from a stratigraphic sequence of known
age or sedimentation rate. Because the depositional age
is known and the comminution age is the sum of the
depositional age and the “transport time,” both the se-
diment transport time and the recoil loss rate can be
obtained. An alternative method for determining the α-
recoil 234U loss rate is throughmeasurements of other U
series nuclides, in particular the (226Ra/230Th) ratio. It is
possible that with concurrent measurement of cosmo-
genic nuclides, the soil residence time and the transport
time could be separated.

Sediments from a North Atlantic drift site (ODP Site
984A) just south of Iceland were measured for U, Sr, Nd
and O isotopes. The 234U/238U ratios show large and
systematic variations with depth in sediments that range
in age from 10 ka to 365 ka. The U isotope variations
correlate with glacial cycles and with sediment prove-
nance as determined by Nd and Sr isotopes. During the
last three interglacial times, the sediment at Site 984 was
mainly derived from Iceland and transported rapidly
(within about 10 kyr) to the site of deposition. During
the last glacial period the sediment is derived largely
from a continental source, probably Northern Europe,
and has a comminution age at the time of deposition of
300 to 400 kyr. The long transport time measured for the
glacial sediment is surprising, and suggests that the
sediment is reworked from exposed shelf areas. Site 984
sediments may have yielded especially clear results
because they are reworked by bottom currents, have at
least two strongly contrasting sources, and have a
relatively compressed grain size distribution. Further
work will need to address the effects of leaching during
analysis, and the relationships between α-recoil, grain
size and mineralogy.

An implication of the data and models described here
is that (234U/238U) measurements could be useful for
determining the depositional ages of fluvial and lacus-
trine sediments. In areas of rapid erosion, it may be
possible to assume that transport (and storage) times are
short, and therefore that the comminution age equals the
depositional age. U isotope measurements may also be
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useful for dating glacial deposits and atmospheric mine-
ral dust, including that recovered from ice cores, and for
measuring the age or production rates of soils.
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