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Abstract

We have investigated the distributions of 26Al, 10Be, U^Th isotopes, and stable 27Al and 9Be in core CH88-11P
(30³40PN, 74³41PW; 3337 m) from the Blake Outer Ridge (BOR) in the western North Atlantic, an area that is
characterized by high terrigenous input. Results show authigenic 26Al/27Al of 6 2^8U10314 (atom/atom), authigenic
10Be/9Be of 0.5^2.6U1038 (atom/atom), 6 0.2^1.8U106 atoms/g of 26Al, and 5.3^15.1U108 atoms/g of 10Be in the core
over the last glacial/interglacial cycle. These values, as well as total 230Thex/232Th and 10Be/9Be ratios, were all at their
minima during the last glacial maximum (LGM), reflecting intensified terrestrial influx to the area. Aluminosilicate
material (clays) in this influx preferentially scavenged 230Th over the two other particle-reactive nuclides, 26Al and 10Be,
such that their boundary scavenging during LGM followed the order 230Ths 10Bes 26Al, as opposed to
10Bev 230Ths 26Al in the Holocene. They appear at variance with the order 10Bes 26AlW230Th as would be predicted
from the relative particle reactivities of the three species. These scavenging characteristics point to 10Be/26Al as a
potentially more suitable proxy for paleoproductivity than 10Be/230Thex. Mass-balance considerations for 26Al and 10Be
show a five-fold LGM-to-Holocene increase in deep-water circulation in the study area, with little change in ocean
productivity except during the deglaciation when it increased noticeably. ß 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

In the marine environment, the isotope pairs
26Al^27Al, 10Be^9Be and 230Th^232Th each con-
sists of a component (26Al, 10Be, 230Th) with dom-
inantly authigenic source and pathway, and a
component (27Al, 9Be, 232Th) that owes its origin
essentially to detrital input from continents. In
addition, the three elements Al, Be, and Th
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show di¡erent particle reactivities, hence di¡erent
scavenging times, in the ocean. Because of these
characteristics, the distributions of their isotopes
in marine sediments contain information on past
variations in particle £ux, ocean mixing, and pro-
ductivity ([1,2] and references therein). With these
considerations in mind, we report here an inves-
tigation of the downcore distribution of isotopes
of Al (26Al, 27Al), Be (10Be, 9Be), U (238U, 234U),
and Th (232Th, 230Th) in a sediment core from a
deep-water ocean-margin area of the Atlantic.

Cosmogenic 26Al (half-life 0.72 Myr) and 10Be
(half-life 1.5 Myr) enter the ocean primarily
through wet/dry precipitation and deposited to
the sea£oor by particle scavenging. Advances in
accelerator mass spectrometry (AMS) have facili-
tated their use as geochemical and geophysical
tracers in the ocean. However, the tracer utility
of 26Al has been less explored than that of 10Be
owing to the low production rate of 26Al in the
atmosphere and the high abundance of 27Al in the
crust [3^5]. The few AMS 26Al analyses thus far
performed on marine deposits were mostly from
the Paci¢c Ocean where the deposition rate of
terrigenous 27Al is low [5^8]. The seawater con-
centration of 26Al has only recently been found to
be of the order of 102 atoms/kg [1].

26Al in deep-sea sediments resides mainly in the
authigenic (hydrogenous) phase [2]. An NaOH-
leach technique has been developed [2] to quanti-
tatively extract 26Al from sediments with minimal
contamination of the detrital 27Al. Using this
technique, we measured 26Al and 10Be in CH88-
11P, a piston core retrieved from the Black Outer
Ridge (BOR). This ¢rst data set on 26Al from the
Atlantic Ocean provides new insights into the geo-
chemical behavior and tracer utility of 26Al in an
ocean-margin area with high terrestrial (hence
27Al) input. Along with data on uranium-series
isotopes, it permits us to assess past changes in
terrigenous particle £ux and ocean productivity at
BOR, and its water exchange with the open At-
lantic.

2. Sampling location and methods

The 17-m core CH88-11P was collected in 1988

aboard R/V Cape Hatteras from the Blake Outer
Ridge (30³40PN and 74³41PW, 3337 m) [9]. The
site represents a 700 km long contourite drift
deposit on the continental rise o¡ SE U.S.
(Fig. 1). Coring was done on a topographic high
along the crest of the ridge minimally in£uenced
by turbidites or debris-£ows which are further
barred from entering the area by the vigorous
northerly transport of the Gulf Stream along the
western margin of the Blake Plateau. Formation
of the BOR drifts is primarily caused by the
southward transport of abyssal sediments entrain-
ing the western boundary undercurrent (WBUC)
[9].

Selected 5-cm intervals were analyzed for authi-
genic Al (26Al and 27Al) and Be (10Be and 9Be)
using the NaOH-leaching technique [2]. Analyses
were made by AMS (26Al and 10Be), atomic ab-
sorption spectrophotometry (27Al) and electron-
capture gas chromatography (9Be) [13,14]. For
the 26Al analysis, 27Al present in the NaOH leach-
ate was used as carrier for 26Al. During the ¢rst
batch of experiments involving eight samples, the
6 1 mg 27Al recovered from 1 g sized samples
gave too weak a current for the AMS 26Al anal-

Fig. 1. Map of study area showing the location of CH88-11P
(30³40PN, 74³41PW; 3337 m). The main axis of the western
boundary undercurrent (WBUC) is indicated by arrows at
V4000 m isobath. CH88-11P accumulated V4 cm/kyr in the
Holocene and V50 cm/kyr during LGM [14]. It has V40%
carbonate near the core top, which decreases to 6 10% in
the LGM section [9]. Biogenic silica decreases from V4% in
Holocene to 6 1% in the LGM sediments.
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yses. Therefore, only the 10Be results are reported
for these eight samples.

Al and Be were puri¢ed by cation exchange
(Bio-Rad, AG 50 WU12, 200^400 mesh, 0.5 M
HCl conditioned [14]). Be was eluted o¡ with 7 cv
(column volume) of 1 M HCl, and Al, with 3 cv
of 4 M HCl. They were separately precipitated as
Be(OH)2 and Al(OH)3, converted to BeO and
Al2O3 in a Pt crucible by burning over a Bunsen
burner for V1 h, and then admixed with Ag pow-
der in a 1:3 proportion for AMS analyses.

Totally dissolved V1-g samples were also ana-
lyzed for 27Al, 10Be, and 9Be, in addition to iso-
topes of U (238U and 234U) and Th (232Th and
230Th) [14]. 26Al was not measured because of
too low 26Al/27Al ratios. In these samples, further
separation of Be from Ti after ion exchange was
needed by dissolving the Be(OH)2 precipitate with
3 M NaOH, removing the insoluble Ti(OH)4 by
centrifugation, and re-precipitating Be(OH)2 from
the supernatant by neutralizing with HCl.

3. Results and discussion

For detailed measurement data on Al, Be and/
or U^Th isotopes, see Tables A1^A3 in the EPSL
Online Background Dataset3.

3.1. In£uence of terrestrial particle £ux on
10Be/9Be in sediments

10Be and 9Be in both the NaOH leachates and
total sediments in CH88-11P are shown in Table 1
and Fig. 2a. The leached ratio of 2.6U1038 in
surface sediment, which re£ects the dissolved
10Be/9Be in Holocene deep water [2], agrees well
with 2.4U1038 measured at a nearby ocean-mar-
gin site by Bourles et al. [15] using a leaching
technique involving 1 M MgCl2, 1 M NaOAc at

Table 1
10Be and 26Ala in core CH88-11P and model estimates of water replacement rate constant (kw), water-column residence time of
10Be (dBe), and material £uxes to the BOR sea£oor over the past 100 ka

Depth Ageb 10Be fc
Be10 fc

Be9
26Al fc

Al27 kw dBe Fp Fp* (Fp*3Fp)
(cm) (ka) (108 at/g) (106 at/g) (1032 yr31) (yr) (mg/cm2/yr) (mg/cm2/yr) (mg/cm2/yr)

7.5 1.5 10.5 þ 0.2 0.81 0.35 0.6 þ 0.2 0.018 4.4 þ 1.8 18 þ 6 3.7 þ 1.3 40 þ 14 36 þ 14
27.5 5.4 11.8 þ 0.2 0.81 0.42 nm
87.5 11.9 6.2 þ 0.1 0.48 0.24 6 0.2 0.006 s 2.3 6 5 s 18.1 s 138 s 120
107.5 12.5 8.0 þ 0.1 0.54 0.23 6 0.2 0.006 s 4.0 6 6 s 16.9 s 119 s 102
127.5 13.1 6.4 þ 0.1 0.37 0.13 nm
279.0 16.9 5.7 þ 0.1 0.31 0.17 nm
339.0 18.5 5.3 þ 0.1 0.19 0.10 6 0.4 0.008 s 0.8 6 8 s 29.2 s 88 s 59
439.0 21.0 6.9 þ 0.1 0.35 0.14 nm
499.0 22.5 8.9 þ 0.1 0.57 0.22 0.8 þ 0.3 0.016 1.0 þ 0.7 21 þ 9 5.1 þ 2.2 35 þ 14 30 þ 14
722.0 33.5 11.0 þ 0.1 0.69 0.38 nm
842.0 42.8 10.9 þ 0.1 0.70 0.40 nm
961.0 51.7 8.9 þ 0.1 0.69 0.42 nm
1342.0 67.1 8.5 þ 0.1 0.56 0.22 nm
1542.0 78.4 13.7 þ 0.2 0.83 0.46 1.6 þ 0.4 0.024 1.5 þ 0.6 35 þ 8 1.5 þ 0.3 21 þ 5 19 þ 5
1622.0 86.2 15.1 þ 0.2 0.83 0.49 1.8 þ 0.2 0.026 1.1 þ 0.3 21 þ 3 2.3 þ 0.3 34 þ 5 32 þ 5
1702.0 99.0 15.1 þ 0.2 0.83 0.48 1.7 þ 0.5 0.021 1.5 þ 0.7 29 þ 9 1.7 þ 0.5 25 þ 7 23 þ 7

Fp : terrigenous, Fp*: terrigenous+biogenic, and (Fp*3Fp): biogenic.
aDetailed data are available from the EPSL Online Background Dataset. nm, not measured. Upper-bound 26Al values are based
on detection-limit estimates. The quoted errors for 26Al and 10Be are one standard deviation derived from counting statistics;
those for the model parameters were estimated through error propagation.
bThe chronology is based on correlating the records of N18O, carbonate, and paleomagnetism in the core [9,10] with those in oth-
er AMS-14C dated North Atlantic cores [11,12].
cfBe10 and fBe9 are fractions of authigenic 10Be and 9Be calculated from the Be data (Fig. 1a) via Eqs. 1 and 2, respectively; fAl27

is the fraction of authigenic Al determined by NaOH leaching.

3 http://www.elsevier.nl/locate/epsl; mirror site: http://
www.elsevier.com/locate/epsl
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pHV5, but lower than V4U1038 [16] for sea-
water at similar depths in the open N. Atlantic
(e.g. Sargasso Sea). The lower ratio at BOR prob-
ably re£ects the relatively high lithogenic particle
£ux at ocean margins.

Deep-water 10Be/9Be of 0.5U1038 in LGM is
about one ¢fth the Holocene ratio. The low
LGM value, also seen in the total 10Be/9Be (Fig.
2a), can be chie£y ascribed to an increase of con-
tinental 9Be £ux to the core site during glacial
times. Data on Th and Al, to be shown later,
support this possibility. Another possibility could
be an LGM reduction of water exchange between
BOR and the open Atlantic, as the reduction
would decrease the boundary scavenging of
10Be, hence the authigenic 10Be/9Be ratio in glacial
sediments.

While particle scavenging may decrease sea-
water concentrations of both 10Be and 9Be, the
9Be decrease is countered by a release of 9Be
from lithogenic particles. This counter e¡ect is
negligible for 10Be as the dissolved 10Be is mostly
of atmospheric origin. Thus a high lithogenic in-
£ux during LGM tended to lower the seawater
concentration of 10Be but not that of 9Be. The
high LGM lithogenic £ux also had the e¡ect of
lowering the fraction of authigenic 10Be (fBe10) in
sediments, which can be estimated as:

f Be10 � 13
�CBe10=CBe9�d
�CBe10=CBe9�t �1�

where C is concentration, with subscripts d and t
denoting detrital and total sediments, respectively.
The detrital 10Be/9Be at BOR can be taken as
(0.22 þ 0.03)U1038 because (1) detrital sediments
from an adjacent station DSDP68^502 (11³30PN,
79³23PW, 3051 m) has a ratio of (0.21 þ 0.02)
U1038 [15], and (2) a riverine particulate 10Be/9Be
ratio of (0.23 þ 0.03)U1038 is estimated from the
average 10Be concentration of (4.42 þ 0.55)U108

atoms/g (corrected for lower 10Be retentivity in
sand) in modern river sediments along a transect
from the Atchafalaya River to the Gulf of Mexico
[17], assuming 2.8 ppm of 9Be in riverine particles
[18]. We estimate from Eq. 1 that fBe10 varies from
V0.2 during the LGM to V0.8 during intergla-
cial periods (Table 1). Knowing fBe10, we also cal-

culate the fraction of authigenic 9Be by:

f Be9 � �CBe10=CBe9�t
�CBe10=CBe9�af Be10 �2�

where subscript a stands for authigenic. fBe9 was
V0.1 during LGM and V0.4 during interglacial
times (Table 1). Thus both 10Be and 9Be in LGM
sediments at BOR are mostly of detrital origin as
a result of intensi¢ed continental £ux.

3.2. 26Al/27Al in sediments and tracing authigenic
deposition of 27Al

The low authigenic Al of 1^2% in CH88-11P
(Table 1), as opposed to V17% in Paci¢c pelagic
sediments [14], has contributed to the relatively
large measurement errors of 26Al/27Al. Fig. 2b
shows an authigenic 26Al/27Al of (3 þ 1)U10314

in surface layers, which is about 4^6 times lower
than that of (11^19)U10314 in equatorial Paci¢c
surface sediments [14]. For some LGM sediments,
only the upper-limit values can be assigned. Tak-
ing these ratios as modern deep-water 26Al/27Al,
and mean 27Al concentrations of 20 nM in deep
N. Atlantic [19] and 2 nM in deep equatorial
Paci¢c [20], we estimate deep-water 26Al concen-
trations of 360 þ 120 atoms/l in the N. Atlantic
and 130^230 atoms/l in the equatorial Paci¢c.
These estimates are in the same order as the mea-
sured 20^200 atoms/l for the upper 1000 m of the
central equatorial Paci¢c [1]. Thus in spite of the
one-order di¡erence in 27Al concentration be-
tween the two oceans at depth, the 26Al concen-
trations are comparable, indicating that residence
times of 26Al at BOR and in the equatorial Paci¢c
are similar. Using a 26Al/10Be of (3.8 þ 0.6)U1033

in stratospheric air ¢lter [21] and a global mean
10Be £ux of 1.2U106 atoms/cm2/yr [22], we esti-
mate an atmospheric 26Al £ux of (4.6 þ 0.7)U103

atoms/cm2/yr. This £ux and the 26Al con-
centration of 360 þ 120 atoms/l in BOR deep
water give a residence time of V26 yr for 26Al,
similar to that of 230Th [23] but at least one order
smaller than that of 10Be in the open N. Atlantic
[16].

The above discussion serves to sharpen the dif-
ference between Al and Be in their marine isotope
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geochemistries. In response to changes of terrige-
nous particle £ux and ocean circulation, oceanic
concentrations of 27Al are subject to greater var-
iations than those of 26Al. In contrast, 9Be in the
deep ocean shows a much more uniform distribu-
tion than 10Be. This di¡erence in behavior be-
tween Al and Be re£ects that whereas the fallouts
of cosmogenic 10Be and 26Al are more or less uni-
form over the world ocean, rock-derived 9Be and
27Al are preferentially delivered to the Atlantic,
and that the scavenging time of Al is much short-
er than that of Be. For Be, its scavenging time is
comparable to the ocean mixing time [16]. The
paci¢cward enrichment of 10Be can be attributed
to the `nutrient' e¡ect of accumulation of 10Be in
deep waters due to particle remineralization, while
the near uniformity in 9Be could result from a
chance balance between the input and the nutrient
e¡ect [24]. For the more reactive Al, the distribu-
tions of both 26Al and 27Al re£ect their input
patterns.

One would expect that 26Al is subject to much
less intense boundary scavenging than 10Be, and
this we will show later to be the case at BOR. In
fact, 26Al shows even less intense boundary scav-

enging than 230Th, providing a more reliable trac-
er for £ux of particles or particle-bound chemical
species in the ocean. The tracer utility of 26Al is
also fostered by the constancy of 26Al £ux ob-
served in equatorial Paci¢c sediments [14]. While
an increased 27Al £ux occurs in the productive
equatorial Paci¢c [25], there is no correspondence
of an enhanced scavenging of 26Al [14]. The oce-
anic distribution and scavenging of 26Al and 27Al
may di¡er on account of their source^function
di¡erences.

Authigenic 26Al/27Al in CH88-11P shows a
range of 6 1.8^7.9U10314 during the last 100
kyr, with low values in the LGM interval re£ect-
ing the high continental particle input (Fig. 2b).
As the atmospheric in£ux of 26Al is rather uni-
form, this ratio should be inversely related to ter-
rigenous particle £ux and serve to constrain the
authigenic 27Al £ux. For example, given a core
top authigenic 26Al/27Al of (3.1 þ 1.1)U10314

and an atmospheric 26Al £ux of (4.6 þ 0.7)U103

atoms/cm2/yr, the present-day authigenic 27Al £ux
at BOR should be (1.5 þ 0.6)U1017 atoms/cm2/yr
or 6.6 þ 2.6 Wg/cm2/yr. For fAlW0.02 (Table 1)
and an Al content of 8% in continental rocks

Fig. 2. (a) NaOH-leached and total 10Be/9Be and (b) NaOH-leached 26Al/27Al in CH88-11P. The arrows in (b) indicate the
upper-bound 26Al/27Al values as dictated by the detection limits. Shaded areas delineate marine isotope stages 2 and 4.
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[18], the authigenic 27Al £ux is translated into a
lithogenic particle £ux of 4.1 þ 1.6 g/cm2/kyr for
the Holocene, which agrees well with the N18O
stratigraphy-based estimate (Fig. 3).

3.3. 230Thex/232Th as indicator of terrestrial
particle £ux

Shown in Fig. 4 is the distribution of Th iso-
topes, in which data on 230Thex are of particular
interest because 230Thex has often been used to
normalize water-column deposition rates of chem-
ical species such as 10Be [26^32]. Neglecting any
238U^234U disequilibrium and assuming a detrital
230Th/232Th ratio of 0.6 þ 0.04 in BOR sediments
[27], the decay-corrected activities of authigenic

230Th can be estimated as:

230Thex � �230Thm30:6U232Thm�eV t3238UaU�eV t31�
�3�

where subscripts m and a denote measured and
authigenic activities, respectively, V is the decay
constant of 230Th, and t is the sediment age. As
the total 238U/232Th of V0.6 in BOR sediments
approximates those in marine aluminosilicate de-
tritus [33,34], U in BOR sediments is essentially
detrital in origin, a fact also indicated by the mea-
sured 234U/238U being mostly close to unity.

The 230Thex activities mirror those of 232Th and
were three- to four-fold lower during oxygen iso-
tope stages 2 and 4 than during interglacial times
(Fig. 4). As 230Th is precipitated from water-col-
umn at a constant rate whereas 232Th is of terri-
genous origin, the stages 2 and 4 230Thex/232Th
minima and 232Th maxima must re£ect an in-
crease of detrital sediment £ux during glacial
times. The N18O stratigraphy-derived sedimenta-
tion rates of non-CaCO3 (terrigenous) material
support this interpretation (Fig. 3), so do data
on other drift sediment cores of the N. Atlantic
[35,36].

3.4. Boundary scavenging at BOR: a comparison
of 10Be, 26Al, and 230Th

Preferential scavenging of 10Be over 26Al at
BOR over the last 100 kyr has led to a much
higher (10Be/26Al)a, i.e. 10Be/26Al of atmospheric
origin, in CH88-11P (Fig. 5a) than the atmospher-
ic production ratio of 260 þ 40 [21]. The inverse
relationship between (10Be/26Al)a and detrital £ux
(Fig. 5a vs. Fig. 3) rules out high terrigenous £ux
as being responsible for the enhanced 10Be scav-
enging. The low glacial (10Be/26Al)a (Fig. 5a) may
re£ect a reduction in bioproductivity and/or water
exchange between BOR and the open Atlantic.
We will evaluate later these two possibilities using
a mass-balance model.

At BOR, preferential scavenging of 10Be over
230Th also occurs during the Holocene (Fig. 5b),
but the situation was reversed during the LGM.
Given production rates of V8.7 dpm/cm2/kyr for
230Th and 1.2U106 atoms/cm2/yr [22] for 10Be,

Fig. 3. Variations in carbonate and non-carbonate (terrige-
nous) sedimentation rates in CH88-11P, estimated based on
N18O stratigraphy [9,10]. Shaded areas delineate marine iso-
tope stages 2 and 4.
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CH88-11P should have a 10Be/230Thex ratio of
1.4U108 atoms/dpm barring lateral transport of
10Be or 230Th. This production ratio is exceeded
by the Holocene ratios but is three times the
LGM ratios in the core (Fig. 5b). The low
LGM ratios cannot be attributed to changes in
atmospheric production of 10Be [29,37]. They
most likely resulted from a preferential scavenging
of 230Th over 10Be associated with the high terri-
genous aluminosilicate (clay) £ux during the
LGM (Fig. 3).

That 26Al/230Thex ratios are all lower than the
production ratio of 5.4U105 atoms/dpm at the
core site (Fig. 5c) also indicates the e¤cient
boundary scavenging of 230Th. Owing to the
strong a¤nity of Th to clay minerals [38], the
high lithogenic £ux into this N. Atlantic margin
appears to preferentially scavenge 230Th over 26Al.
An alternative explanation for the low 26Al/
230Thex and 10Be/230Thex ratios would be a prefer-
ential transport of 26Al and 10Be relative to 230Th
via WBUC to the Southern Ocean. While this
scenario would explain the high 10Be/230Thex ra-
tios in Antarctic sediments [32], it would require
more 26Al to be exported from BOR than 10Be to
satisfy the observed 10Be/26Al and 26Al/230Thex ra-
tios in CH88-11P (Fig. 5a). This seems unlikely in

view of the short residence times of 26Al and
230Th compared to those of 10Be in the ocean
[1,2].

To conclude, the relative intensity in the bound-
ary scavenging of 10Be, 26Al and 230Th at BOR
follows the orders 10Bev 230Ths 26Al during the
Holocene and 230Ths 10Bes 26Al during the
LGM. These sequences are at variance with the
order 10Bes 26AlW230Th expected from the rela-
tive particle reactivities for the three species
[1,2,26]. The di¡erence could stem from the
much increased terrigenous in£ux of clays at
BOR, which favor the scavenging of 230Th. Ap-
parently, 26Al is much less sensitive to this bound-
ary scavenging than either 230Th or 10Be, and as
such, ratio 10Be/26Al as a proxy for paleoproduc-
tivity [1,2] stands on a ¢rmer ground than ratio
10Be/230Thex. As shown in Section 3.6, along with
authigenic 10Be/9Be and 26Al/27Al, 10Be/26Al can
be used to quantitatively assess past changes in
productivity and circulation of the study area.

3.5. Boundary scavenging of 230Th: cause and
consequence

The deposition of 230Thex in CH88-11P, about
17 dpm/cm2/kyr in the Holocene and 56 dpm/cm2/

Fig. 4. (a) 232Th, (b) 230Thex, and (c) 230Thex/232Th in CH88-11P. The low ratios of 230Thex/232Th during glacial times re£ect in-
creased terrestrial sediment inputs to the area. Shaded areas delineate marine isotope stages 2 and 4.
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kyr during the LGM, is higher than the water-
column production by a factor of 2 and 6.4, re-
spectively. Sediment-trap data from a middle At-
lantic bight (MAB) site (water depth 2752 m) to
the north show 230Thex £ux-to-production ratios
of 1.9, 2.0, and 2.2 at 452 m, 1757 m, and 2702 m,
respectively [27]. The similarity of these ratios and
their agreement with the Holocene ratio in CH88-
11P indicate that (a) the collection e¤ciencies of
these sediment traps are reasonably stable, (b)
contributions of resuspended sediments from the
sea £oor to each of these traps are minimal, and
(c) an intensi¢ed boundary scavenging of 230Th
results in its higher than production £ux. This
last indication has not been fully appreciated,
since unlike radiotracers such as 231Pa and 10Be,
230Th has a very short oceanic residence time and
its horizontal transport has generally been consid-
ered quite limited. Nevertheless, recent studies
have increasingly pointed to the lateral migration
of 230Th. Evidence comes from measurements and
modeling of 230Th in seawater [39^41] as well as in
particulates collected by sediment traps and cores
([27,43,44], this work). For example, the £ux-to-

production ratio of 230Th at MAB increases
considerably toward the coast, reaching values
of s 10 at water depths 6 500 m [27]. Over
90% of the 230Th in this ocean-margin area could
thus originate from the open Atlantic. As has
been noted at MAB [27], the well-de¢ned linear
correlations between 230Thex in sediment-trap/core
material and water depth, and the lack of similar
increases in the £uxes of 210Pb and 231Pa argue
against sediment focusing as a mechanism for
the high local 230Thex inventories. The low 26Al/
230Thex ratio in CH88-11P (Fig. 5c) also speaks
against sediment focusing. As the production ra-
tio of 26Al/230Thex increases with decreasing water
depth, focusing of sediments locally or from shal-
low depths should not lower 26Al/230Thex. A com-
parison of 10Be/230Thex between the BOR and
MAB sediments further suggests that sediment
focusing cannot be the cause for the high
230Thex £ux-to-production ratios at BOR. Were
it the cause, one would expect similar 10Be/
230Thex ratios in both BOR and MAB sediments,
considering that a major source of the BOR sedi-
ments comes from the continental slope at MAB

Fig. 5. (a) (10Be/26Al)a, (b) 10Be/230Thex, and (c) 26Al/230Thex in CH88-11P. 10Be was corrected for the detrital contribution via
Eq. 1. Vertical dashed lines represent the expected ratios if no di¡erential deposition of the nuclides of interest takes place. These
ratios are: (a) 10Be/26Al = 2.6U102 atom/atom, (b) 10Be/230Th = 1.4U108 atoms/dpm, and (c) 26Al/230Th = 0.53U106 atoms/dpm.
The arrows in (a) indicate the lower limits of 10Be/26Al, and in (c), the upper limits of 26Al/230Thex. Shaded areas delineate ma-
rine isotope stages 2 and 4.
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via WBUC [9]. However, 10Be/230Thex in MAB
sediments at V400^3000 m water depths centers
around (9 þ 2)U108 atoms/dpm [27] which is V5
times the Holocene ratio and 20 times the LGM
ratio in BOR sediments (Fig. 5b). Sediments on
their transit from MAB via WBUC must have
their sorbed isotopes re-equilibrated with those
in the water. In this way, depositional £uxes of
10Be and 230Th depend on their concentrations
and residence times in BOR deep water. The
low BOR 10Be/230Thex ratios chie£y re£ect in-
creased 230Thex £uxes resulting from the short res-
idence time [23] and increased concentration [41]
of 230Th in BOR deep water.

What causes the preferential scavenging of
230Th over 10Be, and what drives the boundary
scavenging of 230Th in general? As has been dis-
cussed in the case of preferential scavenging of
230Th over 231Pa [38], we believe that clay particles
play an important role.

Table 2 shows that 10Be/230Th is much higher in
deep water than in sea£oor sediments at three
locations. In the clay-rich BOR and the carbo-
nate-rich equatorial Paci¢c, FTh=BeW10 ^ a man-
ifestation to preferential scavenging of 230Th and
to the fact that clays, not carbonates, are the ma-
jor carrier for both 10Be and 230Th [38,46,47]. The
Antarctic opal-rich sediments show FTh=BeW2,
apparently resulting from a smaller 230Th^10Be
fractionation by opaline particles. The large dif-
ference in FTh=Be between the equatorial Paci¢c
and the Antarctic implies that the higher 10Be/
230Thex ratios in Antarctic sediments (Table 2)
may not necessarily re£ect a higher productivity
in the Antarctic than in the equatorial Paci¢c; it
re£ects rather the low-clay, high-opal lithology of

Antarctic sediments. By the same token, that
230Th scavenging in the Weddell Sea (where the
terrigenous £ux is low) can be as low as one third
of its water-column production [43], in sharp con-
trast to that at BOR, points further to the asso-
ciation of 230Th scavenging with the £ux of clays.

It could be argued that a weakened ocean cir-
culation during the LGM might have decreased
the scavenging of 230Th at BOR. But this decrease
would have been overridden by the e¡ect of an
increased terrigenous clay £ux. In contrast to a
ten-fold Holocene-to-LGM increase in clay £ux
(Fig. 3), the 230Thex £ux at BOR increased by
V3 times from V17 dpm/cm2/kyr to V56
dpm/cm2/kyr. If the distribution coe¤cient (Kd)
of 230Th between clays and seawater remained
unchanged at the site, the combined e¡ect of a
decreased water mixing rate and an increased
clay £ux would have reduced the deep-water
230Th concentrations at BOR by a factor of v 3.
Without the weakening of ocean circulation, the
increased clay £ux might have caused even greater
boundary scavenging of 230Th at BOR.

The above analysis provides a cautionary note
on the use of 10Be/230Thex as a proxy for paleo-
particle £ux [32]. It also echoes recent concerns
[43,44] in regard to possible over- or underestima-
tion of particle rain rates by the 230Th-normalized
method.

3.6. Past changes in ocean productivity and water
circulation at BOR

A two-box model, consisting of a BOR box
(area AB =V700U700 km2 and water depth
zB = 3000 m [9]) and an open-ocean box, is set

Table 2
Estimates of fractionation factorsa between 230Th and 10Be (FTh=Be) for di¡erent sediment types

Location Sediment type (10Be/230Th)b
w (10Be/230Thex)b

s FTh=Be

BOR clay 17 þ 3 (n = 17) 1.7 þ 0.1 (n = 1) 10 þ 2
S. Atlantic (s 50³S) opaline ooze 12 þ 3 (n = 12) 6 þ 2 (n = 4) 2.0 þ 0.8
Eq. Paci¢c calcareous ooze 12 þ 2 (n = 22) 1.1 þ 0.3 (n = 12) 11 þ 3
aFTh=Be = (10Be/230Th)w/(10Be/230Thex)s where subscripts w and s denote water (s 3000 m) and surface sediments, respectively.
FTh=Be s 1 indicates preferential scavenging of 230Th over 10Be by sediment particles.
bThe ratios (in 108 atoms/dpm) were based on data reported in [16,45] for 10Be and [40^42] for 230Th in deep water, and
([14,31,32], this work) for 10Be/230Thex in sediments. Shown in parentheses is the number (n) of measurements. FTh=Be for other
high-particle £ux ocean margins were not estimated because of the very limited data base on 10Be/230Thex in deep waters.
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up for the mass balance of dissolved Be and Al
isotopes at BOR. The model assumes water enter-
ing BOR from the North Atlantic ; it does not
specify where the water leaves though it may
exit mainly to the south via WBUC. Let kw

(yr31) be the BOR water replacement rate con-
stant, mass balance of authigenic 10Be and 9Be
in the BOR box requires:

PBe10=zB � CO
Be10Ukw � CB

Be10UkBe � CB
Be10Ukw

�4�

and

f Be9UaBeUFp=zB � CO
Be9Ukw �

CB
Be9UkBe � CB

Be9Ukw �5�

where PBe10 is 10Be production rate (atoms/cm2/
yr), Fp is deposition rate (g/cm2/yr) of terrigenous
particles with 9Be concentration aBe (atoms/g), of
which a fraction fBe9 is soluble, kBe is scavenging
rate constant (yr31) of Be, and C is concentration
(atoms/cm3) in seawater (superscripts O and B
denoting the open-ocean and BOR boxes, respec-
tively).

Assuming the deposition rate of 26Al to equal
its production rate, PAl26, we estimate the deposi-
tion rate of 10Be (FBe10) from (10Be/26Al)a in BOR
sediments:

FBe10 � CB
Be10UkBeUzB � PAl26U

10Be
26Al

� �
a

�6�

From Eqs. 4^6, kw and Fp are solved as:

kw �

10Be
26Al

� �
a
UPAl263PBe10

� �
�CO

Be103CB
Be10�UzB

�7�

and

Fp � �PBe10 � kwCO
Be10zB�

10Be
9Be

� �
a

3kwCO
Be9zB

26664
37775 1

f Be9aBe

� �

�8�

In Eqs. 6^8, subscript a denotes authigenic.
Measurable quantities include (10Be/26Al)a, (10Be/
9Be)a, and fBe9. Assignable quantities include
PBe10 = 1.2U106 atoms/cm2/yr [22], PAl26/
PBe10 = 3.8U1033 [21], and aBe = 2.8 ppm [18].
CB

Be10 can be estimated from (10Be/9Be)a by as-
suming CB

Be9 = 25 þ 5 pM [16]. We assume
CO

Be10 = 800 þ 100 atoms/g and CO
Be9 = 25 þ 5 pM

based on modern ocean measurements [16].
Table 1 lists the modeled kw and Fp, with un-

certainties estimated from the analytical errors of
26Al and 10Be. A þ 20% uncertainty of 10Be pro-
duction rate [22] would raise the quoted errors by
10^40%. Results show a Holocene water replace-
ment time ( = 1/kw) of about 23 yr at BOR. While
in line with a generally sluggish deep-water circu-
lation in the North Atlantic during the last glaci-
ation [48], our results show quantitatively that the
deep-water circulation at BOR was about 5 times
slower during the LGM than during the Holo-
cene.

The modeled terrestrial £ux (Fp) to BOR in-
creases from 3.7 mg/cm2/yr in the Holocene to
s 29 mg/cm2/yr in the LGM (Table 1), consistent
with the observed £ux (Fig. 3). To retrieve infor-
mation on past changes in ocean productivity, we
¢rst link the total particle (lithogenic+biogenic)
£ux (Fp*) to the water-column residence time of
10Be (dBe) via the following relationship and then
evaluate the productivity from (Fp*3Fp):

F�p �
FBe10

CBe10;p
� zB

Kd;Be10dBe
�9�

where Fp* is the £ux (g/cm2/yr) of all sinking par-
ticles having an overall 10Be concentration
(atoms/g) of CBe10;p, and Kd;Be10 ( = CBe10;p/CBe10)
is distribution coe¤cient (cm3/g) of 10Be between
particles and seawater. Kd;Be10 (see Fig. 6) in-
creases from V2U105 in surface waters to
V5U105 in deep waters, due probably to the re-
mineralization of biogenic particles. At BOR,
Kd;Be10 has a value of V4U105. Re-arranging
Eq. 6,

dBe � 1
kBe
� CB

Be10UzB

PAl26U
10Be
26Al

� �
a

�10�

EPSL 5723 18-1-01

S. Luo et al. / Earth and Planetary Science Letters 185 (2001) 135^147144



we calculated dBe and Fp* from Eqs. 9 and 10 for
di¡erent time periods and showed (Table 1) that
dBe has a range of 5^35 yr, which is very close to
that of 26Al, an order smaller than that in the
open Atlantic [16].

Table 1 shows that the total particle £ux (Fp*)
varies from 20^138 mg/cm2/yr, of which lithogenic
£ux (Fp) constitutes V10% during the Holocene
but V30% during the LGM. The increase of
lithogenic £ux is consistent with the high LGM
continental input discussed earlier. Our model re-
sults are further validated by the agreement be-
tween the modeled Holocene £ux of 40 þ 14 mg/
cm2/yr (Table 1) and the sediment-trap measure-
ments of 66 þ 33 mg/cm2/yr and 20 þ 15 mg/cm2/yr
respectively from water depth of 2397 m and 3170
m at an adjacent station (35³N, 74³W) [27]. Our
Fp* for the LGM could be an upper-limit esti-
mate, as the clay-rich LGM sediments may lead
to a higher Kd;Be10 [46].

The net biogenic particle £ux (or export pro-
ductivity, Fp*3Fp) has remained little changed
except during the deglaciation when a much high-
er productivity occurred (Table 1). This is sup-
ported by the carbonate £ux signals in CH88-
11P (Fig. 3), although the signals are uncorrected
for dissolution. Deglaciation caused the sea to rise
about 130 m in a relatively short period [49] and it
could have £ooded much of the continental shelf.
It could also have enhanced river runo¡ and local
vertical mixing. Fresh water input may further
induce buoyancy-forced onshore movement of
deep water thus enhancing upwelling at ocean
margins [50]. Whether these and other factors
might have spurred the regional productivity re-
mains speculative.

4. Summary

This study explores several important applica-
tions of 26Al, 10Be and U^Th isotopes on past
changes in continental input, ocean productivity
and water mixing in an ocean margin. 26Al was
measured for the ¢rst time in such a depositional
setting of high 27Al £ux. Results show a marked
decrease in both 26Al/27Al and 10Be/9Be in BOR
deep water during LGM, re£ecting a greatly en-
hanced delivery of terrigenous material to the site.
This enhancement caused changes in the relative
intensity of radionuclide scavenging at BOR. The
boundary scavenging during the Holocene follows
the order 10Bev 230Ths 26Al whereas during
LGM, the order became 230Ths 10Bes 26Al.
Both sequences, however, are at variance with
the order 10Bes 26AlW230Th as anticipated from
the relative particle reactivities of the three spe-
cies. Arguments are presented to show that dis-
solved 230Th and 10Be are subject to considerable
lateral transport in areas of high particle input
such as ocean margins, that changes in clay in£ux
to such areas may a¡ect the scavenging of 230Th,
and that ratio 10Be/26Al is a more promising
proxy than ratio 10Be/26Al for paleoceanographic
reconstructions.

At BOR, ocean productivity have remained lit-
tle changed over the last 100 kyr except during the
last deglaciation when it signi¢cantly increased.

Fig. 6. Variation of distribution coe¤cients of 10Be (Kd;Be10)
with water depth. Kd;Be10 is estimated from data on sedi-
ment-trap material (averaged over di¡erent seasons to re-
move the seasonal in£uence on particulate compositions) and
ambient seawater. Data source: [45,46], and our unpublished
results.
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Furthermore, the water replacement rate in-
creased ¢ve-fold from LGM to the Holocene.
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