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ABSTRACT

An ocean-wide study of the rates of removal of °Be and 2*!Pa 1n the Pacific Ocean has 1dentified intensified scavenging
of the 1°Be and »'Pa in several ocean margin areas, including the Northeastern and Northwestern Pacific, the Bering Sea,
the Eastern Equatorial Pacific and the South Pacific Ocean. Scavenging rates of 10Be and 2*'Pa are clearly correlated to
particle flux Principal component analysis further suggests that scavenging of 10Be and #'Pa may be related to opal
productwvity in surface waters A simple box model was constructed to partition the deposition of 2°Th, 2*!Pa and '°Be
between open ocean and ocean margin sediments. Model parameters were constrained using measured values of Z30Th and
2B1p,  which have a common source, and then appled to '*Be. An average Holocene '°Be deposition rate for the entire
Paaific Ocean is estimated to be ~ 1.5 X 10° atoms/cm? yr~!, with ~ 70% of the total 1°Be supplied to the Pacific being
deposited in margin sediments underlying only 10% of the ocean. The short residence times of 10Be in ocean margin regions
(from < 100 to ~ 200 yr) compared to the long “Be residence time in the central open Pacific Ocean (~ 1000 yr) reflects
the intensified scavenging of '°Be in ocean margin waters. The results of this study suggest that the Pacific Ocean acts as a
relatively closed basin with respect to the transport and burial of 10Be; therefore, the average '°Be deposition rate in the
Pacific Ocean can be used as an estimate of the global average production rate of °Be in the atmosphere during the

Holocene period.

1. Introduction

“Be (¢,,,=1.5X10° yr) is produced in the
upper atmosphere by spallation of oxygen and
nitrogen atoms by galactic cosmic rays [1]. Many
applications of °Be as a geochemical tracer re-
quire the atmospheric production rate of °Be to
be accurately known (see [2] for a review). One of
the ways of estimating the global average '°Be
production rate involves measurement of °Be in
deep-sea sediments. Initial estimates of the depo-
sition rate of Be from deep-sea cores in the
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* Present address: Department of Geosciences, University of
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open Pacific Ocean were in close agreement with
theoretical calculations, ranging mostly from
about 0.4 to 1.2 X 10%® atoms/cm? yr~! [3-5].
Studies of deep-sea cores in the open Atlantic
Ocean [6,7) vyielded a rate of ~ 0.6 x 10°
atoms/cm? yr~! which is on the lower side of the
theoretical calculations. As more and more re-
sults emerged, tremendous differences among
19Be deposition rates at different locations in the
oceans became apparent. A deposition rate of
8.3 X 10® atoms/cm? yr~! was detected in sedi-
ments accumulated off Africa [8]; about the same
rate of 11 X 10° atoms/cm? yr~! is derived from
10Be results in sediments off the coast of Califor-
nia [9] and in Northwest Pacific margin sediments
[10]. The highest °Be deposition rate (~ 60 x 10°
atoms/cm? yr~!) was observed in the Zaire
deep-sea fan in the Angola Basin [11], while an
extremely low deposition rate (~ 0.02 x 10%

0012-821X /92 /$05.00 © 1992 — Elsevier Science Publishers B V. All rights reserved
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TRANSPORT AND BURIAL RATES OF '°Be AND #!Pa IN THE PACIFIC

atoms/cm? yr~') was reported in the Arctic
Ocean [12]. It is obvious that the deposition rate
of 1°Be at a single site, or even an average of a
few sites in the ocean, can not provide a reliable
estimate of the global average production rate of
°Be. A more comprehensive understanding of
the marine geochemistry of °Be is required be-
fore its deposition rate in the ocean may be used
as an estimate of its global average production
rate,

Intensified scavenging in ocean margin areas
(i.e., boundary scavenging) was shown to greatly
influence the removal of particle-reactive chemi-
cal substances such as 2!°Pb [13-16], Pu isotopes
[17] and !Pa [18-22] in the ocean. The results of
previous studies [9,10] and our work [23-25] have
shown that °Be is also preferentially removed
from the oceans in some margin areas. In order
to evaluate the source of 1°Be, and to understand
its transport within the oceans, we need to con-
duct an ocean-wide study: (1) to estimate the
extent to which °Be deposition is enhanced in
different ocean margin regions; and (2) to exam-
ine what factors influence the scavenging of °Be
from seawater to sediments. After the behavior of
19Be in various marine environments is well un-
derstood, we will be in a better position to use
10Be as a geochemical and geophysical tracer.
This paper presents an overview of Pacific-wide
boundary scavenging of °Be and *!Pa during the
Holocene period (i.e., the last 10,000 yr).

2. Core selection and results

Sediments from deep-sea cores in the Pacific
were analyzed for U, 2°Th, 'Pa and °Be nu-
clides and major and trace elements [26]. 2°Th
and ®'Pa are radioactive nuclides (¢, ,2=15,200
and 32,500 yr, respectively) which decay with time.
Therefore, it is necessary to make decay correc-
tions on cores that have age information to obtain
the initial unsupported concentrations for 2°Th
and ?*'Pa (i.e., the fractions of 2°Th and ®!Pa
that are only produced by decay of dissolved 24U
and ?°U, respectively, in the water column). Since
the half-life of 1°Be is relatively long (1.5 X 10°
yr) compared to that of **Th and »'Pa, it is
unnecessary to make decay corrections for 1°Be
for the purpose of studying deep-sea sediments
accumulated during the last 10,000 years.
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Fig. 1. Map of core sites in this study. Numbers = the map
sites listed in Table 1.

Cores that had stratigraphic controls such as
180, 1C and 3C isotope results were preferred.
In some areas where stratigraphic information
was unavailable but otherwise useful cores could
be obtained, the sedimentation rates of the cores
were estimated in two ways. One was to measure
downcore unsupported 2*°Th and *!'Pa concen-
trations and then construct an average sedimen-
tation rate for the core of interest. The second
was by comparing the core of interest to nearby
cores for which stratigraphic information was
available. The principal criteria for core selection
were that the chronologies of the cores should be
of good quality, representative of a variety of
marine environments, and readily accessible [26].
Thirty-two cores that were believed to best serve
our purposes were selected (Table 1, Fig. 1).

Five cores (V20-122, RC14-105, V21-146, V32-
126 and V32-128) were chosen from the North-
west Pacific where work has been carried out to
study eolian dust input from Asia [27,28]. A vast
area in the central North Pacific gyre region is
covered by red clay sediment which originates
from eolian dust, and sedimentation rates in such
an area are usually <5 mm/ky [29,30]. It is
important to know what role the area of very low
sedimentation plays in 2!Pa and °Be deposition.
Four cores (V20-85, V20-88, MANOP Site R and
Site S) that have sedimentation rates of ~ 2
mm/ky were thus included. Intensified scaveng-
ing of 2!Pa (relative to 2°Th) was found in the
Northeastern Pacific [20] where we selected eight
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cores (PS BC 116, 133, 150, 151; SC QP2;
W8709A-1, W8709A-8 and W8709A-13) for the
purpose of comparing our results with that of the
previous study. Of the cores mentioned above,
nine constitute a transect across the Pacific along
~ 40°N, serving to study the effect of offshore
gradient in sedimentation rate on scavenging of
21pa and '°Be.

Cores were also selected to include sediments
rich in Mn and Fe oxides, opal and CaCOj,
which may help to examine the effect of particle
composition on scavenging of the nuclides. En-
hanced scavenging of 2°Th and #'Pa was sug-
gested to be related to Mn coating of particles in
the East Pacific Rise [31] where two cores rich in
Mn and Fe were chosen (TT154-10 and V19-55).
The major phase scavenging °Be from water
column to the sea floor has been postulated to be
aluminosilicate rather than carbonate [6,32]. The
relatively high carbonate content in sediments in
five cores (V28-238, RC11-210, MANOP Site C,
V19-28 and V19-29) along the equator may allow
us to test this hypothesis. Scavenging of !Pa was
suggested to be enhanced by high opaline silica
flux [33,34]. A role for opal in the scavenging of
19Be has also been inferred from the similarity of
Be and Si profiles in sediment pore waters [35].
Since opal is one of the two most important
biogenic components (the other being CaCO5) in
marine sediments in terms of quantity, the influ-
ence of opal flux on scavenging of ?*'Pa and °Be
is worth close evaluation. In addition to one core
in the Bering Sea (RC14-121) where the Holocene
sediment contains a very high diatom content
[36], we included two cores (E15-6 and E17-9) in
the South Pacific (near the Antarctic) where the
opal deposition rate is very high [37,38].

The techniques used for analyses of the ra-
dionuclides have been described in detail else-
where [24]. The initial (i.e., decay corrected) un-
supported concentrations of 2>°Th and 2*!Pa (des-

YONG LAO ET AL

ignated as 22°Th, and 2'Pa_, respectively; Table
2), were calculated based methods described pre-
viously [23,24]. The basic principle of our ap-
proach is to use 2°Th, a nuclide that is produced
uniformly throughout the ocean by decay of dis-
solved 24U and deposited to the sea floor at a
rate nearly equal to its production rate in the
overlying water column, as a tracer against which
21Pa and '°Be are normalized so that *'Pa /?*°Th
and °Be/?°Th ratios in the sediments can be
used as indicators of the intensity of scavenging
of #'Pa and 'Be (see [23] for a description of the
normalization and the assumptions implicit
therein; and also discussions in Section 3 below).
For the sake of convenience, “Pa/Th” and
“Be/Th” will be used throughout the text to
designate the ratios of ,(**'Pa/?'Th), and
10Be / Z0Th,, respectively.

3. Intensified scavenging of >*'Pa and °Be in
ocean margins

The 2!'Pa/?°Th production ratio in the water
column is known to be a constant value (0.093)
because of the fixed ratio of 2°U to 2*U (the
progenitors of 2!'Pa and Z°Th, respectively) in
the ocean. Since the rate of removal of #°Th
from seawater is relatively uniform throughout
the ocean [18,19,22], a Pa/Th ratio in the sedi-
ment greater than the production ratio of 0.093
indicates that the site is a sink for 2'Pa (relative
to 2°Th), receiving an extra amount of *!'Pa in
addition to the ?*!Pa produced in the overlying
water column. Conversely, if the ratio is less than
the production ratio, the site acts as a source with
a certain fraction of >>!Pa produced in the overly-
ing water column being laterally exported (rela-
tive to 229Th) to other area(s) in the ocean [23,24].
Similar to Pa/Th ratios, Be/Th ratios can be
used as indicators of the intensity of scavenging
of 1°Be relative to 2*°Th [23].

Notes to Table 2:

! The errors include propagation of 1o counting statistics. Sources for the ages are given in {26]
2 The core-top age with a question mark indicates that the mixed layer depth of the core was not known, therefore an age was

assigned.
3 Indicates duplicates of the same sample.

4 There was not enough BeO for good !°Be measurement due to loss during handling
5 The samples were taken from different sections at the same depth level, rather than duplicates of the sample.
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Fig. 2. Average Holocene Pa/Th activity ratios of sediments

in the Pacific. Note that there are four cores located in the

coastal area off Califorma. The range of the Pa/Th ratios

(marked with an asterisk) is from 0.15 to 0.21, excluding the

exceptionally high Pa/Th ratio of PS BC 133 (see text for
explanation).

For most of the cores, two samples were taken
from the Holocene section for the radiochemical
analysis. Where this is the case the averages of
the two Pa/Th and Be/Th ratios are used to
represent the Holocene results. As will be
demonstrated below, the overall results indicate
that both »!'Pa and °Be are preferentially re-
moved to sediments in ocean margin regions (as
shown by higher Pa/Th and Be/Th ratios), i.e.,
boundary scavenging has a great influence on
removal of these two nuclides from the ocean.

The lowest Pa/Th ratio (0.03) among the open
ocean sites is at MANOP Site S whose sedimen-
tation rate is < 0.1 cm/ky [39]; the Pa/Th ratios
in some margin areas are around 0.2 (Fig. 2): two
times higher than the production ratio, clearly
showing a pattern of boundary scavenging. On
average, the Pa/Th ratio in ocean margin sedi-
ments (~ 0.15 to 0.2) is about 4-5 times that in
areas of red clay accumulation in the open ocean
(~ 0.03-0.04). The pattern of boundary scaveng-
ing of !Pa (relative to 2°Th) in this study is in
agreement with published results summarized in
{20] and our data fill in the Eastern Pacific where
some of the »'Pa concentrations in [20] were
inferred.

Similarly, the pattern of boundary scavenging
of °Be is shown by higher Be /Th ratios in mar-
gin sediments (Fig. 3). The very low Be /Th ratios

179

in the pelagic sediment in the open ocean in this
study are in agreement with the Be/Th ratios
measured by other investigators in the same type
of sediment (see + symbols in Fig. 3). The lowest
Be /Th ratio (0.03 X 10° atoms /dpm) in this study
is also at MANOP Site S. In margin areas, the
Be/Th ratios range from 0.3 to 1.5 x 10°
atoms/dpm. The range in the Be/Th ratio be-
tween ocean margin sediments and deep open
ocean red clay sediments exceeds a factor of 10,
i.e., approximately twice the range seen for Pa/Th
ratios.

One core (PS BC133 from the coastal area of
California) has exceptionally high ratios of Pa/Th
(average 0.85) and Be/Th (average 14.2 X 10°
atoms /dpm; Table 2). The very high contents of
Fe and K (20% and 4.2%, respectively [26]) of
this core suggest that the samples from this core
might be rich in glauconite, a mineral that usually
forms in shallow margin areas [40] and has been
reported to be present in sandy sediments in this
area, with a maximum concentration of 35% of
the total sediments [41]. Since such a result is so
rare in our data set, we do not consider it repre-
sentative of average ocean margin environments,
but it apparently suggests the preferential uptake
of 1°Be and ! Pa, relative to 2°Th, by the Fe-rich
minerals in these sediments.

The generally higher Pa/Th and Be /Th ratios
in the ocean margin cores compared to the open
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Fig. 3 Average Holocene Be/Th ratios (10° atoms/dpm) of
sediments in the Pacific. Note that there are four cores
located 1n the coastal area off Califormia. The range of the
Be/Th ratios (marked with an asterisk) does not include that
of PS BC133 (see text). Also shown are the Be/Th ratios
taken from published hterature (the sites marked with +).
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ocean cores may be more easily seen in Fig. 4, in
that the cores are so arranged that those in the
upper part of the figure are from open ocean
areas (i.e., sedimentation rates are relatively low)
and those in the lower part are from margins (i.e.,
sedimentation rates are relatively high). A gen-
eral correlation is seen between sedimentation
rate and the Pa/Th ratio (Fig. 4a), and between
sedimentation rate and the Be /Th ratio (Fig. 4b).
Also shown in the figure are the ratios of Be /Th
normalized to water depth ((Be/Th]y; Fig. 4b).
The vertical distribution of dissolved °Be in the
open Pacific exhibits a depletion in surface wa-
ters (~ 600-1000 atoms/g) and enrichment to
relatively constant values at depth (~ 2000
atoms/g), which is suggested to reflect scaveng-
ing of 1°Be from the surface waters followed by
regeneration at depth [42]. The production of
230Th is directly proportional to water depth and
the source of 2°Th is, therefore, greater at deeper
sites. Consequently, if 2°Th is removed through-
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out the water column [18,19,24] and °Be is only
removed from surface waters [42], then, among
the sites of similar scavenging intensity, the
Be /Th ratios of sediments in shallow ocean areas
will be higher than that in deep ocean areas. For
the purpose of comparing 1°Be scavenging rates
at different sites in the ocean, Be/Th ratios
should, therefore, be normalized to a constant
water depth. The mean depth of 4200 m of the
Pacific [43] was chosen against which the Be /Th
ratios were normalized:

[Be/Th]y = (Be/Th) X Z/4200 (1)

where (Be/Th) is the measured ratio and Z is
the water depth (in meters) above the core. Nor-
malization of the Be/Th ratio to a standard
water depth leads to 2 minimum estimate for the
extent to which °Be is influenced by boundary
scavenging. Implicit in this approach is the as-
sumption that °Be is scavenged only from sur-
face waters [42]. This may not be valid in ocean

(b)
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Fig. 4. (a) Average Holocene Pa/Th activity ratios versus cores. (b) Average Be/Th ratios (10° atoms/dpm) versus cores. The

cores are so arranged that the sedimentation rate is low at the top and high at the bottom of the figure. Also shown 1n (b) are the

depth-normalized Be /Th ratios (i.e., [Be/Thly =(Be/Th) X Z /4200, where Z is the water depth of the cores in meters and 4200
is the mean depth of the Pacific adopted from [43]). The results of PS BC133 are not included (see text).
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margin regions where fluxes of °Be collected by
sediment traps indicate that scavenging takes
place throughout the water column [24], in which
case the depth normalization will underestimate
the actual enhancement of °Be deposition. An-
other factor which causes estimates of the extent
of boundary scavenging of **!Pa and °Be, based
on Pa/Th and Be/Th ratios, to be minimum
values is the assumption that the deposition rate
of #°Th is everywhere equal to its production
rate in the overlying water column. Boundary
scavenging also exerts some influence on ?*°Th
[24], so that the actual enhancement of the depo-
sition of #!'Pa and !°Be in ocean margin sedi-
ments should be obtained by multiplying the
Pa/Th and Be/Th ratios by the extent to which
20Th deposition is enhanced at margins (note
that enhancement of 2**Th deposition at margins
is generally unknown; see modeling results in
Section 5). Yet, despite these conditions, which
lead to minimum estimates of enhanced scaveng-
ing at margins, the depth normalized Be /Th ra-
tios ([Be/Thly) still span a full order of magni-
tude (Fig. 4b), providing unequivocal evidence for
greatly enhanced scavenging of °Be in ocean
margin areas.

4. Factors influencing scavenging

A regional study in the Northeastern Pacific
found that fluxes of 29Th, ?'Pa and “Be are
proportional to particle flux, both with respect to
temporal variability at a single location and with
respect to mean particle flux along a transect
normal to the coastline [24]. It remains to be
tested, however, if a general relationship exists
between the nuclide scavenging rate and particle
flux on a basin-wide scale.

Nine cores (core sites 3, 4, 5, 6, 7, 8, 10, 11,
and 12, Fig. 1) along a transect across the North
Pacific at ~ 40°N provide a useful subset with
which to test the influence of particle flux on
scavenging intensity on a basin-wide scale. Sedi-
ments across the North Pacific are predominantly
lithgenic material transported by westerly winds
from source regions in Asia [27,28]. Dust flux,
and hence sediment accumulation rate, generally
decreases from west to east in the open ocean. As
there is no information on particle flux in the
water column at the sites where the cores in this
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Fig. 5. Sediment accumulation rates (cm/kyr), and average
Holocene ratios of Pa/Th (activity ratio) and [Be /Thly (10°

atoms/dpm) for nine cores along ~ 40°N transect in the
North Pacific.

study were collected, sedimentation rates may be
regarded as the best proxy. Patterns of Pa/Th
and [Be/Th]y ratios both closely mimic the pat-
tern of sedimentation rate along the 40°N tran-
sect (Fig. 5). As has been discussed previously,
Pa/Th and [Be /Th]y ratios vary according to the
scavenging intensities of »*'Pa and “Be. There-
fore the close relationships between sedimenta-
tion rate and Pa/Th and [Be /Th] ratios suggest
that particle flux is a major factor influencing
scavenging of 2!Pa and °Be, consistent with the
findings of an earlier study of °Be by Tanaka et
al. [44]. However, there are exceptions when the
results of all the cores are considered. The devia-
tion from the correlation between sedimentation
rate and the Pa/Th and [Be/Thly ratios could
be partly due to errors in the sedimentation rates
of the cores, which are difficult to assess at the
moment because the chronologies of these cores
are mostly taken from literature. Sediment com-
position, which varies among cores, may also af-
fect the scavenging intensity (Fig. 4).

Principal component analysis was applied to
the elemental results of the sediments (the ele-
ment concentrations and mathematical proce-
dures were given in [26)) to look for systematic
relationships between sediment composition and
the nuclide contents. The factor analysis results
indicate that the elements may be divided into
three groups (Fig. 6):

(1) those normally associated with lithogenic
phases (Al, Ti, Fe, K, Mg, V and Z?Th);

(2) those associated with biogenic carbonates
(Ca, Sr and Zn);
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Fig. 6. Two-dimensional plots of the first three extracted
components (F,, F, and F;) based on principal component
analysis apphed to the elemental data in this study (details
given in {26]). (a) F; vs F,. (b) F; vs F;. The first extracted
component (F;) accounts for 41%, the second (F,) 24% and
the third (F;) 12%, of the total variance. With the sum of the
three components (F;, F, and F,) accounting for 77% of the
total variance, most of the interesting information can there-
fore be found in these three components. Note that not
included for principal component analysis were the elmental
results of PS BC133 (from coastal California) which contains
very high Fe and K contents and TT154-10 and V19-55 (from
the East Pacific Rise), which are very rich in Fe and Mn
oxides (see text).

(3) 2°Th, #'Pa, Be (designated by . Th, ,Pa
and Be), Ba, Cu and Mn.

In a broader sense, Na, Ni and U seem to be
clustered around the lithogenic elements. °Th,
231pa and °Be are located far away from Ca and
Sr in Fig. 6, which is consistent with the hypothe-
sis that marine carbonates may act as diluting
phases and do not contribute significantly to nu-
clide scavenging [6,32]. Distributions of some trace
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elements (i.e., Ba, Cu and Mn) may be related to
biological productivity, albeit for different rea-
sons. Diagenetic enrichment of Mn in sediments
usually occurs in areas of high biological produc-
tivity where organic input to the sediments is high
(e.g., in the Northeastern Pacific; [24,45]). Cu
chemistry in the ocean seems to be substantially
influenced, and often dominated, by organic com-
plexation [46,47]. The sedimentary distribution of
Ba, an element known to be associated with bio-
genic opal [48], has been proposed as a paleopro-
ductivity indicator [e.g., 49,50]. The association of
Ba with 20Th, 2!Pa, YBe, Cu and Mn (Fig. 6)
therefore suggests that scavenging of these nu-
clides and elements may be related to biological
productivity in surface waters.

Comparing resulits from two end member loca-
tions supports the inferences based on factor
analysis. Two cores from the South Pacific (E15-6
and E17-9) very rich in opal content (60-80%;
[37,38]) serve as an end member to examine the
effect of opal flux on scavenging of ?*'Pa and
10Be, MANOP Site R in the central North Pacific
is treated here as a pure red clay end member.
The average concentrations of initial unsup-
ported Z!'Pa and °Be (~ 3.4 dpm/g and ~ 5.7
X 10° atoms/g, respectively) in MANOP Site R
are close to those (~ 2.4 dpm/g and ~ 6.0 x 10°
atoms /g, respectively) in E15-6 and E17-9 (Table
2). The sedimentation rate of E15-6 and E17-9
(~ 3.6 cm/ky) is more than one order of magni-
tude higher than that of MANOP Site R (~ 0.2
cm/ky). Therefore, accumulation rates of 2!Pa
and °Be in the opal-rich sediments of the South
Pacific must be more than 10 times their respec-
tive accumulation rates in the red clay sediment
of MANOP Site R in the central North Pacific,
leading us to conclude that opal, as well as clay
minerals, must be an important phase scavenging
B1pa and “Be.

5. Modeling distributions of 2'Pa and °Be

One of our goals is to evaluate an ocean-wide
10Be deposition rate which, in turn, provides an
estimate of global average production rate of
1°Be in the atmosphere. It has been demon-
strated above (also see [23,24]) that the removal
of #!Pa and °Be is greatly influenced by bound-
ary scavenging. Furthermore, lateral sediment
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transport (sediment focussing) can result in mis-
interpretation of »*'Pa and °Be fluxes in sedi-
ments [23). Therefore, one can not reliably deter-
mine the ocean-wide °Be deposition rate by
measuring its accumulation rate in only a few
cores. A better approach is to develop a model
that relates the burial of °Be to the burial of
20Th, whose source is precisely known. In the
following, a simple boundary scavenging box
model is constructed and the validity of input
parameters is first tested using Z2°Th and #'Pa
results.

5.1. *pa

If the deposition rate of Z°Th in sediments is
exactly equal to its production in the water col-
umn, then the flux of nuclide N at a specific site,
F(N), could be evaluated as [23,51,52]:

F(N) = [N/Th]sed X Pry, (2)

where [N/Th],, is the concentration ratio of
nuclide N to the initial unsupported 2°Th in the
sediment; Py, is the production rate of Z°Th
which is proportional to water depth (i.e., Pp, =
0.0026Z dpm/cm? ky~!, where depth, Z, is in
meters). However, F(®*°Th) is not equal to P,
in the real world because boundary scavenging
can to some extent affect 22°Th [22,24]. Since the
mass budgets of ?!Pa and °Be will be con-
structed by normalizing to ?°Th, the boundary
scavenging effect on 2°Th must be taken into
account. A model will have to be constructed in
which open ocean and ocean margin regions are
both considered (Fig. 7). When the two-box sys-
tem is at steady state, the *°Th deposited in
margin sediment is derived both from that pro-
duced in the overlying water column, and from
that imported from the open ocean. This mass
balance requires:

On+(1-K,)XQ,-K, X0, =0 (3)

Rearranging:

Km=1+(1—K)x(Qé) 4
? O

where Q) (= Pp, X V) and Q. (= Py, X V) are
the rates of in situ production of *°Th (in units
of dpm/yr) in the open ocean and ocean margin
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Fig. 7. A two-box model illustrating boundary scavenging in
the Pacific. The mean depth of 4200 m is from [43]. o = open
ocean; m = margin; V' = volume of the ocean; Q' = rate of in
situ production of 2*Th (dpm/yr); K, = percentage of Z°Th
produced 1n the open ocean that is directly removed in the
open ocean, K, = enrichment factor for °Th in the margin

sediemnts (see text).

boxes, respectively (with V, and V, referring to
the open ocean volume and ocean margin volume
in m?); K is the percentage of 2°Th produced in
the open ocean box that is directly deposited over
the open ocean floor; K, is the enrichment fac-
tor for #°Th deposition in margin sediment due
to boundary scavenging (it can be regarded as the
ratio of actual flux of 2°Th to the margin sedi-
ment relative to the production of ?°Th in the
overlying ocean margin water column).
Equation (4) can be rewritten as:

K,=1+(1-K,))x U;J] (5)

where f,=V,/(V,+V,) is the ocean margin
volume fraction.

Assuming that any 2°Th and 2*!'Pa which are
not scavenged from the open-ocean box are
transported to the ocean margin box where they
are homogeneously mixed with the %°Th and
#1Pa produced in the waters in the ocean margin

box, and then scavenged to the margin sediment,
we then have:

[Pa/Th]o X Ko X (1 _fm)
+[Pa/Th], X K,, X f, =0.093 (6)
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where [Pa/Th], and [Pa/Th], are the initial
unsupported #*'Pa /Z0Th ratios of representative
open ocean and ocean margin sediments, respec-
tively; 0.093 is the constant water column »'Pa/
Z30Th production ratio.

In modeling the scavenging of **°Th, K is
first permitted to range from 0.85 to 0.95 based
on modeling results in [22], and K, is calculated
using eqn. (5), assuming that the fraction of the
ocean margin volume is 10% of the total Pacific
Ocean (i.e., f,, =0.1). The computed K, values
range from 1.45 to 2.35 (Table 3), very close to
the flux/production ratio for 2°Th (i.e., the ob-
served K, ) for sediment trap samples and
Holocene sediments (from 1.7 to 2.5) at a
nearshore site in the Northeastern Pacific [24].
Thus, the assumed values for K (0.85-0.95) lead
to computed K, values that are consistent with
the best estimates of K, available from mea-
sured 2°Th fluxes.

To test the parameters used to simulate
boundary scavenging, an average value for
[Pa/Th], of 0.2 was used as model input based
on the facts that the Pa/Th ratios in sediment
trap samples from a nearshore site in the North-
eastern Pacific are around 0.2 [24], and those in
the margin sediments are relatively constant (~
0.2; Fig. 4a). Equation (6) was then used to com-
pute values of [Pa/Th], over the permitted range
of K, giving values (0.060—0.075), consistent with
the range of the observed Pa/Th ratios (i.e., from

TABLE 3

Modeling results of 2*!Pa m the Pacific Ocean 2
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0.03 to 0.09) in the open ocean sediments (Fig. 2).
The parameters used (ie., f,=0.1, K =0.85-
0.95, and K, = 1.45-2.35; Table 3) thus give a
reasonable partitioning of 2°Th and #!Pa be-
tween open ocean and ocean margin sediments,
and will therefore be used for modeling the dis-
tribution of °Be.

5.2. YBe

The Pacific ocean-wide average °Be flux (Fg,)
in the two-box model (Fig. 7) is given by:

Fp, = Prp, X {(O[Be/Th]N) XK, X (1-f,)

+(,.[Be/Th]y) X K,, X f,.} (7
where Pq, is the average 2°Th production rate
in the Pacific (= 0.0026 X 4200 dpm/cm? ky™!);
J[Be/Thly and _[Be/Th]y refer to the depth-
normalized Be /Th ratios in the open ocean and
ocean margin box, respectively.

Representative ratios of [Be/Thly and
m[Be/Th]y must be chosen in order to obtain an
average '“Be flux (Fp,) in the Pacific. Since a vast
area of deep open Pacific is covered by pelagic
(red clay) sediment whose accumulation rate is
very low (~ 1 mm/ky), and the Be/Th ratio for
red clay in the open ocean is from about 0.02 to
0.10 X 10° atoms/dpm (Fig. 3), our present best
estimate of the J[Be/Th]y ratio for average open
ocean sediments falls between 0.04 and 0.06 X°
atoms /dpm. Excluding some extreme values, the

Model input Model output

fn K, " [Pa/Thl, K,° [Pa/Th], ¢
0.1 0.80 0.2 2.80 0.051

0.1 0.85 0.2 235 0.060

0.1 0.90 0.2 190 0.068

0.1 0.95 0.2 1.45 0.075

0.1 1.00 02 1.00 0.081

2 This is a simple mass budget constraint on the ocean-wide production and removal of 2°Th and 2'Pa. The ocean margin volume
fraction (f,) is assumed to be 0.1 and the representative Pa/Th ratio in the margin sediment ({[Pa/Th],,) is taken to be 0.2 (see
text).

b K, 1s the percentage of the 2°Th produced mn the open ocean that is directly deposited over the open ocean floor based on the
modelling results of Bacon [22] and constraints by the measured 2>°Th fluxes in the sediment traps and sediments in the
Northeastern Pacific [24].

¢ K., is the enrichment factor of 20Th in the margin ocean sediment (1.e., the ratio of actual flux to the production rate mn the
overlying water column) calculated using eqn. (5).

d [Pa/Th], is the average Pa/Th ratio for the open ocean sediment calculated using eqn. (6).
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TABLE 4

Model computations of the ocean wide average '°Be deposi-
tion rate (Fg,) as well as the fraction of total 1°Be deposited
in margin sediments of the Pacific Ocean !

K, K, Fpge 10Be deposited in
(10° atoms / margin sediment 2

cm? kyr 1) (%)

Lower himit for Fy, using ,[Be / Thly = 0.04 X 10° and
wlBe / Thly = 0.4 X 10? atoms / dpm

080 2.80 154 80
0.85 2.35 1.36 75
0.90 190 1.18 70
0.95 1.45 1.01 63
100 1.00 0.83 53

Upper linut for Fy, using ,[Be / Th],y = 006 X 10° and
mlBe / Thly = 0.6 X 10° atoms / dpm

0.80 2.80 231 80
085 2.35 2.04 75
0.90 190 1.77 70
0.95 1.45 1.51 63
1.00 1.00 1.24 53

! K, and K, are the same as in Table 3. The mean depth of

the Pacific Ocean 1s taken to be 4200 m [43]. The ocean
margin volume fraction (f,;;) 1s assumed to be 0.1. ,[Be /Thly
and _[Be/Thly are the average Be/Th ratios in the open
ocean and ocean margin sediments, respectively. Fg. 1s
calculated using eqn. (7) (see text).

2 This is calculated as (P, X(,[Be/Thly)X K, X fu)/ Fpe-
See eqn. (7) for explanations of the parameters.

nlBe/Thly ratio for average ocean margin sedi-
ments falls between 0.4 and 0.6 X 10° atoms /dpm
(Fig. 4b). For the chosen f,,, K, and K, values
(obtained from modeling of >'Pa), and the upper
and lower limits for [Be/Thly and ,[Be/Thly
ratios defined above, a series of results (Table 4)
for the average flux of ’Be in the Pacific (Fy,)
can be obtained based on eqn. (7). Although Fj,
obviously depends on the modeling parameters
chosen, we can still place some limits on it. If we
assume some extreme parameters, we can obtain
a lower limit of 1.0 X% atoms/cm? yr=! (with
K,=0.95; [Be/Th]y and _[Be/Thly ratios of
0.04 x° and 0.4 X 10° atoms/dpm, respectively),
and an upper limit of 2.0 X 10® atoms /cm? yr~*
(with K, =0.85; ,[Be/Thly and ,[Be/Th]y ra-
tios of 0.06 X 10° and 0.6 X 10° atoms/dpm, re-
spectively) (Fig. 8). Therefore, our best estimate
of Fg, is (1.5 +0.5) X 10° atoms/cm? yr~! (i.e.,
the average of the two extreme limits above). If
we assume some moderate values for the model-
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ing parameters (i.e., a K, of 0.9; [Be/Th]y and
.[Be/Thly ratios of 0.05 X 10° atoms/dpm and
0.5 X 10° atoms/dpm, respectively), then Fg, is
also 1.5 X 10% atoms/cm? yr~!; and ~ 70% of
the 1°Be supplied to the Pacific is accumulated in
ocean margin sediment underlying only 10% of
the total Pacific Ocean volume (Table 4).

Since this is a Pacific-wide study, and factors
such as boundary scavenging and sediment focus-
ing that influence the deposition of °Be in the
ocean have been taken into account, the average
Holocene °Be flux in the Pacific should reflect
the global average production rate of °Be in the
atmosphere during the Holocene period. How-
ever, before such a conclusion is reached, possi-
ble exchanges of °Be between the Pacific and
the Atlantic need to be considered in terms of
the regional residence times of °Be and the way
of water exchange between oceans.

3 . ;
(a) /m
Km=235 —>, -
(Ko=085) ARSIy 1
Km 2 ARNEE ]
[ f: W
AR
Km=1 45 > ASSSSS
I (Ko=095)
: ﬁ / v
1 L a1 4 4 4
0 1 2 3
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Fig. 8. Modelled relationships between the ocean-wide aver-
age accumulation rate of 1°Be n the Pacific Ocean (Fg,) and
the enhancement of 2**Th deposition m ocean margin sedi-
ments (K ). The volume fraction of ocean margin and the
mean depth of the ocean are assumed to be 10% and 4200 m,
respectively. The hatched area 1s constrained by the permitted
range of values for the parameters used to define K, (eqn.
(5)), and the relationship between K, and Fy, (eqn. (7)).
a=the relationship between K., and Fg, for lower-limt
values of Be/Th ratios in open ocean and ocean margmn
sediments (0 04 10° atoms/dpm and 0.4 X 10° atoms /dpm,
respectively). b = the same relationship for upper-limit values
of Be/Th ratios in open ocean and ocean margin sediments
(0.06x10° atoms /dpm and 0.6x10° atoms /dpm, Ttespec-
tively). The lower and upper limits for F Be Dermitted by the
extreme ranges of reasonable values for the parameters are
10x10°% atoms/cm? yr~!, and 2.0x10°® atoms/cm? yr~!
respectively, as indicated by the solid arrows.

s
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5.3. Regional residence times of °Be

The oceanic residence time of °Be is an im-
portant index for estimating the rate of removal
of 1°Be in the ocean. The residence time (7) with
respect to removal from seawater may be calcu-
lated using the following equation [23]:

7=1/F(Be) (8)

where [ is the inventory of 1°Be in the ocean (in
the unit of atoms/cm?) and is simply propor-
tional to water depth if we adopt a mean °Be
concentration in the deep Pacific (~ 1800
atoms/g [42]); F(Be) is the °Be deposition rate
(atoms/cm? yr~1) at a specific site as defined in
eqn. (2).

The regional residence times of °Be thus cal-
culated do not take into account the effect of
boundary scavenging on *°Th because there is no
independent assessment of the effect of boundary
scavenging of 2Th at individual sites. However,
since we know that a certain fraction (e.g., ~
10%) of ?°Th produced in the open ocean is
removed to the margins, °Be residence times
calculated for open ocean areas should be re-
garded as lower limits (because the deposition
rates of 1°Be are upper limits using eqn. (2)); and
those in ocean margin areas should be upper
limits (because the deposition rates of °Be are
lower limits). The residence time of °Be ranges
from < 100 yr in ocean margin areas to > 1000
yr in deep, open ocean with very low accumula-
tion rates (Fig. 9). The trend is obvious: residence
times in open ocean regions are generally longer
and those in margin areas are shorter, with the
latter being at least an order of magnitude lower
than the former, which is a consequence of inten-
sified scavenging in ocean margin areas.

Although the °Be residence time varies greatly
from area to area in the Pacific, an average °Be
residence time is useful in evaluating the behav-
ior of 1°Be in the ocean. Using an average °Be
flux of 1.5 X 10° atoms /cm? yr~! calculated from
the above modeling, a mean '°Be concentration
of 1800 atoms/g [42] and a mean depth of the
Pacific of 4200 m [43], the calculated mean °Be
residence time in the Pacific is ~ 500 yr, consis-
tent with the recent estimate of Kusakabe et al.
[53]. The residence time of °Be in the open deep
Atlantic is ~ 500 yr [54], about half of that (~
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Fig. 9. Regional residence times (years) of 1°Be in the Pacific.

+ = values based on literature results. The dashed line is

drawn by eye indicating an isoline of a residence time of
250 yr.

1000 yr) in the open deep Pacific. By analogy to
the mean residence time of °Be in the Pacific,
the mean residence time of °Be in the Atlantic
may be shorter than 250 yr (i.e., less half of the
residence time of the open deep Atlantic), which
is much less than the inter-ocean mixing time
(~ 1000 yr). Considering the short residence times
of ®Be (~ 250 yr) in the South Pacific (Fig. 9)
and in the Atlantic, the net change in the inven-
tory of °Be due to transport of 1Be between the
Atlantic and the Pacific is expected to be small
because of the effects of high scavenging intensity
in the South Pacific and a larger influence of
boundary scavenging in the smaller Atlantic com-
pared to the Pacific.

Another cause of the small partitioning of
19Be between the Pacific and the Atlantic is the
way of water exchange between the Pacific and
the Atlantic. The advection flow is from surface
North Atlantic to deep North Atlantic to Antarc-
tic Circumpolar Currents to deep Pacific and to
surface Pacific, and the surface Pacific water is
exported to the Indian Ocean via the Indonesian
Seas, and then around the southwest of Africa,
into South Atlantic Ocean [55]). Considering that
the “Be concentration in the surface Pacific wa-
ter (~ 850 atoms/g [42) is about the same as
that in the deep Atlantic [54], mixing and ex-
change between the Atlantic and the Pacific
oceans is unlikely to influence the partitioning of
0Be between the two oceans significantly. This
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suggests that the Pacific acts as a relatively closed
basin with respect to '°Be supplied from the
atmosphere and the average flux of °Be in the
Pacific can be regarded as a good estimate of the
global average production rate of °Be.

6. Conclusions

Boundary scavenging plays an important role
in removal from the ocean of both *'Pa and
10Be. Particle flux appears to be the major factor
influencing scavenging of *!'Pa and °Be in the
ocean. Principal component analysis of the chem-
ical data suggests that biological opal productivity
may also influence scavenging of *'Pa and °Be.
Modeling results indicate that about 70% of the
9Be directly supplied to the ocean from the
atmosphere is accumulated in sediments in ocean
margins, which constitute only 10% of the total
Pacific volume. The regional residence times of
19Be in the Pacific range from < 100 yr in margin
areas to > 1000 yr in the deep open ocean, with
a mean residence time of ~ 500 yr.

The resuits of the modeling allow us to place
the lower and upper limits for the range of the
global average production rate of °Be at 1.0 X 10°
atoms/cm® yr~! and 2.0 X 10% atoms/cm? yr~1,
respectively, averaging (1.5 + 0.5) X 10® atoms/
cm? yr~ L

The results of this study have several impor-
tant implications:

(1) °Be has been used to trace the cycling of
ocean floor sediments at convergent tectonic
plates (island arc volcanic rocks; e.g., [56,57]).
The influence of boundary scavenging on the
deposition of °Be in the specific areas of the
ocean margins should be well understood before
19Be can be used to model the amount of sedi-
ment that was incorporated in the magmatic pro-
cess accurately.

(2) The production rate of °Be in the atmo-
sphere reflects the intensity of the cosmic ray flux
and the strength of the Earth’s magnetic field.
The approach described in this paper can be used
to detect changes in '°Be production rate [58],
from which information about cosmic ray flux and
magnetic field strength in the past may be in-
ferred.

(3) Application of '"Be and **'Pa to dating
deep-sea sediments requires a knowledge of the
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source, transport and fate of °Be and #!Pa in
the ocean. Possible changes in the nature and
intensity of boundary scavenging of °Be and
Z1Pa may cause changes in deposition rates of
0Be and ?*'Pa in deep-sea sediments at specific
sites, thereby invalidating the assumption of a
steady supply of '°Be and #!Pa with time to the
sediments. This assumption needs to be examined
before a precise chronology can be developed for
deep-sea cores based on measurements of °Be
and ®!Pa.
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