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Abstract

Activities of ?'Pa and ?*°Th in surface sediments from the Arctic Ocean and Greenland—Norwegian Seas are used to
examine the redistribution of these water-column produced tracers between the low productivity interior basins and high particle
flux marginal areas. Sediment 2*'Pa,y/**°Thy, ratios throughout the Canadian and Eurasian Basins and the high particle flux
Chukchi slope region are essentially invariant (average=0.063 +0.014, N=39) and significantly below the water column
production ratio (0.093). **'Pa,y**°Th, ratios are also below the production ratio in the seasonally high productivity
Greenland—Norwegian Sea basins (average=0.082 + 0.024, N=13), though they are ~ 30% higher than the interior Arctic. The
low sediment **'Pa,/***Th,, ratios are attributed to the net export of ~ 39% of dissolved **'Pa produced in intermediate/deep
waters, as opposed to ~ 10% of **°Th, through Fram Strait. The negligible **Th export, combined with the reported low
2307}, . inventory of basin sediments and high 2*°Th,, inventory in Chukchi slope sediments, points to significant boundary
scavenging of 2*°Th in the Arctic. The invariant **'Pa,/***Th,, ratios further indicate that scavenging of ***Th is comparable to
21pg (i.e., fractionation to a similar degree between the two nuclides) in both the interior basins and margins. Thus, while
significant boundary scavenging of both **'Pa and 2*°Th occurs in the Arctic, there is a distinct lack of basin-margin
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fractionation and a sizable export of >*'Pa. There is also likely to be export of other similarly particle-reactive radionuclides

(e.g., "°Be, Pu isotopes) out of the Arctic.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

21pa (1,,=32.8 kyr) and BOTh (1,,=75.5 kyr) are
particle-reactive radionuclides produced uniformly in
the oceans by alpha decay of soluble *°U and ***U,
respectively, at a constant initial >*'Pa/**°Th activity
ratio of 0.093. The differential oceanic residence times
of #*'Pa (~ 50-200 yr) and **°Th (~ 2040 yr) [1-3]
strongly influence the sedimentary **'Pa/**°Th depo-
sition ratio on a basin-wide scale [4-6]. Chemical
fractionation of these tracers in the ocean results from
the preferential lateral transport of **'Pa and its
enhanced removal in areas of high particle flux (such
as ocean boundaries), which is referred to as
“boundary scavenging” [7-9].

In the Pacific, preferential boundary removal of
21pa relative to 2*°Th is clearly evident and
characterized by sediment excess 2*'Pa/**°Th ratios
(3'Pay/**°Thy,) that may exceed the production ratio
in marginal areas [6,10-12]. In contrast, boundary
scavenging of *'Pa relative to >*°Th appears to be
weakly expressed in the Atlantic [13]. Because the
residence times of **'Pa and Atlantic intermediate/
deep waters are similar (~ 100-200 yr), there is a net
southward transport by advection of ~ 50-70% of the
water column production of **'Pa that limits the
preferential accumulation of **'Pa in high particle
flux regions [13—17]. North of 50°S in the Atlantic,
excess 2>'Pa/**°Th ratios in Holocene sediments [13],
suspended particulate matter [15,16], and sediment
trap material [18] all fall below the production ratio,
consistent with model predictions [17]. This observa-
tion has generated significant interest in the applica-
tion of excess sediment **'Pa/**°Th as a paleo-
circulation tracer in the Atlantic. In addition to
particle flux and water mass age, variations in particle
composition can also alter oceanic and hence sedi-
mentary 2*'Pa/*°Th ratios [19-23]. In particular,
231pa is preferentially removed by biogenic opal
[19,20,22,23], resulting in enhanced scavenging of

21pa transported southwards from the Atlantic and
sedimentary 2*'Pa/**°Th ratios in the Southern Ocean
that exceed the production ratio [13,24,25].

Early studies of sedimentary **°Th and **'Pa [26]
and '°Be [27] in the central Arctic indicated that their
sedimentary inventories were below the respective
supply from the water column, which was attributed
to the inefficiency of scavenging in the low produc-
tivity Arctic. In this paper, we investigate the imprint
of 2'Pa/**°Th fractionation and boundary scavenging
in the Arctic Ocean by combining new measurements
of surface sediment ?*'Pa,/**°Th, from the Canadian
Basin with previous data from the Arctic and the
adjacent Greenland—Norwegian Sea basins [13,28,29].
An implication of this study is that 2°Th is largely
removed by boundary scavenging, whereas nearly
half of the **'Pa produced in-situ is exported out of
the Arctic.

2. Methods

Sediment samples were collected in August—
September, 1994, at 19 locations in the Canadian
Basin as part of the joint U.S.—Canada Arctic Ocean
Section (AOS-94) expedition aboard the C.C.G.S.
Louis S. St. Laurent (LSL) and U.S.C.G.C. Polar
Sea (PS) (Fig. 1; Table 1). This transarctic expedi-
tion allowed for collection of samples from the
Chukchi shelf and slope, the Makarov, Eurasian
(Amundsen and Nansen) Basins, the Lomonosov and
Medeleyev Ridges, and the Norwegian Sea. Sedi-
ments were collected from a range of water depths
including the shelf (~ 40-50 m), slope (~ 1000-2500
m), deep-sea ridges (~ 1000-1500 m), and the
central deep basins (>3000 m). In addition to the
AOS-94 samples, surface sediments were also
collected in May—June, 2002, at 8 locations near
the Chukchi slope as part of the Shelf-Basin
Interaction Phase II (SBI-II) program (Fig. 1; Table
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Fig. 1. Map of the Arctic Ocean and adjacent seas with station locations indicated for the 1994 Arctic Ocean Section (@), SBI-II (O), Scholten

et al. [28] (O), and Yu et al. [13] (m).

1). Samples were collected from the Chukchi slope
region and Canada Basin, which was not sampled
during AOS-94. Box cores were used to collect
sediments at all stations during AOS-94 and SBI-II.
The box cores were subsampled at sea at 1 cm
intervals. Surface sediments used for **'Pa and **°Th
analysis are defined as the 0—1 cm interval. Sediment
samples were stored frozen in plastic bags and
returned to the laboratory for subsequent analysis.
The techniques used for chemical purification of
sedimentary Pa, Th, and U in this study were based on
those described for seawater analysis [30-32]. The
carbonate fractions in sediment samples were first
dissolved using 1 N HNOj;. The dissolved fraction
was dried and redissolved with HNOs—HCI-HCIO, in
capped Teflon beakers at 150 °C overnight. The
residuals were dissolved with concentrated HF-
HNO;-HCIO,4 in Teflon bombs at 108 °C for 24 h.
Five drops of saturated H;BO5; were then added, dried
down, and dissolved in 9 N HCIL. The two digested
fractions were combined in capped Teflon vials and
refluxed to ensure a homogencous solution. Two
separate aliquots were taken for Pa and/or Th and U-

Th analysis. The digested samples were then purified
in a clean-room by anion-exchange [32].

21pa abundances were quantified using a Finnigan
MAT 262 RPQ thermal ionization mass spectrometer
in pulse counting mode [32]. **°Th, #**Th, ***U, and
25U abundances were measured using a Finnigan
MAT ELEMENT sector-inductively coupled plasma
mass spectrometer with a CETAC MCN-6000 sample
introduction system [31]. Chemical blanks were
0.080+0.040 fg for *'Pa and 0.3+0.1 fg for
239Th, which correspond to 0.06-0.42% and 0.004—
0.065% of the measured sample concentrations,
respectively. Uncertainties in the 2*'Pa, 2*°Th, and
232Th data were calculated at the 20 level and include
corrections for blanks, multiplier dark noise, abun-
dance sensitivity, and the occurrence of 2*'Pa, **°Th
and *Th in the ?**Pa and **°Th spikes.

3. Results

Activities of U and Th isotopes, 231PaXS and
2B1pg /> Th,, activity ratios in surface sediments



Table 1
Activities of 238U, 23°U, 2%*U, 232Th, 2 1Pa,(s, 23°Thxs, and 231Paxs/23°Th,(S activity ratios in surface sediments of the Arctic Ocean
Area Station N. Lat. Long. Depth B8ye B3y B4y 22T 21pa, 20T, 2B1pa /3 Thy
(m) (dpmg ) (@dmg ")  (@mg') (@dpmg ) (dpmg ) (dpmg ') (activity ratio)
Arctic Ocean section, 1994
Chukchi Shelf LSL-2 72°08 168°50W 53 1.634 £0.005 0.075+0.0002 1.555+0.004 1.718+0.017 0.042+0.009 0.82+0.19 0.052+0.016
Chukchi Slope LSL-11 76°38 173°19W 2227  1.856+0.006 0.085+0.0003 1.727+0.005 2.3324+0.036 0.655+0.025 13.07+0.35 0.050+0.002
Chukchi Slope LSL-18 80°09 173°15W 2655 1.744+0.007 0.080+0.0003 1.611+0.008 2.450+0.055 1.246+0.037 21.66+0.38 0.058+0.002
Makarov Basin LSL-26 84°04’' 175°04'E 3135  1.7444+0.005 0.080+0.0002 1.603+0.006 2.563+0.083 1.157+0.029 27.22+0.45 0.043+0.001
Amundsen Basin  LSL-35 90°00/ - 4215  1.690+£0.006 0.078+0.0003 1.545+0.006 2.615+0.070 0.772+0.035 17.36+0.38 0.044+0.002
Nansen Basin LSL-36 85°44 37°45'E 3471  1.676+0.006 0.077+0.0003 1.539+0.006 2.554+0.033 0.858+0.047 16.90+0.38 0.051 +£0.003
Nansen Basin LSL-37 84°15 35°05'E 3979  1.696£0.007 0.078£0.0003 1.558 £0.006 2.848+0.053 0.800+0.030 17.89+£0.42 0.045+0.002
Norwegian Sea LSL-39 75°00/ 6°03'W 3448 1.083+0.005 0.050+0.0002 0.994+0.006 1.665+0.030 0.280+0.012 4.75+0.20 0.059 +0.004
Chukchi Shelf PS-1 70°00/ 168°45'W 40  1.49440.008 0.069+0.0003 1.441+0.008 1.598+0.023 0.031+0.008 0.78+0.18 0.039+0.014
Chukchi Slope PS-6 7521 170°30W 525  1.864+0.009 0.086+0.0004 1.697+0.009 2.705+0.047 0.173+0.018 2.27+0.30 0.076+0.013
PS-8 78°08 176°48' W 1047 1.718 £0.008 0.079£0.0004 1.558 £0.007 2.697+0.046 0.371+0.021 5.26£0.31 0.071+0.006
PS-13 80°0Y 173°17W 2654 1.612+0.005 0.074+0.0002 1.487+0.005 2.383+0.072 1.140+0.048 18.63+0.36 0.061+0.003
Mendeleyev Ridge PS-16 80°20/ 178°43'W 1568  1.666+0.005 0.077+0.0002 1.527+0.004 2.375+0.040 0.826+0.024 9.39+0.28 0.088 +0.004
PS-17 81°15 179°00'E 2255  1.8294+0.005 0.084+0.0003 1.681+0.005 2.659+0.073 0.923+0.022 16.26+0.35 0.057+0.002
Makarov Basin PS-19 82°26 175°50'E 2414  1.747+0.007 0.080+0.0003 1.602+0.009 2.497+0.042 0.915+0.020 17.85+0.35 0.051+0.001
PS-23 85°54 166°50'E 3535  1.516+0.004 0.070+0.0002 1.386+0.004 2.146+0.039 0.859+0.026 17.44+0.33 0.049+0.002
Lomonosov Ridge PS-26 88°48' 143°29'E 1034  1.553+£0.004 0.072+0.0002 1.417+£0.004 2.308+0.037 0.481+0.020 6.20£0.27 0.078 +0.005
Amundsen Basin ~ PS-30-1 89°01" 137°41'E 4064 1.725+0.005 0.07940.0002 1.574+0.003 2.622+0.061 0.706+0.021 12.12+0.32 0.058 +0.002
Shelf-Basin Interaction-1I, 2002
Chukchi Slope 9-WHS5  73°21.35 160°22.81'W 1151 2.314£0.006 0.107+0.0003 2.286+0.006 2.101+0.011 0.127+0.011 1.86%+0.22 0.068+0.010
32-BC5 72°06.52" 154°36.75W 1690 1.633+0.003 0.075+0.0002 1.483+0.003 1.831+0.011 0.075+0.009 1.13+£0.20 0.066+0.014
16-EHS7  72°52.40° 158°21.67W 1017 2.018+£0.004 0.093+0.0002 1.950+0.003 2.099+0.013 0.064+0.011 1.15+0.22 0.055+0.014
14-EHS9  73°05.47 158°10.93W 2152 1.679+0.003 0.077+0.0001 1.580+0.003 2.044+0.016 0.042+0.010 0.76+0.22 0.056+0.020
33-BC6 72°1091" 154°16.20W 1975 1.745+0.004 0.080+0.0002 1.590+0.004 1.986+0.010 0.083+0.010 1.27+0.21 0.066+0.014
Canada Basin 12-EHS11  73°26.26' 157°32.11'W 2855 1.750+0.004 0.081+0.0002 1.608+0.004 2.205+0.012 0.385+0.012 6.90+0.25 0.056+0.003
11-WHS7  73°46.56' 159°03.08W 3124 1.940+0.004 0.089+0.0002 1.781+0.004 2.479+0.012 0.548+0.017 9.81+0.28 0.056+0.002
34-BC7 72°33.64 157°11.46'W 2907 1.814+0.004 0.084+0.0002 1.664+0.004 2.288+0.013 0.166+0.011 2.76+0.24 0.060=+0.007

LSL—Louis S. St. Laurent stations; PS—Polar Sea stations.
a 2381 calculated from measurement of 2*>U and assumed >** U/2*¥ U activity ratio of 0.04605.

8¢€T

8PT—SET (S00T) $ET S48 20U212S LivIoUD] PUD YIDY / |1 12 UDAOW 'S



S.B. Moran et al. / Earth and Planetary Science Letters 234 (2005) 235-248

from stations occupied during the AOS-94 and SBI-II
cruises are listed in Table 1. Note that 2**U activities
were calculated as the quotient of the measured *>°U
activity divided by the 2**U/**®U activity ratio,
assumed to be 0.04605. The measured activities of
21pa and **°Th were corrected for detrital, U-
supported 2*'Pa and 2*°Th, which are assumed to be
in secular equilibrium with *U and ***U, respec-
tively. The unsupported **'Pa, and **°Th,, activities
were calculated according to [33],

20T =230 Thy, — (0.6+0.1)**Thy, (1)
and

Blpg. =231 Pay, — 0.04605(0.6+0.1)>*Thy, (2)

where the subscript m represents the measured
activity, 0.6 is an average detrital >**U/***Th activity
ratio, and 0.04605 is the **°U/***U activity ratio in
detrital material. The average detrital 2**U/***Th
activity ratio is similar to the average **U/***Th ratio
of 0.71 £0.09 measured in these Arctic surface
sediments, and compares with values of 0.6 +£0.1 for
the Atlantic Ocean, 0.7 £0.1 for the Pacific Ocean,
and 0.4+ 0.1 south of the Antarctic Polar Front [33].

4. Discussion

4.1. Distributions of surface sediment 2lpg. ., PTh,,
and **'Pa,/*"Th,, activity ratios

Surface sediment **'Pa,, and **°Thy activities
vary widely throughout the central Arctic and adjacent
Greenland—Norwegian Sea, showing ranges of 0.031—
1.246 dpm g~ ' and 0.76-27.22 dpm g~ ', respectively
(Fig. 2). For both **'Pa,, and **°Thy,, the highest
activities are generally observed in the deep central
Arctic basins compared to the shelf and slope sedi-
ments of the Chukchi Sea and the Norwegian Sea
basin. These activities are similar to previously
reported values in core tops from the Canadian Basin

Fig. 2. Spatial distribution of 21pa . and **°Thy, activity and
2B1py /#*0Thy activity ratios in surface sediments of the central
Arctic Ocean and the Greenland—Norwegian Sea basins. Maps
include radiochemical data reported in this study and from previous
workers [13,28].
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Fig. 3. Histogram of 21pg /23 0Th, activity ratios in surface
sediments from the Canadian and Eurasian Basins of the central
Arctic Ocean and the Greenland—Norwegian Sea basins (G-N
Basins). Data include 2*'Pa,/*>*Thy, ratios reported in this study
and from previous workers [13,28].

[29]. The general pattern of higher activities in the low
productivity, permanently ice-covered interior Arctic
compared to the high productivity, high particle flux
marginal regions is consistent with the inverse
relationship between the excess sediment activity of
these tracers and sediment accumulation rate in the
Pacific [10]. Activities of >*!Pa, and ***Th, in Arctic
surface sediments are considerably lower (5-6 times)
than in the Pacific, however, and closer to values in
the Atlantic of 0.2-1 dpm g~ ' and 1-12 dpm gfl,
respectively [34], even though Arctic sedimentation
rates are generally closer to rates in the Pacific than in
the Atlantic. Water column activities of **'Pa and
239Th are also generally lower in the Arctic [3,35]
than the Pacific [2,36], though similar in magnitude to
the Atlantic [14-16,37].

In contrast to the wide variation in surface sedi-
ment **'Pa, and >*°Th, activities, the distribution of
the sediment >*'Pa,/**°Th,, ratio falls within a
relatively narrow range on a Pan-Arctic basis (Fig
2). 2'Pa/***Th,, ratios in surface sediments of the
Canadian and Eurasian Basins are below the produc-
tion ratio of 0.093, ranging from 0.039-0.088 (Fig.
3). The average surface sediment 231pg /20T, ratio
for the entire central Arctic (Canadian and Eurasian
Basins) is 0.063 £ 0.014 (N=39), which is 68% of the
production ratio (53-83% using the lower and upper
limits of the stated uncertainty). This is also evident
from the plot of 2B1pg o versus 2*°Thy, in which

many samples fall below the production ratio (Fig. 4).
Average 21pa /*3%Th,, ratios in the Canadian Basin
(0.060+0.012, N=23) and Eurasian Basin (0.067 +
0.016, N=16) are also lower than in the more
productive Greenland—Norwegian basins (0.082 &
0.024, N=13). There is clearly a basin-wide chemical
fractionation, however, there is no significant
Z1pa/>OTh fractionation between the interior basin
and margin regions. The salient feature of these data
is the essentially invariant and low sediment
21pg /*Th,, ratios throughout the low productivity
interior Arctic and the high particle flux marginal
areas of the Chukchi slope.

Because of the very low sediment accumulation
rates typical of the Canadian Basin (0.1-0.3 cm kyr ™'
[26,29]), it is important to consider whether low
surface sediment **'Pa,/**°Th,, ratios result from
sediment mixing via bioturbation [10]. Based on
219pp, . data [38] from the Canadian Basin, bioturba-
tion depths were estimated at ca. 3 cm. More recent
work suggests that the mixed layer depth can range by
2-10 cm [39]. The effect of bioturbation on surface
sediment **'Pa,/**°Th,, can be investigated using a
simple box model such as those developed using 4c
[40,41]. Assuming a homogeneous mixed layer of

2.0
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Fig. 4. Plot of 231pg against 230Th,, in surface sediments from the
Canadian and Eurasian Basins of the central Arctic Ocean and the
Greenland—Norwegian Sea (G-N Basins) basins. Data include
ZB1pa, and »°Th,, activities determined in this study and from
previous workers [13,28].
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depth M (cm), the activity of 2B09Th, or *'Pa,, in the
mixed layer can be expressed as,

1
AmL = Avain | ——779 3
ML (1 + iM/S) 3)
and for the 2*'Pa,/>*°Th,, ratio,
S+ AmnM
Ry = Regin | o 4
ML T <S + JpaM “)

where S is the linear sedimentation rate (cm yr~ '), R
is 2'Pa, /> Th,, activity ratio, At, and Ap, are the
decay constants of 2°Th (9.19 x 10~ ® yr~ ') and **'Pa
(2.17x107° yr— "), and the subscripts ML and rain
refer to activities or activity ratios in the mixed layer
and in sedimenting material, respectively.

The resulting mixed layer **'Pa,y/**°Th,, ratios as
a function of sedimentation rate and mixed layer depth
are depicted in Fig. 5. Reduction of the surface
21pa /**%Thy, ratio increases with increasing mixed
layer depth and decreasing sedimentation rate. For
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Fig. 5. Surface sediment 21pg, /*30Th,, ratios from the Polar Sea
(PS) and Louis St. Laurent (LSL) cruises in the Canadian Basin
plotted against 230Th,~derived linear sedimentation rates reported
for these same locations [29]. Also plotted is the average surface
sediment 2*'Pa,y/***Thy, ratio from the Eurasian and Norwegian Sea
basins (Scholten ave.; N=8 [28]) against the corresponding
sedimentation rate obtained from the literature [64-67]. Lines
calculated using a steady-state box model with variable bioturbation
mixed layer thickness (M) (Eq. (4)). Sediment **'Pa,y/***Th, ratios
in the mixed layer decrease with both a decrease in sedimentation
rate (most significantly below ~ 0.2 cm kyr ') and depth of
sediment bioturbation.

typical central Arctic sedimentation rates of 0.1-0.3
cm kyr~ ! [26,29] and mixed layer depths of 1-3 cm
[38], a *'Pa,/***Thy rain ratio equal to the produc-
tion ratio can be reduced to between 0.072 (§=0.1 cm
kyr ', M=3 cm) and 0.089 (S=0.3 cm kyr ', M=1
cm). This relationship indicates that bioturbation may
contribute to the low **'Pa,/**Th, ratios in very
slowly accumulating Canadian Basin sediments;
however, it is unlikely to account for the low
21pa/OTh ratios on a Pan-Arctic basis.

4.2. Boundary scavenging

Boundary scavenging might be expected to be
pronounced in the Arctic, owing to the combined
effects of the unusually high proportion of shelf area
(36%), the very low sediment accumulation rates and
hence particle flux in the ice-covered interior basins,
the large seasonal variations in productivity in the
marginal regions [42—46] and the associated particle
flux [47-51], the regional extremes in water mass age
[52], and a dynamic circulation characterized by
significant lateral mixing [53]. Indeed, early studies
in the deep Canada Basin revealed sediment invento-
ries of 2*'Pa and **°Th below their respective supplies
by production in the overlying water column [26], an
observation consistent with subsequent measurements
of sedimentary '’Be [27]. More recent observations
indicate higher sediment inventories compared to the
respective water column inventories of 210Pbxs and, to
a lesser extent, 22°Th,, in the Chukchi slope than in
the interior Canadian Basin [29,39]. Water column
distributions of **'Pa and #*°Th in the Arctic exhibit
wide spatial variations in these tracer concentrations
and respective scavenging rates, with high rates near
the margin of the Canada Basin [3,28,35,54]. Taken
together, these observations indicate that these radio-
nuclides are redistributed within the Arctic by
horizontal mixing and preferentially removed in high
productivity marginal areas, such as the Chukchi
slope.

Initial studies of surface sediment **'Pa,/***Th,
in the Eurasian Basin and the more productive
Greenland—Norwegian Sea revealed values below
the production ratio and no strong evidence of
chemical fractionation between these two regions
[28]. This is consistent with the short renewal time
(decadal) of the intermediate waters [55] and Eurasian
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Basin Deep Water (~ 50-60 yr) [56]. In the Canada
Basin, which has a longer deep/bottom water renewal
time of ~500 yr [57,58] and greater evidence of intra-
basin variations in water column **°Th and **'Pa
concentrations than the Eurasian Basin, there is also
little evidence of shelf-basin variability in sediment
231pa /**°Th,,. In addition, the water column
231pa/>OTh ratio is enriched in **'Pa relative to the
production ratio [3,28,35]. If water was to flow over
the high-particle flux slope regions and lose congruent
parts of both inventories (i.e., no preferential scav-
enging of 2*'Pa relative to **°Th), then this boundary
scavenging would give rise to high **'Pa,y/**Thy, in
marginal sediments without changing the water
column ?*'Pa/**°Th ratio. The salient point, however,
is that *'Pa,¢/**°Thy is below the production ratio
and remarkably invariant in the sediment (Fig. 2).

We attribute the low sediment 2*!'Pa,/**°Th,
ratios observed throughout the Arctic to chemical
fractionation of *'Pa and **Th in the water column
combined with the preferential export by advection of
231pa from the Arctic. As in the Pacific [10], it might
be expected that boundary scavenging would result in
231Pa,(s/230ThXS ratios similar to, or possibly greater
than, the production ratio in high particle flux
margins, such as the Chukchi slope. This is an area
characterized by some of the highest rates of bio-
logical production and particle flux in the world ocean
[43], an environmental setting that would typically
favor boundary scavenging. Indeed, Smith et al. [39]
recently reported boundary scavenging of 2'°Pb, in
some of the same sediment samples analyzed in this
study for B1pa and **°Thy,. Huh et al. [29] also
reported boundary scavenging of >'°Pb, and **Th,q
in sediment cores from this region. These workers
reported that the sediment inventory of 210pp_
exceeded the supply from the overlying water column
near the slope and shelves and that sediment 230Th,
inventories are greater in the margins than the interior
basins.

The average **'Pa,/**°Thy, ratio determined in 10
samples collected from the Chukchi slope is only
0.063 £ 0.008. It is important to note, however, that
while the Chukchi slope is a high particle flux area,
this data set may not be representative of boundary
regions in the Arctic as a whole. The distribution of
sampling points is largely along the 0-180° axis of the
Arctic and the coverage in the 90°E-90°W direction is

limited (Fig. 1). It remains to be shown to what extent
the low sediment 2*'Pa,/**°Th,, ratios and lack of
basin-to-margin fractionation evident from these data
exist for other slope/marginal areas of the Arctic.
Regardless, with the exception of just one sample
from the Mendeleyev Ridge (PS-16), preferential
scavenging of 2*'Pa is evidently insufficient to
increase sediment 2*'Pa,/***Th,, ratios to values that
approach and/or exceed the production ratio in the
high particle flux margins of the Arctic, as observed in
the Pacific [10].

The mean Arctic **'Pa,/**°Thy, ratio (0.063 +
0.014) is indistinguishable from the mean ratio of
0.060 +0.004 reported for the Atlantic, where low
sediment 2*'Pa,/**°Th,, ratios have been attributed to
the export of *'Pa in southward flowing intermediate/
deep waters [13,16,17]. We suggest that a similar
situation exists in the Arctic, which is characterized by
residence times of intermediate/deep waters typically
on the order of ~ 50-100 yr [55,56], similar to the
residence time of 2*'Pa of ~ 110200 yr [3,35]. Both
the low sediment >*'Pa,/**°Th,, ratios and lack of
basin-margin 21pg /*°Th,, fractionation may be a
result of the similar residence time of **'Pa and Arctic
intermediate/deep waters.

The lack of ?*'Pa,/**°Th, fractionation between
the margin and interior Arctic sediments does not
mean that there is no boundary scavenging of **'Pa in
the Arctic. Rather, this may occur if the degree of
boundary scavenging of >*'Pa is comparable to that of
239Th. This is possible when: (1) scavenging of **'Pa
and **°Th in the margins and interior Arctic is
controlled mainly by the same mineral phases (e.g.,
lithogenic detritus [21]); and (2) the rate of lateral
mixing is sufficiently fast that the dissolved
21pa/3OTh ratio in slope waters is similar to that in
the interior basin [35].

Unlike the Atlantic, where sediment **'Pa,/***Thy,
ratios that exceed the production ratio are found in the
high particle flux, high opal region south of 50°S, such
elevated >*'Pa,/***Th,, ratios are not observed in any
region of the Arctic sampled to date. As one expects
there is no *°Th in excess of the production rate in the
water column, the question arises: where is the
missing 2*'Pa,, that is required to balance the radio-
chemical budget in the Arctic Ocean? As noted above,
it is possible that the missing **'Pa may be preserved
in high particle flux regions that have yet to be
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sampled, such as the vast Eurasian slope/shelf area.
We might have expected to find evidence for high
ratios 2>'Pa,/***Th,, due to boundary scavenging of
21pa in the productive Chukchi slope, though this is
not the case (Fig. 2). The increase in surface sediment
21pg /230Th,, towards the production ratio in the
Greenland—Norwegian Sea suggests that scavenging
of #'Pa may be focused in this high productivity
region, however, the average sediment 21pa /2OTh,
ratio is still below the production ratio. Finally, there is
the possibility that *>'Pa is exported to the North
Atlantic.

4.3. Export of dissolved **°Th and **'Pa from the
Arctic Ocean

Several previous studies [26,27,54] have proposed
that there may be a net export of particle-reactive
radionuclides to the North Atlantic. The relative
importance of basin-wide scavenging versus export
of dissolved **'Pa and ?*°Th from the Arctic can be
estimated using a simple 2-box model (Fig. 6) that
compares the in-situ production of these tracers with
their transport by advection through Fram Strait. This
model builds on our recent water column studies [35]
by inclusion of the more extensive sediment
21pa /*30Th,, data that call for an export of 231py
from the Arctic Ocean.

Arctic Ocean

Fram Strait

R._=18v
in

Export through the shallow passages of the
Canadian Archipelago is not considered important
as the upper waters (<200 m) transported through
this region are characterized by low dissolved **'Pa
and **°Th activities. Similarly, input of **'Pa and
>30Th through the shallow Bering Strait is expected
to be insignificant. Input of **'Pa and **Th in upper
waters from the Atlantic to the Arctic is also
expected to be low due to low dissolved **'Pa and
29Th activities in the Nordic Seas at these depths
[14,16] and because scavenging over the Barents
Sea shelves would further reduce their radionuclide
content.

Intermediate and deep waters transporting *>'Pa
and **°Th only exit the Arctic through Fram Strait.
There is considerable uncertainty in estimates of the
volume transport into and out of the Arctic through
Fram Strait, and there may also be seasonal and
interannual variability. A recent analysis assigned a
southward export of Arctic Intermediate Water of ~ 2
Sv [59]. Export of Eurasian Basin Deep Water from
the Arctic has been estimated at ~0.7—1.0 Sv [60]. We
use a value of 2 Sv for the total export of intermediate/
deep waters out of the Arctic (R,,) and provide
estimates (below) using a range of 1.5-3 Sv (Table 2;
Fig. 6). Northward transport of deep water from the
Norwegian and Greenland Seas into the Eurasian
Basin (R;,) has been estimated at ~ 1 Sv [60]. As
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Fig. 6. Scavenging removal and intermediate/deep water transport (ADV) of dissolved **'Pa and **°Th from the Arctic estimated from their
respective dissolved activities, in-situ production rates (fty, fpa), and horizontal transports (R;,, Rou) between the Arctic Ocean and the
Greenland-Norwegian Seas. For *°Th, ~ 10% of the in-situ production in the central Arctic is exported through Fram Strait and the remaining ~
90% is removed by particle scavenging and deposited in the underlying sediments. For the less particle-reactive **'Pa, however, ~ 39%
produced in the Arctic is exported through Fram Strait into the Greenland—Norwegian Seas before its removal to the sediments.
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Table 2
Net export by advection of dissolved 2*°Th and **'Pa out of the Arctic through Fram Strait compared to the respective radionuclide production
rate within the Arctic Ocean (see text for details)

Tracer ﬁ VArctic P Arctic Ain Aout R in Rout ADVNet ADVNet:P Arctic
@pmL 'y (@ (pms )  (@mm )  (@dmm ) (Sv) (Sv)  (@ms ) (%)

ZOTh 252%x107° 123x10"°  9.8x10° 0.65 0.33 1 2 1.0x10° 10 (7-16)

21pa 233%x10°° 123x10"  9.1x10° 0.25 0.15 1 2 3.5%10° 39 (25-67)

p: radionuclide production rate; Va,ciic: volume of interior Arctic; Pareic: total production of radionuclide in interior Arctic; 4;,: average
intermediate/deep water radionuclide activity in Arctic; A, average intermediate/deep water radionuclide activity proximal to Arctic in
Greenland-Norwegian Sea; R;,: transport of intermediate/deep water through Fram Strait into Arctic; R, transport of intermediate/deep water
through Fram Strait out of Arctic; ADVy; net advective transport of radionuclide through Fram Strait out of Arctic; Sv=1x10° m® s~ ! .
ADVer:Paretic 1atios in parenthesis are values calculated using range for R,,=1.5-3 Sv.

discussed below, because of the lower dissolved 2*!Pa
and Z*°Th activities in the Nordic Seas at intermediate/
deep water depths [14,16,61], however, advection of
231pa and *°Th in these deep waters into the Arctic is
expected to be lower than export from the Arctic.

Dissolved #*°Th activities in Arctic intermediate/
deep waters (>1000 m) range from ~ 0.37-1.60 dpm
m ™ in the Canadian Basin to ~ 0.45-0.69 dpm m*
in the Eurasian Basin [3,28,35,62]. The total volume
of the interior Arctic, excluding shelf waters, is
1.23x10" L [35,63] (Table 2). Using a dissolved
29Th activity of 0.65 dpm m™ > as representative of
intermediate/deep waters and a volume transport of 2
Sv exiting through Fram Strait, the advective transport
of dissolved **°Th is 1.30x10° dpm s~ '. By
comparison, using a *°Th activity of 0.33 dpm m >
at 2000 m (average of 0.39 dpm m™~ > at 2000 m from
J. Scholten, unpublished data, and 0.27 dpm m*
reported for the Norwegian Sea [61]) and a northward
transport of intermediate/deep waters of 1 Sv through
Fram Strait results in 3.3x10° dpm s~ ' into the
Arctic. The net advective export of dissolved >*°Th
from the Arctic through Fram Strait (ADVry,) is thus
0.97x 10° dpm s~ '. The in-situ production rate of
239Th for the volume of water in the interior Arctic
(1.23x10" L) is 9.8 x 10° dpm s~ ' (Table 2). This
implies that only ~ 10% of dissolved ***Th produced
in the central Arctic is exported through Fram Strait
(7-16% using a range of 1.5-3 Sv for the southward
flow through Fram Strait; Table 2; Fig. 6).

Of the ~ 90% of dissolved **°Th remaining in the
Arctic (Fig 6), approximately one-third (38% on
average; [29]) is scavenged to central basin sedi-
ments. Thus, boundary scavenging of ***Th must be
occurring in the Arctic such that the remaining two-
thirds of the dissolved **°Th not exported are

removed at the margins. This conclusion may seem
at odds with previous studies that indicate *°Th is
removed locally in other ocean basins and not
subject to boundary scavenging [4,5,9]. We attribute
this to the unique conditions of the Arctic Ocean that
should enhance boundary scavenging; specifically,
rapid lateral mixing between the margin and interior
waters of this relatively small ocean basin; the
regional extremes in particle flux; and, the high
proportion of the sedimenting lithogenic particles
that may account for the low and comparable
B1pa, /*°Thy values in both basin and margin
sediments [21].

For >*'Pa, dissolved activities in the interior Arctic
intermediate/deep waters range from ~ 0.10-0.60 dpm
m* in the Canadian Basin to ~ 0.15-0.40 dpm m™*>
in the Eurasian Basin [3,28,35]. With a dissolved
21pa activity of 0.25 dpm m ™ in Arctic intermediate/
deep waters and a southward flow of 2 Sv through
Fram Strait, the advective transport is 5.0 X 10° dpm
s~ '. By comparison, using a dissolved **'Pa activity
of 0.15 dpm m > at 1700 m (J. Scholten, unpublished
data) and an intermediate/deep water volume transport
of 1 Sv northward through Fram Strait results in
1.5%10° dpm s~ ! into the Arctic. The net advective
export of dissolved **'Pa from the Arctic through
Fram Strait (ADVp,) is estimated to be 3.5 % 10° dpm
s~'. The in-situ production rate of **'Pa for the
volume of water in the interior Arctic is 9.1 x 10> dpm
s~ (Table 2). This implies that ~ 39% of dissolved
231pa produced in the central Arctic is exported
through Fram Strait (25-67% using a range of 1.5-3
Sv for the southward flow through Fram Strait; Table
2; Fig. 6), with the remaining 61% removed by
particle scavenging within the Arctic (Fig. 6). A
similar conclusion has been reported with regard to



S.B. Moran et al. / Earth and Planetary Science Letters 234 (2005) 235-248 245

the meridional transport of **'Pa in the Atlantic
[13,16,17].

The validity of the above estimates for water
column transports of dissolved **'Pa and *°Th can be
tested against the observed Arctic surface sediment
21pa /230Th,, ratios. Because there is no apparent
231pa /*30Th,, fractionation between the margins and
interior basins (Fig. 2), we expect surface sediments to
bear a 'Pa/**°Thy, ratio=(0.61pp,)/(0.90 )=
0.063, where f is the production rate (Table 2). This
result is in excellent agreement with the observed
basinwide **'Pa,/**°Th,, ratio of 0.063 +0.014. In
addition, this water column evidence supports our
suggestion that the observed low surface sediment
B1pa, /* Thy, ratios are unlikely to be significantly
affected by bioturbation. As noted above, a further
implication of the lack of basin-margin fractionation is
that scavenging of >*'Pa and ***Th must be compa-
rable in both the central Arctic and at the margins.

These results imply that, due to the similar
residence time of dissolved **'Pa and intermediate/
deeper waters, nearly half of the in-situ production of
this tracer is exported from the Arctic. This explains
the uniformly low surface sediment B1pa /*OTh,,
ratios (~ 0.06) and lack of ?*'Pa,/**°Th,, fractiona-
tion between the basin interior and marginal areas.
Contrary to previous work [54], we find only a
minimal export of *°Th out of the Arctic, which
further implies that, in addition to 231Pa, 20Th is
removed by boundary scavenging in the Arctic due to
its significant removal at/near the basin boundary.

5. Conclusions

The distribution of surface sediment 23!'Pa,/
239Th, ratios in the Arctic provides new insight as
to the relative importance of scavenging removal and
horizontal transport in redistributing these particle-
reactive tracers between the low productivity, perma-
nently ice-covered, interior basins and the seasonally
high particle flux margins. On a basin-wide scale,
low surface sediment *3'Pa,/**°Th,, ratios are
interpreted as resulting from chemical fractionation
of »*'Pa and ?*°Th in the water column and
preferential export of 2*'Pa out of the Arctic Ocean.
Whereas a significant fraction (~ 39%) of **'Pa
produced in-situ is exported from the Arctic, essen-

tially all (~ 90%) of ***Th produced in-situ are
removed within the Arctic by particle scavenging.
Export of the intermediate/deep interior waters
through Fram Strait limits the extent to which **'Pa
can accumulate in high particle flux marginal sedi-
ments by boundary scavenging. Bioturbation is
unlikely to be the primary cause of the uniformly
low surface sediment (0—1 cm) **'Pa,/**°Thy, ratios
across the Arctic Ocean, though it may be important
at the extremely low sedimentation rates character-
istic of the interior Canadian Basin. The sizable
export of *'Pa relative to that of »°Th accounts for
both the low sediment 2*'Pa,/**Th,, ratios and lack
of basin-margin fractionation, despite there being
significant boundary scavenging of both **'Pa and
29T in the Arctic, a situation unique to this ocean
basin. A further implication is that there is likely to
be export of other similarly reactive radionuclides
(e.g., '°Be, Pu isotopes) from the Arctic.
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