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Abstract

The riverine flux of U that enters the deep oceans is not well constrained since the net losses during estuarine mixing are difficult to
quantify. Riverine-dissolved U normally has a higher >**U/***U activity ratio (***U/***U,,) than the uniform value that characterizes
open ocean seawater and could be used as a tracer of riverine inputs if one could resolve subtle variations in seawater composition.
Using new mass spectrometry techniques we achieve a long-term reproducibility +£0.3%o on 2**U/**®U,, which permits the tracing of
riverine U in seawater samples from the Arctic — a partially restricted basin that is ideal for such a study. We find that surface waters
from the Arctic basins carry elevated 2**U/?*3U,, when compared with deep ocean seawater. Samples from the Canada Basin have a
significant freshwater component and provide evidence that the Mackenzie River loses ~65% of'its U in the Mackenzie shelf/estuary
zone before entering the deeper basin. This is in contrast to samples from the Makarov Basin, which provide evidence that all of the
freshwater input is derived from the major Yenisey River alone, despite the proximity of the Lena and Ob Rivers. The differing
behaviour of U between the Mackenzie and Yenisey Rivers is most likely a consequence of the strong binding of U to dissolved
organic matter (DOC) or secondary phases in these rivers. The Yenisey River appears to transport the majority of the DOC through the
shelf and into the Makarov Basin. In contrast, the Mackenzie River appears to lose a significant amount of DOC (>50%) in the
estuary/shelf zone, which may lead to loss of associated U. These findings offer a more detailed picture of the fresh riverine water flow
patterns in the Arctic Ocean when compared to other geochemical proxies. The non-conservative behaviour of U in the Mackenzie
River through the shelf/estuaries has important implications for U input into oceans and the total marine budget.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
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covered by a persistent perennial multiyear ice pack. It
also receives a substantial input of freshwater from
several major Russian and North American rivers,
representing ~ 10% of the global river discharge into 1%
of the global ocean volume. This occurs annually over a
narrow time window; more than 90% of this discharge is
received over an interval of 2 months. The water mass
flow patterns are very complex in the Arctic Ocean,
especially in the upper water layers down to a water
depth of ~100 m, which represent a mixing zone
between Pacific and Atlantic Ocean seawater, riverine
inputs, ice melt-water and brine formation (Karcher and
Oberhuber, 2002).

The extent of sea ice melting and freezing not only
affects the freshwater distribution but also affects the
Earth’s radiation balance due to the high albedo of sea
ice. There is increasing evidence that the ice covering
the Arctic Ocean is more unstable at the present time,
which has been attributed to global warming (Overpeck
et al., 2005; Nghiem et al., 2006). Such warming has
increased the riverine input into the Arctic Ocean from
the major Russian rivers during the last half century
(Peterson et al., 2002). This affects the mixing between
freshwater sources and saline ocean water masses and
has climatic implications, not only locally for the Arctic
area, but also for global water mass flow patterns, such
as the deep convection of the Atlantic and Pacific Ocean
water masses. In particular, the stability of the Arctic
Ocean has a direct bearing on the formation of
thermohaline circulation and flow patterns of North
Atlantic Deep Water (NADW) (Peterson et al., 2002;
Ekwurzel et al., 2001; Schlosser et al., 1995; Anderson
et al., 2004) and changes in the thermohaline regime can
have a profound impact on global climate.

Water mass flow patterns in the Arctic Ocean are
complex and numerous studies have attempted to
unravel the movements in the Arctic Ocean using
proxies such as salinity, 6'%0 (defined as the permil
deviation in '*0/'°0 away from the composition of a
standard), >*°Th/**'Pa, PO, content, Ba concentration
and total alkalinity (Ekwurzel et al., 2001; Anderson
et al., 2004; Edmonds et al., 2004; Guay et al., 2001;
Schlosser et al., 1994a,b). Some of these proxies can be
used to trace general freshwater flow patterns and offer
the potential to separate ice melt-water from riverine
inputs, although all have some limitations as well.

Marine >**U/?*U activity ratios (3*U/*¥U,,) and
U concentration data offer the potential to understand
the distribution of freshwater inputs in greater detail
and distinguish different riverine sources. The open
oceans have a 2>*U/*%U,, that is consistently enriched
in 2*U by ~15% with respect to radioactive secular

equilibrium (Robinson et al., 2004a; Chen et al., 1986;
Delanghe et al., 2002). It is common practice to refor-
mulate 2*U/*%U,, in &-notation, whereby §PU=
([((234U/238Usample)/(234U/238Usec.eq.)] —1)x 103 and
this terminology has been adopted here. The disequili-
brium of 6**U in ocean waters is mainly a direct
consequence of a-recoil (Kigoshi, 1971) occurring
during continental weathering, whereby the daughter
240U nuclide, with a half-life of 245 thousand years
(kyr) (Cheng et al., 2000), is preferentially released into
the hydrological environment with respect to its 2**U
parent (Kigoshi, 1971), resulting in highly elevated
57U (e.g., >200%o) in continental waters (Chabaux
et al., 2001, 2003; Vigier et al., 2001). Uranium has a
long residence time in the oceans, so that seawater has
both a lower 6>**U value, due to the decay of the excess
234U, and a U concentration that is an order of
magnitude higher (Chabaux et al., 2003; Dunk et al.,
2002; Palmer and Edmond, 1993).

Since the residence time of U (200—400 kyr) is
substantially longer than the global ocean mixing time
(1-2 kyr), seawater in the open oceans generally has a
homogeneous 6***U and salinity-normalised U concen-
tration (Ku et al., 1977). The calculated residence time
0f200—400 kyr is based upon estimates of global inputs,
with rivers as the major source (Chabaux et al., 2003;
Dunk et al., 2002; Ku et al., 1977; Henderson, 2002;
Klinkhammer and Palmer, 1991). The outputs are
dominated by anoxic sediments and the radioactive
decay of B4y (Chabaux et al., 2003; Dunk et al., 2002;
Ku et al., 1977; Henderson, 2002). However, the total
marine U budget is not well constrained due to large
uncertainties in the input and output parameters
(Chabaux et al., 2003; Dunk et al., 2002; Henderson,
2002). During the past two decades, direct U concentra-
tion and 6***U measurements of marine waters have
been conducted using thermal ionization mass spectro-
metry (TIMS) and multiple-collector inductively
coupled mass spectrometry (MC-ICPMS) (Robinson
et al., 2004a; Chen et al., 1986; Delanghe et al., 2002).
The published data for open ocean seawater suggests
that the open ocean 6>**U has remained constant, with
no measurable variation at the permil-level (Robinson
et al., 2004a; Chen et al., 1986; Delanghe et al., 2002).
Prior to this study, the most precise measurements of
open Atlantic seawater have given 8°*U of 146.6+
1.2%o (20) (Robinson et al., 2004a).

The 6***U activity ratio of the oceans is believed not
to have varied significantly from the present-day value
of ~147%o (Robinson et al., 2004a; Chen et al., 1986;
Delanghe et al., 2002) at any time throughout the last
400 ka (<£20%0) (Chabaux et al., 2003; Henderson,
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2002; Hamelin et al., 1991), suggesting that very large
and prolonged changes in the input and output fluxes on
the marine U budget have not occurred within this time
span (Chabaux et al., 2003). However, more recent
studies suggest that the open ocean 6***U can change on
glacial—interglacial time scales (Dunk et al., 2002;
Cutler et al., 2004; Robinson et al., 2004b; Esat and
Yokoyama, 2006). Data from U-series dating of fossil
corals suggests that the seawater 6>**U was up to
~15%o lower within the last glacial period compared
with the two latest interglacials (Esat and Yokoyama,
2006). Esat and Yokoyama (2006) suggest that this is
due to the greater removal of estuarine U (with high
5**U) under reducing conditions during interglacial
sea level high-stands. These authors argue that during
periods of lower sea level and glacial conditions, the
stored estuarine U pool becomes oxidised under
atmospheric conditions, and is then mobilized and
transported to the oceans during a short time-span when
sea levels rise again during the following glacial—
interglacial transition, thereby increasing the marine
63U (Esat and Yokoyama, 2006). One of the critical
factors determining the oceanic U budget both at
present and during past glacial cycles is the extent to
which U is removed from the water column in estuaries.
While conservative behaviour of U has been reported
for some localities, such as western India (Borole et al.,
1982), non-conservative behaviour has been reported at
other localities, such as the Amazon River and the
Kalix River entering the Baltic Sea (Swarzenski et al.,
1995, 2003, 2004; McKee et al., 1987; Barnes and
Cochran, 1993; Porcelli et al., 2001). Both decreases
and increases in U concentration have been reported to
occur in this transfer zone, as a result of different
absorption and release processes (Swarzenski et al.,
2003; McKee et al., 1987; Barnes and Cochran, 1993;
Swarzenski and Baskaran, 2006; Breckel et al., 2005)
although in general there appears to be a net loss
(Barnes and Cochran, 1993).

The concentration of U and 6**U can be used
together to identify processes occurring in these transfer
zones because open oceans and rivers differ in their
623U compositions (Swarzenski et al., 2004; Andersson
etal., 1995). The Arctic Ocean shows salinity differences
in surface seawater in the deeper basins (Fig. 1) so that
52**U compositions and U concentrations can be used to
de-convolute and quantify the processes by which
amount the riverine U extend into the deeper Arctic
Ocean basins beyond the estuary/shelf mixing zones.
The low U concentrations in river waters, as compared to
open ocean waters, makes high-precision 6**U mea-
surements essential for obtaining critical observational

data, because the higher concentration of U in the ocean
dominates the total U budget. However, obtaining pre-
cise and accurate measurements of >*U/***U is
extremely difficult due to the large difference in the
relative abundance of these two isotopes (~ 10~ range).

Here we present 6°°*U measurements acquired with
unsurpassed levels of precision and coupled U con-
centration data for a suite of water samples from the
Arctic Ocean and adjoining major rivers in North
America (Mackenzie) and Siberia (Lena, Ob and
Yenisey), and are able to detect sub-permil variations
in 8***U. The high precision of these measurements
provide the opportunity for studying the behaviour of U
transported into the Arctic Ocean, and the potential to
trace distinct riverine inputs into the Arctic region from
closely situated major rivers.

2. Materials and methods
2.1. Samples

Arctic Ocean seawater and the Mackenzie, Lena,
Yenisey and Ob Rivers were sampled and measured for
5***U and U concentration by multiple-collector induc-
tively coupled plasma mass spectrometry (MC-ICPMS)
(Figs. 1 and 2). Measurements of 6'%0 were performed
on selected samples. All seawater samples were collec-
ted from deep ocean basins, with the exception of
sample AWS-2000 Station 5, which was collected at the
shelf break.

Samples numbered 1 to 30 were collected along the
Leg II transect from Svalbard to the Makarov Basin
during the Swedish Arctic Ocean expedition AO-01 in
2001 using the icebreaker Oden. A hydrological des-
cription of the LEG II sampling profile can be found in
Bjork et al. (2002). The LEG II transect samples were
collected at a water depth of 8 m using the Oden
seawater intake, which is constructed with polyethylene
tubing. During the same expedition, a depth profile
extending from the surface down to a water depth of
2500 m was collected from the Makarov Basin. The
deep-water samples were collected using a CTD-rosette
equipped with 60 L, 30 L and 20 L GO-FLO® samplers.
All water samples were filtered using silicone tubing
and a peristaltic pump through a 0.22-um filter (142-mm
diameter nitrocellulose membrane filter) mounted in a
polycarbonate filter holder.

In the Canada Basin, samples from Station 5 from the
continental rise (73°15'N; 155°69’W) and Stations 3
and 4 in deep basin (75°13’N; 149°54'W) were
collected during the USCGC Polar Star expedition
AWS-2000, carried out in the summer of 2000. The
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Fig. 1. Bathymetric map of the Arctic area showing the seawater sampling positions in (1) the Canada Basin (AWS-2000), where samples were
collected along a transect in 5-m water depth and along a depth profile located at Station 3; and (2) The Makarov Basin (AO-01, Leg II), where surface
water samples were collected from a water depth of 8 m along a transect extending from Svalbard to the North Pole, and along a depth profile located
at Station 30 in the Makarov Basin. The three major Siberian Rivers, the Ob, Lena and Yenisey, as well as the North American Mackenzie River, were
also sampled. The annual average water discharge from each river is given in brackets (from Holmes et al., 2002). The bathymetric map was sourced
from International Bathymetric Chart of the Arctic Ocean (IBCAO); http://www.ngdc.noaa.gov/bathymetry/arctic/arctic.html.

Canada Basin samples include a surface transect,
collected in a water depth of 5 m, and a deep-water
profile at Station 3, extending from the surface down to
a depth of 3000 m. Further details for the AWS-2000
samples can be found in Trimble et al. (2004). All
samples were filtered in the field using a 0.45-um
particle size cut-off and acidified onboard.

The river water data presented here were collected as
part of the PARTNERS (Pan-Arctic River Transport of

Nutrients, Organic Matter and Suspended Sediments)
project in 2003 from the Mackenzie, Lena, Yenisey, and
Ob Rivers. Samples were collected near river mouths
(above tidal influence) in order to obtain fully integrated
watershed signals and the most relevant freshwater end-
member values for oceanographic tracking. Further
sampling descriptions can be found on the PARTNERS
project website: http://www.ecosystems.mbl.edu/partners/
and in Cooper et al. (2005).
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Fig. 2. The spatial and depth distribution of the &**U and U
concentration of the measured samples from AWS-2000 (Canada
Basin) and AO-01 (Central Arctic Basins). Black symbols symbolise
samples collected from horizontal surface profiles, and grey symbols
represent the depth profile at each locality. 2o error bars are plotted and
are generally smaller than the size of the symbols.

2.2. U380 measurements

Uranium in each of the water samples was co-
precipitated with Fe using standard methods (Chen
et al., 1986). Subsequent ion exchange column
chemistry was performed using TRU-spec ion exchange
resin to extract the U from the sample matrix, and an
additional purification step was then carried out using
U-TEVA-spec ion exchange resin (both sourced from
Eichrom) (Potter et al., 2005; Luo et al., 1997). Total
procedural blanks correspond to <2 pg of ***U and were
negligible. All measurements were performed using a
Nu Instruments Nu Plasma MC-ICPMS at the ETH,

Ziirich. The majority of the **U/***U measurements
were performed using methods described in Andersen
et al. (2004) and a configuration of multiple-Faraday
cups (F-F) in place of the conventional Faraday—
electron multiplier configuration (F—M) adopted in
previous studies.

The F—F protocol takes advantage of a 10° Q
positive feedback resistor coupled to the **U Faraday
cup instead of the standard 10" () resistor. This allows
an ion beam that is 100 times larger than usual to be
placed in the ***U Faraday cup, thus expanding the
dynamic range of the Faraday collector array to the 10°
level, as required for 24U/2%U measurement, and
allowing the simultaneous measurement of ***U (~9 x
1077 A), 32U (~7x10" "M A)and **U (~5x10 " A)in
the same analysis sequence (Andersen et al., 2004,
submitted for publication). Electronic background noise
is monitored for 75 s initially, by deflecting the ion
beams away from the axial optical plane. The analyte
solution, containing 2—3 ppm U, is then introduced and
on-peak data are acquired over a 2-min acquisition
period. Significant tailing of the large ***U beam below
the 2**U isotope is corrected for by normalization to a
CRM-145 U metal bracketing standard, assuming an
identical ***U tailing behaviour for both the sample
and standard (Andersen et al., 2004). The long-term
reproducibility obtained with this technique, as docu-
mented using the chemically purified Harwell uraninite
standard (HU-1), as well as in-house uraninite (CZ-1)
and coral (HIBC) standards, was +0.31%o (20 or better
over an extended period of 2 years (Andersen et al.,
2004, submitted for publication). Repeat measurements
of Arctic seawater, sampled from transect AWS-2000
Station 3, 5 m, yielded a similar long-term reproduci-
bility value +0.28%o at the 2¢ level (Fig. 3). Each
measurement consumes ~ 500 ng of U, equivalent to the
amount extracted from 200—-300 ml of seawater.

Several samples were also measured conventionally
using a mixed-mode F—M array and sample-standard
bracketing techniques reported in Andersen et al.
(2004). Although less precise, this method requires a
smaller load size corresponding to ~50 ng of U, and is
ideal when sample size is limited. These conventional
F-M measurements were conducted as a single static
cycle by monitoring the minor ***U ion beam in a
secondary electron multiplier (SEM) equipped with an
ion counter and retardation filter. The Faraday-multi-
plier gain is determined using bracketing measurements
of CRM-145, measured at a similar intensity as the
unknown sample (***U ~1.5x10"'° A). All F-M
measurements were performed over 40 cycles with
signal integration times of 5 s. Total acquisition times
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Fig. 3. Repeat 6***U F—F measurements of the seawater sample AWS-
2000 Station 3, 5-m depth, yielding a mean value of 151.3+0.1 (20,
n=6) and an external reproducibility of +0.28%o (20), similar to the
long-term reproducibility exhibited by standards measured using this
method (Andersen et al., 2004, in review). Measurements were
conducted during independent sessions conducted over an extended
period of 6 months for two independently processed aliquots.

were ~8 min (including the measurement of the
background zeroes at half-mass locations) (Andersen
et al., 2004). Consecutive measurements of CZ-1 are
identical, within error, to those obtained using the F—
F method and yielded a value for long-term re-
producibility of £0.9%o (20). All water samples ana-
lyzed using the F—-M method have similar associated
uncertainties.

All measurements of 2**U/***U were corrected
internally for instrumental mass fractionation during
the course of the measurement by normalizing the
measured >**U/”*U against the true value using the
exponential mass fractionation law (Hart and Zindler,
1989). It is usual to assume that **U/**°U has a
uniform ratio of 137.88 throughout the Earth, although
using double spiking techniques (Stirling et al., 2005,
2006) it has been shown that low-temperature terres-
trial samples show natural variations of up to 1.3%o
(Stirling et al., 2003, in press). In studies by Andersen
et al. (submitted for publication) and Stirling et al.
(in press) the ***U/**U of the CRM-145 and HU-1
standards, as well as selected samples of Pacific island
coral and oceanic seawater, were measured to high
levels of precision with associated uncertainties of
+0.1%o0, using protocols reported in Stirling et al.
(2005, 2006). Measurements for the seawater and
corals are identical, within analytical error, and are
marginally offset by 0.1%o from HU-1, and significantly
offset from CRM-145 by ~0.5%0 (Andersen et al.,
submitted for publication; Stirling et al., in press).

Activity ratios for ***U/***U were calculated by
normalization against the secular equilibrium standard

HU-1, measured in a similar fashion as the seawater
samples (Andersen et al., submitted for publication;
Stirling et al., in press), and adopting the **U half-life
determined by Cheng et al. (2000). This implies that
provided HU-1 is in secular equilibrium with respect to
240U and ***U, only the magnitude of the ***U/**°U
offset between HU-1 and the analyzed samples is critical
for the accuracy of the ***U/***U measurements, and
that the assumed “true” value adopted for the >**U/**U
normalization (in this case 137.88) is not important.
Variation of ***U/***U between sample and standards
and HU-1 (assumed to be 137.88) has been incorporated
into the mass bias correction for all 2**U/***U mea-
surements, assuming that the Arctic seawater and the
river samples all have a similar >**U/**U composition
as oceanic seawater. The 2*U/***U of HU-1 and the
seawater samples are nearly identical, and only a
marginal **U/**>U offset correction for the calculated
573U were needed for these, whereas CRM 145 yields a
62**U of —36.90+0.08%o0 (20, n=14), as apposed to
62**U=-36.44 in Andersen et al. (2004), with respect to
HU-1 and incorporating the natural variability in
Z38U/25U into the U-series calculations.

3. Results and discussion

Uranium concentrations and 6***U were determined
for seawater sampled along (a) a surface transect and a
depth profile from the Canada Basin, (b) a depth profile
from the Makarov Basin, and (c) a surface transect (Leg
II) extending from Svalbard to the North Pole (Fig. 2
and Table 1). The majority of less saline surface
seawater samples have 6>'U values of 157%o to
159%o for the central Arctic (samples 26, 28, and 30)
and ~151%o for the Canada Basin. These values are
consistently higher than the ~147%o value reported for
open ocean seawater. Measurements of 6>**U that are
identical, within error, of open ocean values were found
for the deeper and higher salinity (~35) seawater
samples; six deep Arctic seawater samples from the
Canada and Makarov Basins yield an average 6*>*U of
147.3+£0.27%0 (20), identical to that measured for the
Atlantic Ocean of 146.6+1.2%o (20) by Robinson et al.
(2004a).

3.1. Arctic rivers

The Siberian river samples have relatively low U
concentrations of <0.25 ng/g but elevated 5***U of
~600-1600%o (Fig. 4). In contrast, the North American
Mackenzie River has a 6**U of ~385% and U
concentration of ~0.64 ng/g, similar to values reported
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Table 1
Water samples
Sampling station Depth att) +20 U +2¢6° Salinity © 5'%0 +20
(m) (%0)" (ng/g) (%0)
AWS-2000 (Canada Basin)
5 73°15'N 155°60'W 5 150.9 0.3 2.49 0.01 26.56 —3.38 0.12
4 73°50'N 152°55'W 5 151.2 0.3 26.01
3 75°13'N 149°54'W 5 151.3 0.3 242 0.01 25.90 -3.61 0.12
3 25 151.5 0.3 2.64 0.01 28.11 -3.46 0.12
3 50 149.2 0.3 2.93 0.01 31.24 -2.21 0.12
3 400 147.4 0.3 3.20 0.02 34.80 0.42 0.12
3 1000 147.3 0.3
3 3000 147.3 0.3 3.23 0.02 34.96 0.53 0.12
AO-01 (central Arctic Basins) LEG II transect
1 8 147.1 0.3 2.99 0.01 32.22
11 8 147.5 0.3 3.15 0.02 33.98
16 8 148.6 0.3 3.18 0.02 34.08
20 8 1533 0.3 3.12 0.02 32.63
22 8 157.0 0.3 31.91
24 8 158.1 0.3 2.90 0.01 31.10
26 8 159.1 0.3 2.86 0.01 30.85
28 8 158.8 0.9 2.87 0.01 30.90
North pole (NP) 8 158.3 0.3 2.88 0.01 31.07
30 Makarov Basin 8 158.0 0.3 2.90 0.01 31.23
30 157.6 0.3 291 0.01 31.33
75 150.0 0.3 3.12 0.02 33.62
300 147.5 0.3 322 0.02 34.84
1000 147.1 0.3 322 0.02 34.89
2500 147.2 0.3 3.19 0.02 34.95
River waters
Ob 66°31'N 66°36’'E 659.8 0.9 0.124 0.001
Lena 66°46'N 123°22'E 1256.1 0.9 0.107 0.001
Yenisey 69°23'N 86°09'E 1591.9 0.9 0.203 0.001
Mackenzie 67°26'N 33°45'W 384.4 0.9 0.638 0.003 —19.44 0.12
Vigier et al. (2001) 380 10 0.73 0.01

2 3PMU=[PHUAPUY PHHUPPU)] — 1 X 10°. (PHUPPU), is the atomic ratio at secular equilibrium and is equal to Ay3s/2534=5.4891x 10>,
where J,3g and Ays4 are the decay constants for >**U and 2**U, respectively, adopting the ***U half-life of Cheng et al. (2000). Errors are
representative of the 2o long-term reproducibility of the U isotopic standards and are £0.3%o for the F—F and +0.9%o0 with the F—M techniques,
respectively. All activity ratios are calculated by normalization to HU-1, assuming HU-1 is in secular equilibrium with respect to **U and ***U (see
also Andersen et al., submitted for publication). For all isotope ratios, the measurement errors (20,,) for HU-1 were incorporated into the uncertainties
quoted for the unknown samples.

° Uranium concentration measurements were obtained from ~10 ml and ~40 ml aliquots of each of the seawater and river water samples,
respectively. Each aliquot was spiked with a 2**U—?*%U tracer to obtain a *8U/***U value of <1000. Samples were chemically processed through
TRU-spec ion exchange columns using protocols reported in Luo et al. (1997). The extracted U was measured on the Nu Plasma MC-ICPMS using
the same methodology and F—F collector configuration as reported in Andersen et al. (2004), but including an additional measurement of ***U, as
described in (Andersen et al., submitted for publication). Typical >**U intensities of 3 x 10™'* A gave rise to internal measurement errors (26,,) and an
external reproducibility (20) of £0.6%o. Tailing from ***U below mass ***U, characterized by monitoring an unspiked CRM 145 standard prior to the
introduction of spiked samples, was determined to be 0.17+0.03 ppm. This tailing contribution, as well as the trace quantities of natural **U and >*°U
present in the artificial spike (Andersen et al., submitted for publication), was corrected for off-line. A conservative error of +5%o (207) was assigned to
the U concentration measurements by taking into consideration the weighing error as the dominant source of uncertainty.

¢ Salinities were measured on site. See Bjork et al. (2002) and Trimble et al. (2004).

9 Defined as the permil deviation in '#0/'°0 away from the composition of the V-SMOV standard 6'*0= {[('30/'°0)/("*0/'°0),.gmov]— 1 } X 10°.
Measurements of 'O were performed on 8—10 ml aliquots of the seawater and river water samples at the Stable Isotope Lab INSTAAR at the
University of Colorado, using a Micromass SIRA Series II Dual Inlet mass spectrometer. Results are reported relative to V-SMOW (%o). Standards
were reproducible to £0.12%o (2 s) during the period these measurements were conducted. Further information on the methods utilized can be found
at the INSTAAR website: http://mysticplum.colorado.edu/groups/sil/analyses.
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Fig. 4. Plots of (A) 6***U versus salinity, (B) U concentration versus
salinity, and (C) 6°**U versus U concentration. Calculated two-
component mixing lines are shown: The saline end-member (SW) is
based upon the composition, determined in this study, for deep
seawater samples (at >250-m water depth). The freshwater end-
members are the (Y) Yenisey, (L) Lena, and (O) Ob Rivers, (AS) a
weighted average of these three Siberian river sources, (M) the
Mackenzie River, (I) ice melt-water, with an assumed salinity of 4
(Ekwurzel et al., 2001), and (R) a riverine component with a salinity of
0 and containing no U.

in Vigier et al. (2001) taken several years prior to the
river sample measured in this study (Table 1). Riverine
U isotopic compositions and concentrations can poten-
tially vary on a seasonal and yearly scale, as has been
observed at some other localities, such as the boreal
subarctic Kalix River in northern Sweden (Andersson
etal., 1998, 2001; Porcelli et al., 1997). The Kalix River
exhibits only marginal variability in U concentration
(<10%) but larger variability in 6>**U (480%0 to
960%o0), with the highest 8***U corresponding to

episodes of peak discharge (Andersson et al., 2001).
The potential seasonal variability in §***U for the Arctic
rivers investigated in the present study is unlikely to be
significant due to the short time-span (2—3 months per
year) during which they are flowing into the Arctic
Ocean together, as well as homogenisation of the
isotopic signature due the large drainage area inherent
to each river system. Variability in uranium concentra-
tion could potentially occur due to differing degrees of
snow melt addition, for example. In the following
sections, the measured U concentration and 6***U are
adopted as the end-member composition for each river.
Although these values are based on one measurement
per river, potential annual and seasonal variability in the
riverine U concentration and 8**U is taken into
consideration in the discussion.

The concentration of major cations (Na+Ca+K+
Mg) and dissolved organic carbon (DOC) values for
each of the sampled river waters are summarized in
Table 2. The annual water discharge and suspended
particle flux are also included. It is important to note
that the Mackenzie River differs significantly from the
Siberian Rivers, in that it contains a lower DOC
concentration but a larger suspended sediment flux
(Cooper et al., 2005; Holmes et al., 2002). A significant
positive correlation between DOC and U concentration
has been observed in other marine systems (Chabaux et
al., 2003; Mann and Wong, 1993). This is not observed
in the present study, in fact the Mackenzie River has
the highest U concentration but the lowest DOC.
Furthermore, a positive correlation between the con-
centrations of major cations and U has been found in
compiled data sets of several riverine systems (Borole
et al., 1982), but this is not found in our data for four
Arctic river samples. The Mackenzie River is char-
acterized by both a higher U concentration and major
cation content than the Siberian Rivers, while the
Yenisey River has the highest U concentration but the
lowest major cation content compared to the Lena and
Ob Rivers (Table 2).

3.2. Canada Basin (AWS-2000)

The Canada Basin surface transect (AWS-2000,
5 m depth) samples exhibit the lowest salinities (<27)
and the highest 6>*U (~151%o) values, whereas sea-
water sampled from water depths below 300 m have
623U approaching ~ 147%o. Uranium concentrations
vary from ~2.42 ng/g for surface water samples to
~3.23 ng/g for deep-water samples. Salinities, U
concentrations and 6***U compositions for the Canada
Basin seawater samples are plotted in Fig. 5. Calculated
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Table 2

River MAD*® DOC® (£10) SPF°© mc¢ U® (+20)
(km®/yr) (numol) (x10° metric tons/yr) (mg/L) (ng/g)

Mackenzie 307 375 (100) 124 49.9 0.638 (0.003)

Lena 530 724 (283) 20.7 37.0 0.107 (0.001)

Ob 404 733 (167) 15.5 32.8 0.124 (0.001)

Yenisey 620 733 (316) 4.7 23.3 0.203 (0.001)

# Mean annual discharge; data from Holmes et al. (2002).
Dissolved organic carbon; data from Cooper et al. (2005).
Suspended particle flux; data from Holmes et al. (2002).

e a o o

Uranium concentrations; this study from Table 1.

two-component mixing lines, based on seawater (SW) as
one end-member component and ice melt-water or the
Mackenzie River composition as the other, are also
displayed in Fig. 5. A SW—Lena River mixing line is also
shown because the Lena River can also be a freshwater
component in the Canada Basin, although the SW—Lena
mixing line does not differ significantly from the
Mackenzie River—SW mixing line. The measured sea-
water compositions plot within a mixing area defined by
the two ice melt—SW and Mackenzie River—SW mixing
lines. This could reflect a three-component mixing zone,
whereby the freshwater component consists of both ice
melt and Mackenzie River water. An alternative
possibility is that the composition of the Mackenzie
River has been modified by ~65% loss of its U in the
estuary/shelf zones before entering the deeper Canada
Basin. A third modelled mixing line based on this ~ 65%
U loss and degrees of ice melt effect on the freshwater
composition is also displayed in Fig. 5.

Distinguishing between these two scenarios is not
possible using salinity, 5***U and U concentration data
alone. However, 6'%0 is a good water mass tracer
because the saline Atlantic and Pacific waters have
significantly different 5'%0 compositions than the major
rivers entering the Arctic Ocean, which again differ in
their 8'%0 signature from fresh ice melt-water (Ekwur-
zel et al., 2001). Thus, a plot of 8'®0 versus salinity is
generally able to distinguish riverine water masses from
ice melt and saline ocean waters in the Arctic Ocean
(Ekwurzel et al., 2001; Schlosser et al., 1994b; Mac-
donald et al., 1999). 5'%0 was measured on selected
samples from the Canada Basin and the Mackenzie
River. A plot of 8'®0 versus salinity is shown in
Fig. 5D, together with mixing lines represented by the
ice melt—-SW and Mackenzie River—SW components.
The data show that intermediate depth water samples
(Station 3, 25 and 50 m) closely follow the Mackenzie
River-SW mixing line. The two surface seawater
samples (Stations 5 and 3) are also close to this line

Major cations (Na+Ca+K+Mg); data from PARTNERS (http://www.ecosystems.mbl.edu/partners/).

but the results provide evidence for an additional minor
ice melt-water input as well (Fig. 5D). A minor ice melt
input together with a riverine freshwater component has
also been shown in other studies on the basis of the 5'%0
signature of seawater in the Canada Basin (Cooper et al.,
2005; Macdonald et al., 1999). Using the 580 and
salinity results of this study, the ice melt contribution to
the freshwater component in the 5-m depth samples at
Stations 3 and 5 is estimated to be 20-40% (Fig. 5). If
freshwater from ice melt is mixed with Mackenzie River
water (with 65% U loss) in the above-mentioned
proportion, then the fit with the measured U concentra-
tion and 6*>*U compositions of Stations 3 and 5 at 5-m
depth is very good (Fig. 5C).

This demonstrates that U in the Mackenzie River
estuary is behaving non-conservatively, with significant
losses of riverine U (~65%) occurring in the estuary/
shelf zone. Significant variability in the 6***U and U
concentration for the Mackenzie River could potentially
alter these conclusions, particularly if the river’s typical
U concentration were substantially lower than the value
obtained in this study. Measurements of both §***U and
U concentration acquired in the present study are in
perfect agreement with those obtained several years
carlier during an independent study of the same river by
Vigier et al. (2001). The 6***U values are ~ 385+ 1%
versus 380+£10%0 and the U concentrations ~0.64
versus 0.72 ng/g. This robust replication provides
evidence that regardless of any minor seasonal varia-
tions in ***U and U concentration ~ 65% of uranium is
lost in the estuary/shelf zone of the Mackenzie River.
Additional riverine data would be desirable to explore
seasonal variations in more detail however.

The behaviour of U in estuaries is complex and varies
between different localities, and both conservative and
non-conservative behaviour have been observed (Swar-
zenski et al., 2003). Non-conservative behaviour has, for
example, been observed for other river—estuary systems
such as the Kalix River (Andersson et al., 1995, 1998,
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Fig. 5. Canada Basin (AWS-2000) seawater samples plotted as (A) 52U versus salinity, (B) U concentration versus salinity, (C) 823U versus the
inverse U concentration and (D) 8'®0 versus salinity. Mixing lines between a seawater end-member and (L) Lena, (M) the Mackenzie River, and (I)
ice melt-water end-members are plotted, as shown in Fig. 4. A mixing line between SW and Mackenzie River, but with a 65% loss of riverine U in the
shelf/estuary zone is also plotted. The intermediate samples plot along this latter mixing line, whereas the surface samples plot close to this mixing
line, however they appear to contain a minor ice melt component as well. This is also suggested in (D) which shows 6'%0 versus salinity for selected
samples in the Canada Basin (AWS-2000). Here, different mixing lines are plotted; a deep seawater end-member (with a 8'%0 of ~0.5%0) coupled to
(M) a Mackenzie River and (I) an ice melt-water end-member (Ekwurzel et al., 2001). Also plotted is an assumed Pacific Ocean end-member
(Ekwurzel et al., 2001), (with a different 'O composition for SW than the Atlantic Ocean) coupled to a Mackenzie River end-member. The §'50
versus salinity data show that in the surface water samples, the majority of freshwater comes from the Mackenzie River but a secondary ice melt-water
component is also recorded. Using the 5'*0 and salinity data, it is possible to calculate the percentage contribution to the freshwater fraction from ice
melt and Mackenzie River water (see Cooper et al., 2005). Using different end-member compositions for the seawater (Atlantic versus Pacific) about
20-40% of the freshwater component is ice melt at AWS-2000 Stations 3 and 5. This is plotted with stippled lines in C were the ice melt component is
subtracted from the Mackenzie River (with 65% U loss) signature.

2001; Porcelli et al., 1997, 2001) and the Amazon Delta It has been shown that colloidal U in coastal waters is
(Swarzenski et al., 1995, 2003, 2004) where U removal strongly bound to DOC and can be removed from the
occurs. A detailed study found that low salinity U water column (Chabaux et al., 2003; Swarzenski et al.,
removal in the Kalix River estuary zone is likely to be a 1995; Mann and Wong, 1993). The Mackenzie River
consequence of absorption onto settling flocculated contains a significant amount of DOC, with a mean
colloids of organic material and Fe, with U losses concentration of 375 pM measured during 2003—-2004,

occurring of up to 50% (Andersson et al., 2001). although the DOC of Arctic Rivers is highly variable on
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a yearly scale and therefore difficult to accurately
quantify (Table 2) (Cooper et al., 2005; Hansell et al.,
2004). The Arctic River systems introduce a significant
amount of terrestrial carbon into the Arctic Ocean
(Dittmar and Kattner, 2003; Macdonald et al., 1998) but
a significant loss of DOC (>50%) is believed to occur in
areas of the north Canada shelf, before freshwaters reach
central parts of the Arctic Basins (Cooper et al., 2005;
Hansell et al., 2004). The mechanism for this loss is
assumed to be microbial degradation transferring the
DOC into CO, (Hansell et al., 2004). The Mackenzie
River also has a significant annual suspended sediment
flux (Holmes et al., 2002) and it is estimated that about
half of the suspended particle flux is lost from the
Mackenzie River delta entering the Canada Basin
(Holmes et al., 2002; Macdonald et al., 1998). The
substantial loss of suspended sediment phases on the
shelf could potentially also scavenge U out of the water
column through adsorption onto flocculating colloidal
organic or Fe-coated phases, as has been observed for
other estuary systems (Porcelli et al., 2001; Andersson
et al., 1995, 1998, 2001; Porcelli et al., 1997).

3.3. Central Arctic basins

Results from the depth profile of the Makarov Basin
and the Leg II surface transect are plotted in Fig. 6
together with calculated two-component mixing lines
between a SW end-member and a riverine end-member
corresponding to the weighted average of the Siberian
rivers. Below a water depth of 300 m, the Makarov
Basin samples reach salinities of ~35 and 6***U of
~147%o. The surface samples with the lowest salinities
(~28) also show the highest measured 5**U (~ 159%o).

With only one exception, the Makarov Basin samples
and those corresponding to the northern section of the
Leg II surface transect (from Station 20 northwards)
appear to follow a two-component mixing line between
the Yenisey and SW end-member components. The data
for Leg II Stations 1, 11 and 16, sampled along the
southern section of this transect, are likely to have
experienced other freshwater inputs aside from the
Yenisey River. In particular, Stations 1 and 11 appear to
have incorporated significant freshwater input from ice
melt (Fig. 6). On the basis of 60 measurements,
Ekwurzel et al. (2001) have argued that samples with
lower salinities (<34.8) collected near Svalbard have
experienced significant ice melt-water input, which
could account for the open ocean water 5***U observed
in this study for Leg II Stations 1 and 11. Leg II Station
20, follows the Yenisey—SW mixing line in the salinity
versus 624U diagram (Fig. 6A), but appears to have an

Central Arctic basins
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Fig. 6. The central Arctic Ocean (Leg II transect and Makarov Basin)
seawater samples are plotted in terms of (A) 5%*U and (B) U
concentration versus salinity, and (C) 8>>*U versus the inverse U
concentration. Two-component mixing lines between a seawater end-
member and an end-member represented by the (Y) Yenisey, (L) Lena,
and (O) Ob Rivers, (AS) a weighted average of the Russian Rivers and
(I) ice melt-water are represented, as shown previously in Fig. 4. The
majority of samples plot along the (Y) Yenisey—SW River mixing line,
which has the most enriched 5***U and U concentrations of the three
measured Siberian Rivers. The more southward Stations 1 and 11 (near
Svalbard) suggest that the fresh water component is predominantly ice
melt. Two samples appear to have elevated U concentrations with
respect to 6***U and the mixing lines of Yenisey—SW (Leg II Station
20) and ice melt—SW (Leg II Station 1). The reason for this is not clear,
but it may be an artefact caused by evaporation of these particular
samples during storage prior to the U concentration measurements.

elevated U concentration (~ 3% higher than expected) in
the salinity versus U concentration diagram (Figs. 6B,
C). Leg II Station 1 also has an unexpectedly high U
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concentration (~ 2% higher than anticipated). The cause
of these enrichments is not clear (see Fig. 6).

The very good agreement between the northern part
of the Leg II transect and Makarov Basin samples and
the Yenisey—SW river mixing line suggests that the
freshwater input into the basin is (1) dominated by a
component of Yenisey River origin and (2) is behaving
conservatively, transporting ~100% of its U into the
interior basin. Transport of riverine waters into the
central Arctic Ocean has been documented previously
(Guay et al., 2001), although in contrast to this study,
inputs from individual rivers could not be reliably
separated. Because the Yenisey River has both the
highest U concentration and 6***U of all of the Siberian
Rivers measured in this study, its signature can be
resolved clearly in our dataset; any contribution from the
other rivers, or U loss in the estuary/shelf area, would
shift the measured compositions away from the SW—
Yenisey mixing line and towards lower 6***U composi-
tions (Fig. 4).

While the Ob might be expected to provide a
considerable fraction of the freshwater contributions to
this area in the Arctic Ocean, this appears to be
incompatible with the 5***U and U concentration data.
Although it is possible that the river analyses included
here do not accurately represent the composition of the
river water components seen in the central Arctic Ocean,
it is unlikely that the rivers were substantially different
and yet when mixed would result in a composition that
matches the Yenisey River measurement.

The seawater U concentration and 6***U data suggest
that there are no significant inputs from either ice melt-
water or from the major rivers, Ob or Lena, entering the
central Arctic Ocean sample locations at the time of
sampling. Thus, U concentration data, coupled to high-
precision 6***U measurements, offers the potential to
characterize water mass flow patterns in the central
Arctic Ocean. These data also indicate that Yenisey
River water flows into the Makarov Basin approxi-
mately 1000 km away. Estimates of riverine flow
patterns in the Arctic Ocean suggest that the Siberian
rivers can penetrate far into the central Arctic Ocean and
that this can be achieved on sub-yearly time spans
(Karcher and Oberhuber, 2002). For example terrige-
nous input of organic carbon into the Kara Sea has been
reported to be as high as 50% of the total organic carbon
even as far away as ~700 km offshore (Krishnamurthy
et al., 2001). The apparent lack of an Ob River
component in the central Makarov Basin could perhaps
be due to a strong steering of the outflow from these two
rivers away from each other in the shelf zone at the time
of sampling. However, this interpretation is based on the

523U and U concentration data alone, is speculative and
should be verified with independent hydrological
evidence.

The Makarov Basin seawaters suggest that the
transportation of U from the Yenisey River behaves
conservatively, which dramatically contrasts with the
non-conservative behaviour observed for the Mackenzie
River. Thus, it appears that the rivers have undergone
distinct U behaviour in the shelf/estuary zone. In this
context, there are some clear differences between the
Mackenzie River and the Siberian rivers systems.
Specifically, the DOC contents of the Siberian rivers
are significantly higher than those present in the
Mackenzie River. It is estimated that the DOC present
in the Ob and Yenisey Rivers does not experience
significant loss before entering the central Arctic Ocean
Basins, which contrasts with the appreciable loss of
DOC observed in the Canada shelf area (Cooper et al.,
2005; Hansell et al., 2004). Thus, if DOC is the primary
carrier phase of U, it could explain the differing
behaviour between the Mackenzie and Yenisey Rivers.
Furthermore, the suspended sediment discharge from
the Siberian Rivers is markedly lower than that from the
Mackenzie River as well (Holmes et al., 2002), limiting
the potential for sediment scavenging of U by Fe-coated
phases, from the Yenisey River.

3.4. Implications for the marine U and §**U budget

Rivers entering the Arctic Ocean contribute about
10% of the total global riverine discharge. The total
riverine U flux from the four Arctic rivers measured in
this study comprise ~5% of the global riverine U
discharge, and due to their elevated 6*°*U they
contribute ~12% of the excess ***U when compared
to the compiled global data in Dunk et al. (2002). Thus
this may have a significant influence on the global
riverine U input and marine $***U on glacial—
interglacial scales, although a thorough investigation
of the distribution and behaviour of U covering the
entire Arctic Ocean is beyond the scope of this study.
The observation of the non-conservative behaviour of U
in the Mackenzie River estuary supports the idea of “U
storage” in estuaries during interglacials which can be
important for variations in the marine 6***U on glacial—
interglacial scales (Dunk et al., 2002; Esat and
Yokoyama, 2006). Furthermore, the non-conservative
U behaviour observed in this study must be taken into
account when estimating the total marine U budget as
opposed to a general assumption that all riverine U is
conservatively transported into the oceans when model-
ling the marine U budget.
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A number of studies have documented both estuarine
removal of U from the water column (Swarzenski et al.,
2003; McKee et al., 1987; Barnes and Cochran, 1993;
Swarzenski and Baskaran, 2006) and U release from
underlying sediments (Swarzenski et al., 2003; McKee
et al., 1987; Barnes and Cochran, 1993; Swarzenski and
Baskaran, 2006) so that the river budgets obtained from
freshwater samples must be modified to actually
quantify the amount of riverine U that reaches the
deep ocean basins. However, since estuarine studies
generally cover only limited cross sections of estuarine
systems and U modification processes often follow
complex patterns, the total net loss (or gain) of U is
difficult to quantify. This study demonstrates that high-
precision U isotope measurements of waters well
beyond the estuary can be used to directly identify and
quantify the amount of riverine U that is entering into
the deep ocean. Such measurements from other major
river systems are required to better characterize the
global oceanic U budget.

4. Conclusions

Using high-precision 6***U measurements in river
and seawater samples, it is possible to trace distinct
riverine inputs into the Arctic Ocean, as well as yield
critical information on the behaviour of U during its
transportation from rivers into the oceans.

The freshwater source for the less saline surface
waters in the central part of the Arctic Ocean can be
difficult to assess because several major Siberia Rivers,
including the Yenisey, Ob and Lena, can contribute to
this. However, less saline seawater samples character-
ized by elevated 6**U within the Makarov Basin
convincingly contain a freshwater component having
U concentration and $***U values that match those of
Yenisey freshwater discharge. This indicates that the
Yenisey River is the major contributor to the area at the
time of sampling, and that significant U losses in the
estuarine environment do not occur. This is a significant
finding, considering that most studies assume that all
rivers are mixing together in the interior of the Arctic
Ocean, and offers a more detailed picture of the fresh-
water budget and flow patterns in the Arctic Ocean. This
observation suggests that local steering processes in-
fluence the flow patterns for river water masses over the
Russian/Siberian shelf area, since the two major rivers,
Ob and Yenisey, in close vicinity to each other, appear to
have different flow patterns based on the ***U and U
concentration measurements presented in this study.

The Canada Basin obtains a significant freshwater
input from the Mackenzie River. Using U concentration

and 6***U data, in combination with salinity and 6'%0
measurements, it can be shown that U transported from
the Mackenzie River behaves non-conservatively, losing
~65% of its original U in the estuary/shelf zone before
entering the deep areas of the Canada Basin. This is
completely different to the apparent conservative
behaviour observed for the Yenisey River. The reason
for this U removal is not clear, although DOC appears to
be transported conservatively across the estuaries of
Siberian rivers, while there is substantial net DOC loss
in the Mackenzie estuary/shelf zone (Hansell et al.,
2004). A likely possibility for the observed U behaviour
is that the U is strongly bound to DOC and these are
therefore removed together. Furthermore, due to the
high sediment flux from the Mackenzie River, U could
also be removed by adsorption onto flocculating
colloidal organic or Fe phases, as has been observed
for other estuary systems (Porcelli et al., 1997, 2001,
Andersson et al., 1995, 1998, 2001). The U-bearing
phases in the sediment are thereafter scavenged out of
the water column.

The new results presented in this study demonstrate
unequivocally that the behaviour of U in shelf/estuary
systems cannot be generalized and this study demon-
strates that waters well beyond the estuary can be used
to directly identify and quantify the riverine U that is
entering into the deep ocean. This observation is also
critically important for the total U budget in the oceans,
as it is currently assumed that all riverine U is
conservatively transported into the oceans when model-
ling the marine U budget and can have importance on
expected 6***U variations on interglacial-glacial time
scales (Chabaux et al., 2003; Dunk et al., 2002;
Henderson, 2002; Robinson et al., 2004b; Esat and
Yokoyama, 2006; Edwards et al., 2003; Henderson and
Anderson, 2003).
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