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Abstract. The concentrations of uranium and thorium in ten deposition of uranium and thorium was also quantified, and
partly nested streams in the boreal forest region were monits contribution to boreal streams was found to be low com-
itored over a two-year period. The investigated catchmentgared to weathering.

ranged from small headwaters (0.1%mup to a fourth-
order stream (67 kR). Considerable spatiotemporal varia-
tions were observed, with little or no correlation between
streams. The fluxes of both uranium and thorium varied subl Introduction

stantially between the subcatchments, ranging from 1.7 to

30gknt2a L for uranium and from 3.2 to 24gkma? Uranium and thorium are the heaviest elements that occur
for thorium. Airborne gamma Spectrometry was used to mea.natura”y in appreciable levels on Earth. All iSOtOpeS of both
sure the concentrations of uranium and thorium in surfacdiranium and thorium are radioactive, but since the half-lives
soils throughout the catchment, suggesting that the concerf2f the most abundant isotope¥U, 2%°U and 2%2Th, are
trations of uranium and thorium in mineral soils are similar 10ng (4.46, 0.704 and 14.0 billion years respectively), they re-
throughout the catchment. The fluxes of uranium and thoJmain ubiquitous in the environment. The average concentra-
rium were Compared to a wide range of parameters Chartion of uranium in continental crust has been estimated to be
acterising the investigated catchments and the chemistry o?-5Hg g (Wedepohl, 1995), which means that uraniumis as
the stream water, e.g. soil concentrations of these element@Pundant as arsenic and tin. According to the same estima-
pH, TOC (total organic carbon), Al, Si and hydrogen carbon-tions, thorium is about four times more common with an es-
ate, but it was concluded that the spatial variabilities in thetimated average concentration of 10 pig.gHence, thorium
fluxes of both uranium and thorium mainly were controlled iS nNearly as abundant as copper, cobalt and lead. Uranium
by wetlands. The results indicate that there is a predictabléind thorium are also the only representatives of the actinide
and systematic accumulation of both uranium and thorium inseries to occur in significant quantities in the environment,
boreal wetlands that is large enough to control the transporf®aking them interesting as natural analogues, for example,
of these elements. On the landscape scale approximately 650" some of the transuranium elements.

80 % of uranium and 55-65 % of thorium entering a wetland Whereas thorium is only present as Th(IV) in natural wa-
were estimated to be retained in the peat. Overall, accumut€rs. uranium occurs in multiple redox states, U(IV) and
lation in mires and other types of wetlands was estimated tdJ(V1) being most common. Th(IV) and U(IV) are gener-
decrease the fluxes of uranium and thorium from the boreaflly considered to have low solubility, while U(VI) often is
forest landscape by 30-40 %, indicating that wetlands playnore mobile (Langmuir and Herman, 1980; Andersson etal.,
an important role for the biogeochemical cycling of uranium 1995). Areas of naturally high concentrations of uranium and

and thorium in the boreal forest landscape. The atmospheriglorium are found throughout the world, causing both radi-
ological and toxicological problems. Althougii®U, 23°U
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and 232Th themselves are only weakly radioactive, they tems of the boreal forest region and out into aquatic environ-
produce chains of more short-lived radionuclides as they dements. With continuous hydrological measurements and fre-
cay, e.922°Rn and?2%Ra. All together, this implies that the quent hydrochemical sampling, it was possible to follow the
U-Th decay series may cause considerable radiation dosetemporal responses of different landscape types and estimate
In addition, uranium and thorium are also chemically toxic. the fluxes of uranium and thorium from each subcatchment.
Uranium primarily affects the kidneys, and the World Health These fluxes were compared to the atmospheric deposition
Organization recommends that the concentration of uraniunof uranium and thorium in the area, landscape characteristics
in drinking water should be below 15 pgl, a limit that is  of the investigated catchments, stream water chemistry and
frequently exceeded in uranium-rich areas (Frengstad et althe inventories of uranium and thorium in local soils in or-
2000; Prat et al., 2009). Although thorium is more abundant,der to obtain an improved understanding of the transport and
it is considered less of a problem due to its lower solubility accumulation patterns of uranium and thorium in the boreal
in natural waters (Langmuir and Herman, 1980). Neverthedandscape.
less, thorium can be harmful and has been shown to damage
the liver function of mice (Kumar et al., 2008). In addition
to the natural occurrence of uranium and thorium, human ac2 Material and methods
tivities such as uranium mining have left a legacy of con-
tamination of soils and groundwater (Hu et al., 2010; Zoriy 2.1  Site description
et al., 2010). The world’s boreal forest region have not es-
caped such disturbances. Both Canada and Russia are majrycklan is a tributary to one of Sweden’s major rivers,
uranium producers, and increasing uranium prices in recenthe Vindel River (Swedish: Vindalven). Part of its catch-
years have boosted the exploration for uranium throughoutnent, the 0.5 krh Svartberget catchment, has been studied
the world. Issues regarding the long-term biogeochemical cyand monitored continuously since 1980, but environmental
cling of uranium and thorium in the landscape are also betesearch in the area dates back to the early 20th century. In
coming increasingly important, as many countries, e.g. Fin-2002, the Krycklan Catchment Study (KCS) was initiated
land and Sweden, are planning to build deep repositories ofith intensified sampling of the hydrochemistry in 18 partly
nuclear waste. nested streams within an area that was expanded to cover
Whereas the spatial and temporal variation in concen-67 kn? of the upper parts of the Krycklan catchment. The
trations of uranium has previously been studied in largeKrycklan catchment, which also includes the Vindeln Exper-
rivers (Porcelli et al., 1997; Saari et al., 2008), the behaviourimental Forests and is a central part of the Svartberget Long-
of uranium and thorium in small streams is still poorly un- term Ecological Research site (LTER), has a well-developed
derstood. Hence, the focus of this study is a network of terresearch infrastructure. Extensive research in various fields
streams within a 67 kAcatchment. Including a large number has led to a good, process-based understanding of the catch-
of streams allows a statistical approach to the data, while thenent and the hydrological connection between streams and
spatial resolution also enables a detailed assessment of themils (Seibert et al., 2009).
role of various landscape types. Small streams are not only The Krycklan catchment is located in northern Swe-
important as unique and vibrant ecological environments, butdlen (6414 N, 19°46 E). The mean annual temperature is
also for the biogeochemical cycles of uranium and thorium+1.7°C, and the mean annual precipitation is 625 mm, of
on larger scales, because much of the water in big riversvhich on average 35 % falls as snow. The total annual dis-
originates from the fine network of small streams that drainscharge is about 325 mm, of which approximately one-third
the boreal landscape. Yet, the spatiotemporal variability inleaves the catchment during a few weeks in the spring (Cory
these streams cannot be deduced from the study of larget al., 2009). The landscape is dominated by coniferous
rivers (Bishop et al., 2008). Often the variability in the stream forests with Scots pineP{nus sylvestris and Norwegian
water chemistry is largest in smak (15 kn?) streams (Tem-  spruce Picea abiek These forests cover 83 % of the total
nerud and Bishop, 2005). Hence, although little is known catchment area, and the rest is made up of wetlands (12 %),
about the behaviour of uranium and thorium in headwatersclear cuttings (2.1 %), arable land (0.2 %) and lakes (0.1 %).
and other small streams, they represent environments that afehese other landscape types may, however, be major con-
more likely to be directly affected by mining or deep reposi- stituents of some of the subcatchments (Table 1). Whereas
tories of nuclear waste, simply because they are much moréhe upper parts of the catchment are dominated by till and
common than big rivers. Due to their size they are also muctpeat, large areas of glaciofluvial silt and fine sand deposits
more sensitive. are present in its lower parts (Table 1, Fig. 1). The forests
The main objective of this study was to investigate the spa-are dominated by well-developed podzols, but more organic
tiotemporal variability of uranium and thorium in small bo- soils are common in wetter areas. The Quaternary deposits
real streams and, if possible, to explain what factors caus@re underlain by gneissic bedrock of svecofennian metasedi-
that variability. This will enhance our understanding of how ments, mainly metagraywacke. The stream water is generally
uranium and thorium are transported from terrestrial sys-characterised by high concentrations of total organic carbon
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Table 1. Area and landscape characteristics of the investigated catchments.

Catchment Area (kd) Lake (%) Forest(%) Arableland (%) Wetland (%) Clear cutting (%)  Till (%)  Silt (%)

number

C1 0.6 0.0 87.2 0.0 2.7 10.1 92.8 0.0

C2 0.1 0.0 98.7 0.0 1.3 0.0 90.6 0.0

C4 0.2 0.0 49.6 0.0 50.4 0.0 171 0.0

C5 0.8 5.8 57.5 0.0 425 0.0 49.5 0.0

C6 1.3 3.7 70.7 0.0 29.3 0.0 58.4 0.0

C7 0.5 0.0 82.7 0.0 17.3 0.0 68.0 0.0

C9 3.1 15 83.8 0.0 16.1 0.1 68.9 5.9

Cl4 12.6 0.1 86.4 3.0 5.7 4.2 50.2 30.8
Ci15 19.7 2.0 77.6 0.2 13.7 5.0 65.7 2.0

C16 66.8 0.7 84.0 1.9 8.6 3.7 51.9 25.7

This was because discharge is an important driver for be-
hind the temporal changes in stream water chemistry and
because the large water volumes during hydrological events
potentially can transport high amounts of uranium and tho-
rium (Seibert et al., 2009). The investigated subcatchments
are denoted C1, C2, C4, C5, C6, C7, C9, C14, C15 and C16,
and are shown in Fig. 2. In total, 356 water samples were
collected and analysed for uranium and thorium. The water
was sampled in acid-washed high density polyethylene bot-
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hood using 0.4 um Millipore isotype polycarbonate mem-
brane filters in Millipore SWINNEX-47 filter holders. The
Fig. 1. Concentration of uranium in surface soils and soil type in the filters were rinsed with 50ml of ultraclean water and then
Krycklan catchment (SGU, consent Dnr: 30-495/2008). conditioned with 30 ml of sample water. The filtered sam-
ples were then acidified with 1 ml suprapure nitric acid per
100 ml of sample, after which they were stored in the re-
(TOC) and low pH, but the heterogeneous landscape allow§igerator again. The samples were analysed’féh and
for considerable hydrochemical variability both within and >V at Stockholm University using a Thermo Scientific X
between streams. The average pH ranges from 4.3 (C4) t§€ries 2 instrument (ICP-MS). Rhodium was added as an
6.4 (C16), and average concentrations of TOC vary frominternal standard, and SLRS-4 (riverine water; National Re-
11mgl? (C16) to 31 mgt? (C4) (Table 2). If the tempo- Search Council; Canada) was used as a control sample. The
ral variation also is taken into consideration, the variability certified value for uranium in SLRS-4 is 803ngg*, and
is of course even greater. Average concentrations for majothe average of our measurements was-4ng g *. For tho-
ions and other hydrochemical parameters in the investigateum there is no certified value, but Rodushkin et al. (2005)

streams have been published byijvald et al. (2008). have suggested #72ngg! and Yeghicheyan et al. (2001)
18+3ngg L. Our average was H#3ngg? so it comes
2.2 Sampling and analyses close to the suggested values. Thus, no significant deviation

from the SLRS-4 standard was found. Field blanks were also
Concentrations of uranium and thorium were monitored inprepared at each sampling occasion and analysed for con-
ten partly nested streams within the Krycklan catchment ovettrol purposes. For uranium the average weB.02ngg*
two years (March 2004—-December 2005). The sampling freand for thorium 0.04ngg!. The standard deviation was
quency was adjusted depending on the discharge with in0.043ngg* for uranium and 0.16 ngd for thorium. Us-
tensive (up to daily) sampling during the spring flood and ing three standard deviations as detection limits, this gives
sparser (bimestrial) sampling during baseflow conditions.0.13ngg* for uranium and 0.49ngd for thorium. This
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at least 14 observations in each subcatchment and a total of
8433 observations throughout the entire Krycklan catchment.
Each observation represents an integrated value over an area
described by an ellipse with transverse diameter approxi-
mately 200 m, perpendicular to the flight path. Thus, these
measurements provide more information about the average

— Stream concentrations of uranium and thorium than feasibly could
. ?‘:eh ; be obtained from point measurements (Viscarra Rossel et al.,

2010). Kriging was used to interpolate the concentrations of
uranium and thorium and to estimate the average concen-

2"5?12‘9 tration within each subcatchment. The values presented for

— uranium are based on gamma emission$8Bi, a daugh-

e ter of 222Rn. Due to transport of radionuclides throughout
T the uranium decay chain, e 8#°Ra and?22Rn, 214Bi may

B -4 not always be in equilibrium witf#38U. For control pur-

B 5-24 poses the gamma spectrometric measurements from one of

the investigated catchments, C2, were compared to three soil
cores from the same catchment. The total concentrations in
these soil cores, as analysed using ICP-MS, ranged from
M .5-2.9ug gt for uranium and from 10-22 pgg for tho-
rium; the gamma measurements recorded average concentra-
tions of 2.2 pg g* for uranium and 7.0 pg @ for thorium
with standard deviations of 1.2ugY and 3.4ugg?, re-
is well below the lowest observed concentrations in streanspectively. Hence, the agreement for uranium is good, while
water, which were 3.6 ngd for uranium 4.1 ng g* for tho- the concentration of thorium seems somewhat lower when
rium. Further details on the sampling and the analyses camanalysed using gamma spectrometry. However, the deviation
be found elsewhere (Bjkvald et al., 2008; Lidman et al., is small and could be caused by spatial variability within the
2011). Precipitation was sampled at the Svartberget LTER ircatchment. The chemistry and the half-lives of the daughters
the centre of the Krycklan catchment during 2004 (Klamin- of 232Th do not suggest similar disequilibria throughout the
der et al., 2006). The samples from each month were mixedhorium decay chain as in the uranium decay chain. There-
to produce monthly volume-weighted averages. The mixedore, the concentrations of thorium in surface soils should be
samples were analysed using ICP-MS at the Swedish Deless uncertain.
fense Research Agency.
Discharge was measured using & $8notch weir located
in C7 in a heated hut to avoid ice formation in wintertime. 3 Results and discussion
The water level was recorded every ten minutes and averaged
to produce hourly measurements using a pressure transduc8rl Uranium and thorium in stream water
connected to a data logger (Campbell, USA). The discharge
for the other subcatchments was estimated by assuming thd&tigure 3 shows the concentrations of uranium and thorium in
the specific runoff was the same throughout the entire Kryck-four of the investigated streams: C2 (a small forested catch-
lan catchment (Laudon et al., 2007). It has been shown thatent), C4 (a mire outlet), C7 (a small mixed catchment re-
the overall mean differences between streams are less thareiving water from both C2 and C4) and C16 (a large mixed
12% and that the streams are highly synchronised duringatchment). Similar graphs for the six remaining streams can
the spring flood (Buffam et al., 2008). To estimate the exportbe found in the Supplement. See Table 1 for details about the
of uranium and thorium, daily concentrations were interpo-catchments. Compared to the average concentration of ura-
lated over the cumulative discharge, multiplied by the daily nium reported for Europe (0.32 ugl), the concentrations in
discharge and summed. pH and concentrations of TOC, aluKrycklan are low (Astrom et al., 2009). It is clear that there
minium, silicon and hydrogen carbonate were taken from theare considerable differences between the streams. Particu-
regular stream water sampling of the Krycklan Catchmentlarly low concentrations are found in C4, a mire outlet, and
Study (Bprkvald et al., 2008). C5, alake outlet. Higher concentrations are found in predom-
The concentrations of uranium and thorium in soils wereinantly forested catchments. It is noteworthy that small for-
measured by the Swedish Geological Survey (SGU) usingest streams such as C1 (0.60%rand C2 (0.13 krf) during
airborne gamma spectrometry (Thunblom et al., 2005; An-baseflow conditions have similar concentrations of dissolved
tal Lundin and Bastani, 2007). Flight lines had a separationuranium and thorium as larger catchments like C14 (13km
of 200m and the sampling interval was 40 m, resulting inand C16 (67 krf). As could be expected, mixed catchments

Fig. 2. Concentration of thorium in surface soils in the Krycklan
catchment. The investigated subcatchments are indicated by nu
bers. (SGU, consent Dnr: 30-495/2008).
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Table 2. Selected chemical characteristics of the investigated streams and catchments. The fluxes refer to the annual fluxes of each element
and pH and the concentrations of TOC and hydrogen carbonate are the volumetric averages of each stream. The concentrations of uraniur
and thorium in soil were determined by airborne gamma spectrometry.

Catchment Th U TOC HCD pH Si Al Th soil U sall
number  (gkm?) (gkm?) (mgih) (mgl™) - (kgkm?) (kgkm ?) (uggh) (ugg ™)
C1 18 16 18 1.0 5.3 1500 130 6.0 1.5
Cc2 16 17 17 0.56 4.9 1300 130 7.0 2.2
Cc4 3.3 2.7 31 0.27 4.3 580 20 4.4 1.4
C5 3.1 1.7 20 0.38 4.8 700 30 4.4 1.0
C6 5.2 4.7 21 1.5 5.3 940 42 5.8 1.3
c7 13 12 23 0.32 4.8 1100 70 6.0 1.7
c9 12 11 16 25 5.7 1200 63 5.9 1.5
Cl4 24 30 12 5.2 6.2 1200 46 6.9 1.9
C15 10 12 12 4.8 6.4 1100 42 6.2 1.6
C1l6 19 27 11 7.1 6.5 1200 53 6.6 1.7
3558 - spring _— 5 thorium isr = 0.84 (n = 356, p<0.0001), not accounting
. -y —.— flood for possible autocorrelation within the streams. Their similar
' h’: ——a b 1o behaviour suggests that uranium and thorium have a com-
#27 wee e _ mon source and that their release into the streams is largely
042 4 .: . ,-'\‘ =eee ; e | B controlled by the same processes. Figure 3 also shows that
T o Y ‘.' \ ¢ i A £ there are considerable differences in the temporal variation
§ s | :’ y €% JIN ! ‘\ Ty between the streams, for instance in their responses to the
: 1 ~ = . . . .
. L S ! ! ‘/7--‘ P : spring flood. At the mire outlet, C4, there is a sharp decline
j‘ iy . 8 in the concentrations of both uranium and thorium when the
el ”§%x>"x .......... xggig;x...w-“" oty spring flood sets in. The concentrations also tend to decrease
*02 *\w,\*_, | v/ ~A in many of the smaller streams. In C16, on the other hand,

0.00

‘ : : oo W Ut a clear increase of the concentrations can be observed dur-
el R sk Rete SRS ANER B RS ing the spring flood. Since none of the contributing subcatch-
ments evidently is responsible for this increase, there must be
an outflow of groundwater with high concentrations of ura-
nium and thorium in the lower parts of C16. This could be
related to the silt deposits that dominate the lower parts of
the catchment (Fig. 1) or possibly a result of deeper ground-
water pathways in larger catchments.

There are significant correlations at the 95 % confidence
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g® «..x"\; X level in the concentrations of both thorium and uranium be-
002 (3 f \/\ : tween some of the streams, although the correlations are
w ‘ LSS 2 g weak in most cases. Generally, uranium is more variable
I08 ARCOST JUEO COCOd; Um0, cAPEOS] (UBOS! {OCKOS between the streams than thorium, as demonstrated by the

Fig. 3. The concentrations of uranium (upper) and thorium (lower) wider range for the fluxes of uranium in Table 2. There is

in four of the investigated streams: C2 (small forested catchment),Only one case Where the Concer;tratlons of _uranlqm in-one
C4 (mire outlet), C7 (small mixed catchment) and C16 (large mixedStream can explain more than 50 % of the variance in another

catchment). The discharge (Q) is shown in grey. stream. In contrast to what could be expected, this does not
occur in any of the streams that are directly connected, but
in C1 and C7 £2 = 0.69). For thorium there are five cases

like C7, which receives water from both C2 (forest) and C4 Where the coefficient of determination exceeds 0.5. All of
(mire), have intermediate concentrations of uranium and thohem involve only the smaller subcatchmentsi(3 k).
rium. Overall, the modest or non-significant correlations between
Generally, the concentrations of uranium and thoriumthe streams suggest that it is not generally possible to ex-
tend to co-vary — both within streams and between stream&apolate knowledge of the temporal variation in the concen-
(Fig. 3). Based on all samples from all streams, the correlairations of uranium and thorium in one stream to another
tion coefficient between the concentrations of uranium andh€arby stream. The large variability agrees with previous
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studies, which have identified uranium as one of the element8.3 Fluxes of dissolved uranium and thorium
whose concentration varies the most in wetland-influenced
streams (Kerr et al., 2008). The differences in stream water concentrations of uranium
Hydrological processes have been demonstrated to drivénd thorium in the investigated catchments will inevitably
much of the variability in water chemistry of these also be reflected in different fluxes. Our estimates indicate
streams (Kohler et al., 2009a; Seibert et al., 2009). This is that the export of dissolved thorium varies between 3.2 and
also likely to be the case for uranium and thorium, but in 249 ThknT2a™* (Table 2). The highest export was observed
general there are no simple correlations between the disfrom one of the silt-rich subcatchments, C14, whereas the
charge and the concentrations of uranium and thorium. Ifowest export was observed at the lake outlet, C5, and the
C16 there is a weak tendency that the concentrations of uraire outlet, C4. Hence, C14 exported more than seven times
nium increase with increasing discharge. The opposite occurgiore thorium than C5. The variation was even more pro-
atthe mire outlet (C4), where Lidman et al. (2012) previously hounced for uranium. Here, C14 exported 30 g Uk 2,
have observed decreasing concentrations with increasing digvhereas C5 exported only 1.7 g U kfa(Table 2). This
charge. In C4 the decreasing concentrations of uranium andmplies that the flux varies by almost a factor 18 only within
thorium during the spring flood are due to dilution by melt- the 67 knf of the Krycklan catchment.
water. Using'®0 it has been demonstrated that a large pro- It is evident that export of both uranium and thorium
portion of the water in C4 is event water, i.e. recently meltedgreatly exceeds atmospheric input; even in the subcatch-
snow (Laudon et al., 2004). Since the concentrations of uraments with the lowest export, atmospheric deposition does
nium and thorium in precipitation are low (see below), streamnot contribute with more than 10% of the total export at
water concentrations will consequently decrease during théhe most. Since much of the deposited uranium and thorium
spring flood. In forest-dominated catchments like C2, thecould be expected to accumulate in top soils, weathering of
hydrology functions differently, and hardly any event water mineral soils and, possibly, bedrock must be the dominating
reaches the stream during the snowmelt period (Laudon et alsource of uranium and thorium in the streams.
2004). Consequently, there will be no comparable dilution Comparing the export of uranium and thorium with their
by meltwater. This is generally the case for forest streamslespective abundance in the local soils, it is clear that there
where surface runoffis rare. Instead old pre-event water fronis a preferential export of uranium. In the nearby Kalix River
the riparian soils is pushed out into the stream, and the re(Swedish: Kalialven), the U/Th ratios in river water were
sponse of the stream will depend on the concentrations ofibout 40 times higher than the ratio in detrital matter (Ander-
uranium and thorium in the pre-event water that is mobilisedsson et al., 1998). The differences are not that pronounced in
during the spring flood. In C2 there is a decrease in both uraKrycklan: while the exports of uranium and thorium are ap-
nium and thorium, which depends on lower concentrations oforoximately the same, thorium is approximately four times
uranium and thorium the more superficial soil layers that aremore common than uranium in surface soils. Based only on
activated by a so-called transmissivity feedback mechanisngtream water analyses, it is not possible determine the rea-
during the spring flood (Seibert et al., 2009). In mixed catch-son for the lower export of thorium in this case, but there are
ments, variations will be influenced by the different charac-several possibilities, e.g. lower weathering rates of thorium-
teristics of the landscape, e.g. uranium and thorium exportedearing minerals, precipitation of secondary thorium miner-

from mires and forests mixing in different proportions. als or preferential sorption of thorium to some phase in the
soils.
3.2 Atmospheric deposition of uranium and thorium Attempts to estimate the export of uranium from the

world’s major rivers have revealed large spatial differences
During 2004 thorium concentrations in precipitation var- also on the global scale. Among the world’s ten rivers with
ied from below the detection limit€{0.06 ngi™*, n =3) to  the highest discharge, the export of uranium ranges from
1.74ngt?! in monthly bulked samples. Uranium concen- 3.0gUknt2a! in the Paraa River to 950g UkmZa1
trations ranged from 0.03 to 1.23ngl No clear seasonal in the Brahmaputra River. The export of uranium from
trends could be observed for either uranium or thorium. Thethe Krycklan catchment is comparable to, for example,
deposition was estimated to be 0.22 gikha* for thorium  the Amazon River (29gUkmPa™l), the Zaire River
and 0.17gkm?a1 for uranium. During 2004, a total of (18 g Uknm2a~1) and the Orinoco River (30 g U knf a™1),
607 mm of precipitation was measured at the meteorologi-although European rivers generally tend to export more than
cal station within the Krycklan catchment. This is close to 100gUknmr2a~! (Dunk et al., 2002). The nearby Kalix
the annual average precipitation for 1988-2008 (598 mm)River has been estimated to export 80 g U=, but, in
Therefore, these estimates of the deposition are not biaseglddition to the fact that it is much larger than the streams
due to anomalous precipitation. in this study, its catchment also includes alpine regions and

different types of bedrock (Andersson et al., 1998).
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3.4 Concentrations of uranium and thorium in stream chemistry, e.g. pH, TOC, hydrogen carbonate, Al and
surface soils Si. As can be seen in Table 3, many of the listed parameters
are correlated to the fluxes of uranium and thorium, but they
The concentrations of uranium and thorium in surface soilsare also in many cases correlated to one another. Hence, there
throughout the Krycklan catchment are shown in Figs. lis an obvious risk of confounding, when trying to identify the
and 2, and the average concentrations for each of the intrue causes behind the variability. It is important to keep in
vestigated subcatchments can be found in Table 2. The avemind that correlation does not imply causation.
age concentrations of uranium in the investigated catchments Astrom et al. (2009) have previously investigated the re-
ranged from 1.0+1.3pugd (C5) to 2.2+1.2ugg*(C2). lationship between the concentrations of uranium in streams
The corresponding concentrations for thorium rangedand groundwater and the concentrations in local soils
from 4.4+2.7pgg? (C4) and 4.4:3.4ugg?! (C5) to  throughout Finland and northwest Russia. In Precambrian
7.04+3.4ug gt (C2). Overall, the average concentrations in areas Astrom et al. (2009) could demonstrate a significant,
the entire Krycklan catchment (C16) were £71.4ugg? albeit rather weak, correlation between the concentration of
for uranium and 6.6 3.2 ug g* for thorium, indicating that  uranium in surface soils and the concentration in stream wa-
the levels of uranium and thorium in Krycklan are ca. 30 % ter (s = 0.45, n = 660). However, in Phanerozoic areas in
lower than the estimated average concentrations in continerRussia no such correlation was found. Instead, the concen-
tal crust (Wedepohl, 1995). As suggested by Fig. 1, low con-tration of uranium in stream water was correlated to the con-
centrations of uranium are associated with the occurrenceentration of hydrogen carbonate; &£ 0.66, n = 674) and
of organic soils, e.g. wetlands. The average concentrationhe concentration of calciunr{= 0.80). Both correlations
of uranium in forest soils was 1.8+1.4 pgly(n =7406), seem reasonable, since they point to factors that could be ex
while it was only 0.74£0.92 pg gt in wetlands £ = 680). pected to increase the mobilization of uranium: higher con-
A similar difference was observed for thorium, for which the centrations of uranium in the soils could potentially lead to
average concentration in forest soils was 63.1ugg?, higher concentrations of uranium in runoff, whereas high
compared to 3.42.6ugg? in wetlands. The surface soil concentrations of carbonate would favour the formation of
concentrations of uranium and thorium in the investigateduranyl-carbonate complexes, thereby increasing the mobility
catchments are both negatively correlated to the lake an@f uranium. The investigations of Astrom et al. (2009) op-
wetland coverage: = —0.73 (p<0.05) for uranium and = erate on much larger scales, using discrete soil samples and
—0.93 (p<0.001) for thorium. Hence, the extension of wet- single observations of the stream water chemistry, but sim-
lands seems to explain most of the differences in the soiilar correlations between concentrations in soils and fluxes
concentrations of uranium and thorium between the invescan be found in Krycklanr = 0.68 (p<0.05) for uranium
tigated catchments, indicating that the mineral soils are relandr = 0.84 (p<0.01) for thorium. In relation to Table 3
atively homogeneous with respect to uranium and thoriumwe should also point out that there is a slight bias in the
on the catchment scale. There are probably some uncertairiataset, since some of the streams are nested. If the depen-
ties in these numbers, since peat and minerals have differdent streams (C6, C7, C9 and C16) are excluded, the corre-
ent absorptive properties with respect to gamma radiationlations will in most be cases very similar to those obtained
Furthermore, when analyzing peat samples from the mire irusing the full dataset. The only major differences are that the
C4, Lidman et al. (2012) found pronounced disequilibria be-soil concentrations of uranium are not correlated to either the
tween??5Ra and?38U. This suggests that the concentrations lake and wetland coverage or to the fluxes of uranium, when
of uranium in wetlands may be somewhat exaggerated bysing only the independent catchments. Thus, the relation-
airborne gamma spectrometry, which may also explain whyship between the fluxes of uranium and the soil concentra-
the correlation for uranium is weaker. Nevertheless, the estions of uranium is weak — if there indeed is one. Note that
timations for the wetlands based on airborne gamma specthe fluxes of uranium instead are more strongly correlated to
trometry agree reasonably well with estimations of the aver-the soil concentrations of thorium= 0.83 (p<0.01). How-
age concentrations presented by Lidman et al. (2012): 0.4ever, as previously observed, the difference in the soil con-

1.6pugUg?tand 1.2-4.9 ugThgt. centrations of thorium between the investigated catchments
is almost entirely explained by the extension of wetlands, so
3.5 What controls the fluxes of uranium and thorium? it may not even be the reason behind the variable fluxes of

thorium. One reason is that it does not explain why the spa-
Understanding the underlying processes governing theial variability is so large. For instance, if we compare C2
highly variable fluxes of uranium and thorium in the boreal to the adjacent C4, the soil concentration of thorium drops
landscape is central for any attempts predict the long-ternby 40 % from 7.0 ug gt to 4.4ugg?, while the flux drops
fate of these elements and reliably assess their impact bothy 80 % from 16 gkm?a ! to 3.3gknr2a 1. Hypotheti-
from a toxicological and a radioecological perspective. In ad-cally, this could be explained by differences in mineralogy,
dition to the soil concentrations of uranium and thorium, Ta- but there are no observations to support such an assumption.
ble 2 also presents some selected parameters describing tkin the contrary, airborne gamma spectrometry suggests that
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Table 3. Correlation coefficients between selected parameters from Tables 1 and 2. WL stands for the wetland and lake coverage. Unless
otherwise stated the correlations are significant at the 95 % significance pev@l0b).

Th U TOC HCG, pH Si Al Thsoil U soil
U 0.96%  — - - - - - _ _
TOC  -067 073 - - - - - _ _
HCO; - 073  —079 - - - - - _
pH - 070  —0.9T™ 094%* - - - - _
Si 0.82 0.69 -065 - - - - - _
Al - - - - - 08t - - -
Thsoil 0.84 083 -072 - - o083 - - -
Usoil  0.69 0.68 - - - - - 083 -
WL -0.89* -0.80° 0.73 - - —097* —0.74 -0.93* -0.73

Significance codes: p<0.01; xx p<0.001

the soils are comparatively homogeneous on the catchmenthis agrees well with measurements from the nearby Kalix
scale. Hence, the spatial variability in the fluxes of uraniumRiver, showing that a large portion of the uranium (30-90 %)
and thorium is probably not caused by differences in soilis transported by organic colloids (Porcelli et al., 1997). Sim-
concentrations of uranium and thorium in the soils. How- ilarly, it has also been shown that rare earth elements are
ever, on large scales, as in the study of Astrom et al. (2009)associated with TOC in the Krycklan catchment, and that
it still seems reasonable that the soil concentrations couldron colloids seem to be absent — at least in the headwa-
play a significant role, since the soil concentrations of bothters (Kohler et al., 2009b). Therefore, it is likely that TOC
uranium and thorium are known to vary considerably on re-also plays a central role for the transport of uranium and tho-
gional scales. rium in the Krycklan catchment, especially since the concen-
As for the role of carbonates, the flux of uranium, but not trations of TOC are higher than in the Kalix River. Thermo-
that of thorium, is correlated to the concentration of hydrogendynamic constants for the Th—-TOC interactions are currently
carbonate in the stream water£ 0.73, p<0.05). Thiscould  not available in Visual MINTEQ, but thorium probably has
suggest that carbonate complexes play an important role foan even stronger affinity for TOC.
the transport of uranium in the lower parts of the Krycklan  Given that the transport of both uranium and thorium ap-
catchment (Table 2). However, thermodynamic modelling ofpears to be so dependent on TOC as a carrier, it would be
the speciation of uranium using Visual MINTEQ 3.0 does not reasonable to propose that the fluxes of these elements could
show any significant formation of carbonate complexes in thebe controlled by the availability of TOC. However, Table 3
stream water (Gustafsson, 2012). Hence, the hypothesis thahows that the correlations to TOC are negative. Thus, in-
mobile carbonate complexes drive the spatial variability of creasing levels of TOC are associated with decreasing fluxes
the fluxes of uranium in Krycklan must be dismissed. How- of uranium and thorium. The hypothesis that there is a carrier
ever, formation of carbonate complexes may still be impor-limitation must therefore be rejected. The negative correla-
tant on larger scales, especially when calcite-rich areas argons probably hark back to the fact that wetlands are a major
included (Astrom et al., 2009). source of TOC to the streams, while the primary source of
Kalin et al. (2005) have shown that pH may exert a stronguranium and thorium is mineral soils. Astrom et al. (2009)
control on the solubility of uranium. Indeed, there is a pos-argue that the lack of correlation between uranium and TOC
itive correlation between pH and the flux of uranium (but in their dataset would imply that TOC cannot be the main
not thorium) in the Krycklan catchment £ 0.70, p<0.05), carrier of uranium. However, this would be true only if there
which is consistent with the results of Kalin et al. (2005). were a carrier limitation. Hence, their observations do not
However, according to Visual MINTEQ 3.0 the difference in contradict the conclusions of Porcelli et al. (1997) that much
pH between the streams is not enough to alter the speciatioaf the uranium in boreal rivers is transported by TOC.
of uranium more than marginally. Hence, it does not seem While there are no signs of a carrier limitation, there are
likely that the fluxes of uranium are controlled by pH-driven instead signs of a source limitation in these systems. Much
solubility. Instead, Visual MINTEQ 3.0 suggests that more of the correlations that have been discussed above seem to
than 96 % of the uranium in all streams is bound to TOC.be related to the extension of wetlands (Table 3). The lake
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30 - are higher in the silt areas, but it is also possible that the mo-
bilisation of these metals somehow is facilitated by the lo-

* : ‘TJh cal chemical conditions. For instance, Table 2 shows that the

20 fluxes of Al from the larger catchments are lower than from

small forest-dominated catchment, possibly due to precipita-
tion of Al(OH)3 as the pH increases. This could favour the
mobilisation of trace elements like uranium and thorium by
making more binding sites on the TOC available. The con-
centration of hydrogen carbonate is also higher in the larger
0 . : . . - . catchments, and although this may not affect the speciation
¢ e 2 i A e 8 of uranium and thorium in the stream water, it may still be
Wetland and Lake Coverage (%) . .
important for the transport in the groundwater, where the
Fig. 4. Fluxes of uranium and thorium as a function of the wetland concentrations of TOC usually are low.
and lake coverage. The regression lines are based only on the catch- AS for the wetlands, their impact on the fluxes is proba-
ments with less than 6 % silt. The excluded catchments (C14 andly twofold. To begin with wetlands will decrease the area
C16) contain more than 25 % silt — see details in the text. of exposed mineral soils. Since the mineral soils are the ma-
jor source for both uranium and thorium in these systems,
this will lead to lower fluxes from wetland-dominated catch-
and wetland coverage is negatively correlated to the fluxes ofnents. The effect on the fluxes should be equal to the de-
both uranium{ = —0.80, p<0.01) and thoriumA{ = —0.89,  crease in mineral soils; i.e. replacing 50% of the mineral
p<0.001), suggesting that the wetlands may be limiting thesgils in a catchment by wetlands — ceteris paribus — should
export of uranium and thorium (Fig. 4). A similar depen- gecrease the amount of uranium and thorium released by
dence on the wetlands has previously been observed for th\ﬁ/eathering by approximately 50 %. In addition, it is well-
stream water concentrations of aluminium during the springknown that uranium can accumulate in peat (Shotyk, 1988;
flood (Cory etal., 2006), although it does not seem to be validowen and Otton, 1995; Krachler and Shotyk, 2004; Zaccone
on a whole-year basis (Table 3). Figure 4 shows that the larget a|., 2007; Scbner et al., 2009). Natural or constructed wet-
silt-rich catchments, C14 and C16, deviate somewhat fromangs are also commonly used to remove trace elements like
the general pattern by exhibiting unexpectedly high fluxes ofyranjum from contaminated water, e.g. in the mining industry
uranium and thorium. Using multiple linear regression with- (Sheoran and Sheoran, 2006;0kfelova et al., 2009). The
out interaction terms, including the wetland and lake cov-pehaviour of thorium in wetlands has been less widely stud-
erage as one independent variable and the silt coverage §sq, but it has been reported that thorium can also accumulate
the other, it is possible to explain 98 % of the variance injn peat (Krachler and Shotyk, 2004). Furthermore, Lidman et
the export of uranium/£<0.001) and 93 % of the variance 3. (2012) have observed accumulation of both uranium and
in the export of thorium £<0.001). The export of uranium,  thorium along the edges of the mire in C4. Integrating over
U (gkm~2a™1), can be estimated as the entire history of this mire, the accumulated amounts seem
to be consistent with what is predicted by this study (Lidman
U=16-029WL+0525 @) et al., 2012). Comparing C2 znd C4 agz;n, the ac?:/u(mulation
(%) and WL the combinec?f uranigm and thorium _in wetlan_ds explains why a 50 % de-
rease in the area of mineral soils does not lower the fluxes
ﬁy 50 %, but rather by 80-90 % (Table 2).
The results of this study do not provide much insight into
Th=16—0.28 WL+0.26 S 2) what mechanisms control the accumulation of uranium and
thorium in wetlands, but the fact that the retention is almost
It is interesting that the two equations are almost identical,identical for both elements suggests that they are controlled
with the exception that the export of uranium is more in- by the same process (Egs. 1 and 2). This would indicate that
fluenced by the silt. Lakes were added to the wetlands irbinding to organic matter is the dominating process. That
this case, since they are expected to behave more like wetvould also be in agreement with investigations of uranium
lands than forest soils in the sense that they limit the contacin natural wetlands in Germany, where most of the uranium
with mineral soils, which could provide the streams with ura- was found to be associated with organic matter and no signs
nium and thorium. However, the area of lakes in the Krycklanof precipitation or association with mineral surfaces could be
catchment is too small to draw any statistically certain con-found (Scldner et al., 2009). Reduction of U(VI) to U(IV)
clusions concerning the role of lakes (Table 1). and subsequent precipitation would also be a potential re-
Exactly what process the silt represents in these two equatention mechanism for uranium. Measurements in C4 indi-
tions is not entirely clear. One possibility is that the weather-cate that the redox potential may be reducing enough to al-
ing rates of uranium and thorium for mineralogical reasonslow reduction of uranium in parts of the mire, but this does

where S denotes the silt coverage
wetland and lake coverage (%). The corresponding model fo
the export of thorium, Th (gkmPa™1), is
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not necessarily imply that uranium is precipitated, especiallyand thorium there would, however, be an additional decrease
given the high concentrations of TOC in the mire water (10—by roughly 0.8 % in the fluxes for each percent of wetlands

50mg 1) (Sirin et al., 1998; Lidman et al., 2012). that is present in a catchment. This additional decrease would
then correspond to the accumulation in the peat.

3.6 Quantifying the retention of uranium and thorium In reality, it is hardly the mire coverage per se that causes

in wetlands the decreased export of uranium and thorium, but rather the

fraction of stream water flowing through significant amounts

The observation that the spatial variability of the fluxes of 4t ot in order to reach the stream channel. For instance, if a
uranium and thorium in the Krycklan catchment is controlled catchment has a mire coverage of 50 %, with all mineral soils

by the wetlands provides an opportunity to quantify the ac-41e4 ypstream from the mire, it would probably export less

cgmulation of uranium anq thorium on'the Iandscape. SC_""lethorium than a catchment with the same mire coverage but
Since the release of uranium and thorium from the silt-rich oy haif of the mineral soils located upstream from the mire
areas is higher than from till-areas and few wetlands are Io'and the rest downstream. However, in C4 the sampling site is
cated in the silt-areas, we will focus on the till-dominated |5t close to the outlet of a mire, and in C5 the sampling
catchments in the following in order not to overestimate thegie s close to the outlet of a lake, which is almost entirely
!nput of uranium and thorlum to mires. Hence, when eXCIUd'surrounded by peat. Thus, it can be estimated that almost all
ing C14 and C16, a linear regression between the flux Ofy ater in these two streams must have passed through consid-
uramum_and the lake and_wetland coverage indicates that ,pie volumes of peat (or possibly to some extent organic
the relative export of uranium, compared to a completelygggiments) in order to reach the stream. If we assume that the
forested catchment,+(%), can be predicted ag{ = 0.94, export of uranium and thorium from the mineral soils further
p<0.001) upstream in these two catchments is comparable to other till
Urel = 100— 1.84 WL. 3) soils in the K_rycklan catchment, as suggested by the gamma
spectrometric measurements, Eqgs. (1) and (2) can be used to
As previously, WL denotes the wetland and lake coverageestimate the input of uranium and thorium into the mires in
(%). The corresponding model for the relative export of tho- C4 and C5. Thus, by comparing the estimated input to the

rium, Thee|(%), is (R% = 0.88, p<0.001) measured output, it seems that at least 65-80 % of the ura-
nium and 55-65 % of the thorium that enter a wetland could
Threl = 100— 1.75 WL. (4)  be expected to accumulate within it.

In both cases the extrapolated export from a completely

forested catchment has been used to normalise the equationj. The role of wetlands in the boreal landscape
Equations (3) and (4) indicate that, for each percent of wet-
lands that is replacing mineral soils in a catchment, the expor
of uranium and thorium decreases by approximately 1.8 %
slightly more for uranium and slightly less for thorium. For ¢
comparison, the same approach is used for another weatl?
ering product, silicon. The relative export of silicon, com-

tI'he capability of wetlands to accumulate above all uranium
is well-known (see above). These results further demonstrate
hat wetlands are the major controlling factor behind the
ransport of uranium and thorium in small boreal streams
and that the accumulation of uranium and thorium in wet-
pared' toa con;pletely forested catchmente %), can be lands is both systematic and predictable on the landscape-
described ask* = 0.94, p<0.001) scale (Egs. 3 and 4). It has been discussed whether mires
Sirel = 100— 1.16 WL. (5)  could also constitute a major source of uranium in the boreal
landscape during the spring flood (Andersson et al., 1995;
Equation (5) suggests that the fluxes of silicon in the borealPorcelli et al., 1997). This hypothesis has been questioned
landscape are also controlled by the wetlands, but that th@reviously, since it is unable to explain tR&*U/238U ra-
effect of wetlands is less pronounced than for uranium andio of river water (Porcelli et al., 1997). Furthermore, this
thorium. Although the biogeochemical cycling of silicon is study shows that the concentration of uranium from the mon-
complex due to its biological importance, it does not have theitored mire outlet at C4 decreases drastically when the spring
same affinity for organic matter as uranium and thorium (En-flood sets in, but that there still is an increase further down-
gstrom et al., 2010). We therefore propose that the differencestream (C16). It seems clear that the mires within the Kryck-
between silicon on one hand and uranium and thorium on théan catchment are not sources of uranium during any part
other hand depends on the fact that uranium and thorium aref the year, but sinks. The same applies to thorium. Olivie-
accumulated in peat to a higher degree than silicon. The slopkanquet et al. (2001) have proposed that the concentration
of the regression line for silicon is close to 1, showing that re-of DOC could be a key factor for deciding whether a wetland
placing a certain fraction of the mineral soils in a catchmentwill act as a sink or a source for trace elements. Provided that
by wetlands — ceteris paribus — would cause the flux of sil-the wetland is not being drained or disturbed in some way, we
icon to decrease by almost the same fraction. For uraniunsee little reason to expect boreal mires to act as sources for
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uranium and thorium. The negative correlation between TOCReferences

and the fluxes of uranium and thorium clearly shows that the

release of uranium and thorium from wetlands is not limited Andersson, P., Wasserburg, G., Chen, J., Papanastassiou, D., and

by the availability of TOC (Table 3). Lidman et al. (2012) ~ ndri. J:: U-238-U-234 and Th-232-Th-230 in the Baltic Sea and

have also shown that the mire in C4 is far from being satu- " "V¢f water, Earth Planet. Sci. Lett,, 130, 217-234, 19_95' .

rated with respect to uranium and thorium and that the accu?\"9ersson: P, Porcelli, D., Wasserburg, G., and Ingri, J.: Particle

. ) transport of U-234-U-238 in the Kalix River and in the Baltic

mulatlo!’l of these elements could be expected to continue for Sea, Geochim. Cosmochim. Acta, 62, 385-392, 1998.

along time to come. Antal Lundin, I. and Bastani, M.: Analysis of petrophysical proper-
To conclude, the present study has demonstrated that there tjes of some granitoids in Sweden, J. Appl. Geophys., 62, 74-87,

is a considerable variability in the spatiotemporal dynamics doi:10.1016/j.jappgeo.2006.09.Q@D07.

of uranium and thorium in small boreal streams. However,Astrom, M. E., Peltola, P., Ronnback, P., Lavergren, U., Bergback,

there are clear trends in the annual export of both uranium B., Tarvainen, T., Backman, B., and Salminen, R.: Uranium in

and thorium, depending mainly on the forest-mire gradient. surface and groundwaters in Boreal Europe, Geochemistry: Ex-

Thus, our results emphasise the role of the landscape for con- Ploration, Environment, Analysis, 9, 51-620i:10.1144/1467-

trolling the transport of uranium and thorium in boreal catch- Bis7h807p3/?<8_1§5f2f§r?19-| Erlandsson. M.. Folster J. Laudon. H
ments. Given the appreciable differences in the concentra: Seibert, J. and Temnerud, J.: Aqua Incognita: the unknown head-

tions O.f uranium and thorium in the. bed.rqck and Quaternary waters, Hydrol. Process., 22, 1239-12d@i:10.1002/hyp.7049
deposits throughout the boreal region, it is doubtful whether 5550
the forest-mire gradient would be as decisive for the fluxes ofgjsrkvald, L., Buffam, 1., Laudon, H., and 8tth, C.-M.: Hydro-
uranium and thorium on regional scales as it is in the Kryck- — geochemistry of Fe and Mn in small boreal streams: The role
lan catchment. Yet, there are good reasons to assume that theof seasonality, landscape type and scale, Geochim. Cosmochim.
fundamental role of wetlands as sinks for uranium and tho- Acta, 72, 2789-2804J0i:10.1016/j.gca.2008.03.022008.
rium is valid over large areas, possibly with the exception of Buffam, 1., Laudon, H., Seibert, J., dth, C.-M., and Bishop,
calcite-rich areas. The consequences of the accumulation are K.: Spatial heterogeneity of the spring flood acid pulse in
far-reaching, since mires and other types of wetlands are so & boreal stream network, Sci. Total Environ., 407, 708-722,
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North American and Eurasian boreal forest zones are estic®Y N~ Buffam, 1., Laudon, H., KohIer,_S., a_nd Bishop, K.:
mated to contain one-third of the world’s organic carbon in  -2dscape control of stream water ajuminum in a boreal catch-
. L . ) ment during spring flood, Environ. Sci. Technol., 40, 3494-3500,
soils (Gorham, 1991)., which |mpl|.es that the potgntlal for doi:10.1021/es0523182006.
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estimate (20 %) is valid throughout the boreal zone, Egs. (3) solved aluminium speciation, Appl. Geochem., 24, 1677-1685,
and (4) suggest that wetlands may reduce the fluxes of ura- doi:10.1016/j.apgeochem.2009.04.03809.
nium and thorium from the boreal landscape to major rivers,Dunk, R. M., Mills, R. A., and Jenkins, W. J.: A reevaluation of
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