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Transport of U- and Th-series nuclides in a Baltic Shield watershed and the Baltic Sea
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Abstract—The transport of Th, Ra, and210Pb from a continental source region and through an estuarine
environment was investigated. Unlike previous studies, here both short- and long-lived nuclide data were
obtained for river inputs, river water, and estuarine waters. The mire-rich Kalix River drainage basin was
chosen as a typical northern shield area because this river may represent typical waters flowing into the Arctic
and northern seas.

Groundwaters from bedrock and glacial tills have comparable Th isotope concentrations and do not exhibit
significant Th isotopic shifts relative to host rocks. The extensive peat deposits of the basin receive
groundwater discharges and concentrate Th and U (but not Ba and Ra), which cause high230Th/232Th ratios
in mire waters. However, mire outflows do not have a significant impact on Th and Ra isotopic compositions
of the river.

Overall weathering characteristics for the basin are obtained from the river data. The230Th/232Th,
228Ra/226Ra, and226Ra/Ba river ratios are comparable to those of source rocks, consistent with similar release
rates of these nuclides from U-, Th-, and Ba-bearing minerals. River ratios of (230Th/238U)AR and (226Ra/
238U)AR are,1, so that Th and possibly Ra are accumulating in the weathering regions, and the weathering
profile is still evolving. Low (228Ra/232Th)AR and (226Ra/230Th)AR ratios indicate that Th is preferentially
retained over Ra. River (234Th/238U)AR ratios are greater than (230Th/238U)AR ratios and suggest that in
systems where river inputs are well characterized, these ratios can be used to calculate Th transit times through
the watershed. Filtration data indicate that although a dominant fraction of the Th is transported in the river
on particles, the rest is almost entirely carried by colloids.

The Kalix River discharges into the Baltic Sea. Model calculations for the transport of Th and Ra isotopes
in the Baltic Sea show that the high ratios of (234Th/238U)AR found here reflect long Th residence times
relative to particle scavenging of;50 d. The water column232Th budget is dominated by eolian inputs. The
226Ra concentrations may be higher than those of water inflows, with#60% derived from underlying
sediments. A greater fraction of228Ra is derived from sediments to balance the decay of228Ra within the
water column during the 35-yr residence time of water in the Baltic. The Baltic (228Ra/226Ra)AR ratios, which
are relatively constant over a range of salinities, are fortuitously similar to those of the river
inflows. Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION

The elements Th, Ra, and Pb are generally associated with
particles and colloids during weathering and aqueous transport.
Because the isotopes of these elements are related through the
U- and Th-decay series (Fig. 1), their combined study provides
insights into their relative weathering release rates and trans-
port rates through the surface environment. Although various
studies have examined the behavior of Th isotopes in the
oceans (see Cochran, 1992), there are comparatively few data
for rivers and estuaries. Data for232Th in rivers are very limited
(Moore, 1967; Andersson et al., 1995), and it is generally
assumed that all the Th is on fine particles. Colloids and
ferro-oxyhydroxides can be important for riverine U transport
(Porcelli et al., 1997; Andersson et al., 1998) and are also
possible carriers of Th (Viers et al., 1997). In estuaries,234Th
produced in the water column is rapidly removed (Santschi et

al., 1979; Kaufman et al., 1981), although there are few data on
the behavior of long-lived, river-supplied Th isotopes. Radium
is also strongly absorbed on river particles but is released into
brackish waters (Li et al., 1977). This contrasting behavior with
Th is most clearly studied by comparison between parent Th
and daughter Ra isotopes. Another highly particle-reactive iso-
tope in the238U series is210Pb, which is distinctive in having
a large atmospheric fallout input and so may be transported
differently from nuclides released during weathering.

The transport of Th, Ra, and Pb radionuclides are examined
here in a well-characterized watershed and adjacent brackish
water basin. In contrast to other studies, both long- and short-
lived nuclides were analyzed, and unique constraints on the
relative behavior of U, Th, Ra, and Pb isotopes were obtained.
The study area, the Kalix River watershed in north Sweden
(Fig. 2), is a typical northern Precambrian Shield area, with
large areas covered by mires (peatlands). The Kalix has low
concentrations of suspended detrital material, but high concen-
trations of organics and particulate Fe and Mn, and so has
favorable conditions for studying the interaction of trace ele-
ments with organic ligands and secondary particle phases. The
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Kalix drains into the Baltic Sea, a basin with a relatively stable
salinity profile where the effects of brackish water mixing can
be readily examined. This study focuses on several aspects of
radionuclide transport though the watershed and the Baltic.

1.1. River Transport

The transport of Th isotopes, along with Ra and210Pb, on
particles, colloids, and in solution is examined, along with the
possibility of calculating of aqueous transport transit times by
234Th/230Th ratios.

1.2. Radionuclide Sources

The importance of groundwater, surface-water, and mire-
water inputs to the Th and Ra river budget are evaluated, and
overall relative removal rates of U, Th, and Ra from the
watershed are calculated.

1.3. Behavior in the Baltic

Data are presented for the distribution of U, Th, Ra, and
210Pb in the basin and are used to evaluate the input and
removal rates of Th and Ra isotopes.

The data obtained here have been combined with that for U
previously reported by Porcelli et al. (1997) and Andersson et
al. (1998). This work of Th and Ra isotopes throughout the
Kalix watershed and Baltic complements previous studies of U
transport in the Kalix and Baltic (Andersson et al., 1995, 1998;
Porcelli et al., 1997) and the distribution of230Th and232Th in
the Baltic (Andersson et al., 1995). Other studies have exam-
ined the distribution of other trace elements in this area (e.g.,
Andersson et al., 1992, 1994; Ingri et al., 2000).

2. SAMPLING AND ANALYTICAL METHODS

River samples were collected at four locations (Fig. 2) in June 1995:
Rautas, a tributary representing drainage from above the mire-rich
regions and near the headwaters in the Caledonides; Narkån, a tributary
draining a region largely covered by mires; Ta¨rendö, in the center of the
watershed; and Kamlunge, near the Kalix mouth. Waters and peats

were obtained from Pera¨jävuoma and Laurivuoma mires (see Porcelli
et al., 1997), along with groundwaters from Quaternary tills and the
granitic Precambrian basement. For232Th and230Th analyses, water
was drawn directly through 0.45-mm filters and into storage containers.
For 234Th, 226Ra, 228Ra, and210Pb analyses, large volumes (200–300
L) were pumped through a flowmeter, then 0.45-mm filters to collect
particles, and then through Mn oxide–coated filters to trap remaining
nuclides (Baskaran et al., 1993). Trapping efficiencies were calculated
assuming similar efficiencies for the two Mn-coated filters and were
generally.90% for Th and210Pb (see Baskaran et al., 1993). Because
of possible low trapping efficiencies of Ra on these large filters, only
228Ra/226Ra ratios were obtained from these filters. Absolute226Ra
activities were obtained from separate;20-L volumes with two in-line
Mn oxide–coated acrylic fibers (Reid et al., 1979) with.90% trapping
efficiencies.

Baltic Sea samples (Fig. 2) were collected in June 1995 from station
BY-15 at the Gotland Deep (total depth, 240 m) and from station F-2
in the Gulf of Bothnia (total depth, 90 m). At the Gotland Deep, deep
waters are renewed at irregular intervals, with intervening periods of
anoxia. The last renewal occurred in 1994; during sampling for this
study in June 1995, O2 levels had dropped to 1.3 mg/L. Samples for
232Th and230Th measurements were obtained with a Go-Flo sampler.
Short-lived nuclides were collected with a submersible pump to pass
large volumes directly through filters on deck.

Radionuclide particle abundances were obtained by ashing and an-
alyzing the 0.45-mm filters. Water nuclide concentrations associated
with particles were obtained by dividing these abundances by the
volume of water filtered, whereas concentrations on particles were
obtained by dividing these abundances by the mass of ashed particles
(ASL). Reported bulk water concentrations are the sums of the nuclide
concentrations in particles and 0.45-mm-filtered waters.232Th and
230Th were analyzed by TIMS (Chen et al., 1986) and short-lived
nuclides by counting methods (Baskaran et al., 1993). Blanks for the
procedures used were generally,5% of the measured abundances.
Errors listed in the tables include external reproducibility, and for the
short-lived nuclides, errors were significant where concentrations were
low. Activity ratios are identified here by the subscript AR. Ba, a
chemical analog for Ra, was measured at SGAB-Analys, Luleå, Swe-
den. The U data for the samples analyzed here were reported by
Porcelli et al. (1997) and Andersson et al. (1998).

Several 0.45-mm-filtered waters were divided into colloids and “dis-
solved” fractions by ultrafiltration techniques (see Baskaran et al.,
1992; Porcelli et al., 1997) with Amicon 10-kD hollow fiber cartridges.
After each sample, an HCl rinse was circulated throughout the filtration
system and was retained. The ultrafiltration system was evaluated by
measuring the total recovery of different species in the three recovered
fractions (ultrafiltered water, colloid concentrate, and acid rinse). Por-
celli et al. (1997) provided data on major cations and U in the three
fractions from Kamlunge river water and a Baltic water, By-15, 30m.
The Th data for these samples are in Tables 1 and 4. For the Kamlunge
sample, the ultrafiltered water contained 13% of the Th found in the
0.45-mm-filtered water, whereas the colloid fraction contained 52% and
the acid rinse 11%. Therefore, the total Th recovered in the water and
colloids is 65%, whereas the total in all three fractions is 75%, that
found in the 0.45-mm-filtered water, indicating some loss of Th in the
filtering system. The possibility of sample cross-contamination is low
because the river samples, with the highest losses, were filtered last,
and there was no evidence of cross-contamination of U between iso-
topically distinct samples (Porcelli et al., 1997).

3. KALIX RIVER BASIN: RESULTS AND DISCUSSION

Kalix basin data are in Tables 1 and 2. The Results and
Discussion are divided here into the characteristics of river
transport, inputs to the river, and watershed weathering. Com-
parison between the data and the composition of the watershed
rocks necessarily arise, and in the absence of comprehensive
data on the distribution of U and Th in the area, it is reasonable
to assume that the overall composition of Baltic Shield rocks
and tills is similar to that of the upper crust (see, e.g., Taylor
and McClennan, 1985).

Fig. 1. The nuclides of the238U and232Th decay series discussed in
this study.
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Fig. 2. The Kalix River watershed, with sampling sites for river and Baltic waters (circles), mires (triangles), and
groundwaters (squares). The dashed line shows the area drained by both the Kalix and Torne Rivers.

2441Transport of U/Th-series nuclides in a watershed and the Baltic Sea
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3.1. Transport of Radionuclides in the Kalix River

3.1.1. Th Transport

Th distribution along the river.The Th river data are shown
in Figure 3. The232Th concentrations in 0.45-mm-filtered wa-
ters are 12.5 to 28.6 pg/g. The Kamlunge value (23.9 pg/g) is
comparable to that obtained for May 1991 (19.3 pg/g; Anders-
son et al., 1995). Available data for other rivers are limited.
Centrifuged samples from the Mississippi River (10 pg
232Th/g) and from the Amazon River (100 pg232Th/g) may
have included particulates (Moore, 1967). Viers et al. (1997)
found 12 to 137 pg/g in 0.22-mm-filtered Cameroon River
waters.

For all four samples, the234Th activities (Fig. 3) measured in
the 0.45-mm-filtered samples (,;2 dpm/100 L) are much
lower than those associated with the.0.45-mm particle frac-
tions; these are typically 1.5 to 6.2 dpm/100 L, although an
unusually high value of 28 dpm/100 L was found at Ta¨rendö.
This sample contains the highest mass concentration of inor-
ganic particles (28 mg/L). There, the association of234Th with
the particles is similar to that in other samples, with particle
234Th concentrations of 10 dpm234Th/g-particles comparable
to values found for the other samples (11–24 dpm234Th/g-
particles). The higher bulk234Th activity in this sample can be
explained by the inclusion of resuspended particles that had
previously equilibrated with river water and therefore supply a
large fraction of the total234Th in this sample.

Th on colloids. The 232Th in the four 10-kD ultrafiltered
samples have a narrow range of concentrations (1.83–3.16 pg
Th/g) that constitute a small fraction (6–24%) of the total Th in
0.45-mm-filtered waters. As the difference between the 0.45-
mm- and 10-kD–filtered waters is assumed to be associated
with .10-kD colloids; Th in 0.45-mm-filtered samples appears
largely associated with colloids (see Fig. 3). A similar associ-
ation of U with colloids was found in these samples (Porcelli et
al., 1997), and so ratios of Th/U ratios in colloids (0.15–0.40)
and 0.45-mm-filtered waters (0.13–0.23) are similar. However,
the specific colloid carriers cannot be unambiguously identified
and could include clays (Kennedy et al., 1974) and Fe oxyhy-
droxides. Also, colloidal humic acids strongly complex Th in

laboratory solutions (Nash and Choppin, 1980), and an associ-
ation of U and Th with humic colloids in groundwater and
rivers has been found (Dearlove et al., 1991; Viers et al., 1997).

“Dissolved” Th. The concentrations in the four ultrafiltered
river samples of;2 to 3 pg232Th/g provides an estimate of the
concentration of “dissolved” riverine Th. Langmuir and Her-
man (1980) examined the thermodynamic data for solubility in
natural waters with respect to thorianite and found that for
typical concentrations of inorganic ligands, the Th solubility
limit is on the order of 1 fg/g. However, organic ligands can
greatly increase Th solubility (Langmuir and Herman, 1980);
further information is required to determine which such com-
pounds are present. Kalix ultrafiltered waters still had substan-
tial concentrations of organic compounds, with 5 to 7 mg/L
dissolved organic carbon compared with 6 to 9 mg/L dissolved
organic carbon for 0.45-mm-filtered waters (Porcelli et al.,
1997), so that the organic carbon in these waters is dominantly
not on.10-kD colloids (see also Ingri et al., 2000).

Th on particles. The .0.45-mm particles at Rautas and
Kamlunge are the dominant carriers of232Th, containing 81
and 67% of the Th in the bulk samples, respectively. The
corresponding concentrations of232Th on particles are 10.7 and
18.7mg 232Th/g (see Table 1 for ASL data). The value of the
Th concentration in the Kamlunge sample is higher than that of
the upper continental crust (with 10.7mg 232Th/g; Taylor and
McLennan, 1985). The particles from Kamlunge also are
greatly enriched in Fe, with a Fe/Al ratio of 1.16, compared
with an upper crustal value of 0.30, and in U (16mgU/g,
compared with 1.8mg238U/g). In contrast, at Rautas, the Th
concentration and Fe/Al ratio (0.37) are equivalent to upper
crust values, suggesting that neither Fe nor Th have been
enriched relative to detrital material represented by the particle
Al concentration.

Some inferences can be made regarding the distribution of
Th in the Kamlunge particles. Iron oxyhydroxides in the Kam-
lunge particles are the likely carriers of nondetrital U (Anders-
son et al., 1998) and also of Th. Following Andersson et al.
(1998), an apparent partition coefficient for partitioning of Th
between dissolved species and these Fe phases is

Table 2. U-Th series nuclide data, Kalix River watershed mires and groundwaters.a

Site

238U

d234U

232Th
230Th/232Th

(31026) Ba (ng/g)pg/g dpm/100 L pg/g dpm/100 L

Laurivuoma mire
Spring inflow,0.45 mm (1.226 0.05)3 105 91106 373 6026 3 6.916 0.02 0.17016 0.0005 126 1 39.06 1.0
Mire outflow ,0.45 mm (9.006 0.06)3 103 6726 5 7906 4 17.436 0.18 0.42916 0.0044 736 5 12.26 0.2
Mire water,0.45 mm 254.86 0.8 19.036 0.06 9786 12 2.216 0.01 0.05446 0.0002 1046 2 29.66 0.3

Peräjävuoma mire
Mire water,0.45 mm 2.126 0.01 0.1586 0.001 5686 30 1.8386 0.004 0.04526 0.0001 76 2 86 1
Mire outflow ,0.45 mm 3.186 0.06 0.2376 0.004 8666 504 2.6436 0.014 0.06516 0.0003 — 86 1
Mire peal 15.56 0.8A 1.166 0.06A 1936 14 72.36 1.3A 1.786 0.32A 2 6 1 —

Till groundwaters
GW1 (recharge area)
,0.45 mm

21.76 0.03 1.6216 0.002 2426 6 7.706 0.03 0.18966 0.0007 46 1 —

GW2 (discharge area)
,0.45 mm

38.86 0.2 2.906 0.01 916 15 26.896 0.29 0.6626 0.007 46 1 —

a Data from Porcelli et al. (1997) and Andersson et al. (1998). All errors are 2s.
b Mire peat concentrations are inmm or dpm per gram of ashed sample.
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ThK̂d
Fe 5

(Th/Fe)Particle(XTh/XFe)
232CR

Diss , (1)

where232CR
Diss is the concentration of dissolved Th in the river

(i.e., in ultrafiltered water). XTh is the fraction of Th on the
particles that is nondetrital, so that XTh 5 1 2 (Th/Al)detrital/
(Th/Al)particle, assuming that Al is entirely in detrital grains.
The analogous parameter for Fe is XFe. By using a (Th/
Al)detrital ratio equal to that of the upper crust (1.33 1024;
Taylor and McLennan, 1985), and (Th/Al)particle 5 2.92 3
1024 for Kamlunge (Andersson et al., 1998), then the fraction
of Kamlunge Th that is nondetrital is XTh 5 0.55, and log
ThK̂d

Fe 5 7.49, which is higher than the U value of logThK̂d
Fe of

6.50.

Th isotopic equilibration. In the Kamlunge sample, the
230Th/232Th ratios of the particles, 0.45-mm-filtered water, and
10-kD ultrafiltered water are indistinguishable from one an-
other, indicating that these Th isotopes are equilibrated between
particles, colloids, and dissolved species. For the Rautas sam-
ple, the measured value for the particles is lower than that for
the other fractions, indicating less equilibration between the
phases, although the difference is comparable to the error limits
of the measurements and requires confirmation.

3.1.2. Ra Transport

Ra distribution along the river. The 226Ra activities in
0.45-mm-filtered waters are in a narrower range (1.5–3.27

Fig. 3. (A) Th concentrations in 0.45-mm-filtered waters increase along the watershed but are much lower in brackish
waters. (B) The fraction of Th on colloids in 0.45-mm-filtered waters (75–90%) is higher in the river than in the Baltic.
(C–F) The238U activities in the filtered river samples are substantially higher than those of234Th, 226Ra, and210Pb, which
all fall within a limited range. Particles generally carry a significant fraction of these nuclides and carry a dominant fraction
at Tärendö. Activities of 238U, 234Th, and226Ra are greater within the brackish waters, where particles are only important
for 234Th.
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dpm/100 L) than in particles (which account for 0.4–12 dpm/
100 L; Table 1 and Fig. 3). The pattern of226Ra activities along
the river follows that of234Th, with the particle-rich Ta¨rendö
sample having the highest bulk activity. Near the Kalix mouth
at Kamlunge, particles carry only a small fraction (36%) of the
226Ra.

Ra on colloids.Data are not available for Ra in ultrafiltered
river waters, although data for Ba were obtained. A substantial
fraction of Ba in the Narkån (81%) and Kamlunge (62%)
samples did not pass through the 10-kD ultrafilter. However,
Viers et al. (1997) argued that alkaline earth elements retained
on ultrafilters from organic-rich waters is largely an artifact of
filtration and does not reflect bonding by organic ligands.

Ra on particles. A substantial fraction of the226Ra (12–
83%), as well as the Ba, is carried on particles in the river. The
concentration of Ba, and so Ra, in natural waters is often
controlled by barite solubility, with a solubility product of
10210 (Hem, 1985). The average SO4 concentration of the
Kalix is 44 mm (Ingri et al., 1997), so that the equilibrium
concentration of;300 ng Ba/g is 102 times greater than the
measured river concentrations. Therefore, the Ba and Ra con-
centrations are not controlled by barite precipitation. The frac-
tion of Ra in the particles that is in excess of the upper crustal
value of 1.34 dpm/g (for 2.8mg 238U/g; Taylor and McLennan,
1985), when normalized to Al (as calculated above for Th), is
0.63 to 0.91. This excess is likely adsorbed on Fe oxyhydrox-
ides along with the Th and U; following the calculations of Th

above to obtain an apparent partition coefficient for Ra, log
RaK̂d

Fe 5 6.6 at Rautas and 6.1 at Kamlunge. These values are
lower than corresponding logUK̂d

Fe values of 7.7 and 6.5
(Andersson et al., 1998), indicating more efficient scavenging
of U as well as Th. The concentration of226Ra on particles of
8.6 dpm/g at Kamlunge can be compared with#2 dpm/g for
other sites (Elsinger and Moore, 1984) and reflects the high
particle Fe content in the Kalix.

3.1.3.234Th/230Th and Watershed Transit Times

The relative concentrations of short-lived234Th and230Th
may provide information regarding the transit time of Th
through the watershed. The (234Th/238U)AR ratios in the bulk
water at Rautas (0.76 0.3) and Kamlunge (0.446 0.24) are
lower than unity, indicating that234Th is preferentially retained
in the watershed relative to U. However, the (234Th/238U)AR

ratios are greater than the (230Th/238U)AR ratios (see Fig. 4).
There are two possible reasons for this enrichment in234Th
over230Th. Contributions by recoil of234Th from minerals can
cause shifts in (234Th/230Th) AR ratios of surrounding waters, so
that this enrichment could reflect the value in groundwaters
entering the river (see Tricca et al., 2000). Leaching of these
isotopes, however, may occur in equal proportions because
these nuclides are both daughters ofa-decay. Therefore, there
are no (234Th/230Th) AR data available for mire and groundwa-
ter discharges to the river to assess this possibility. Alterna-

Fig. 4. Bulk sample data for Rautas (open circles) and Kamlunge (solid circles). (A) River activity ratios of238U series
nuclides. Ratios of (234U/238U) .1 reflect recoil-induced release of234U from minerals (Porcelli et al., 1997). Ratios of
(230Th/238U) ,1 and (226Ra/238U) ,1 are due to retention of Ra and Th within the watershed, whereas values of
(226Ra/230Th) .1 indicate that Ra is mobilized preferentially to Th. Ratios of (210Pb/238U) reflect input of 210Pb by
weathering and fallout. (B) Ratios of238U and 232Th series nuclides. The (232Th/230Th) and (228Ra/226Ra) ratios are
compatible to upper crust values and reflect the (232Th/238U) ratio of source rocks. Low (232Th/238U) ratios reflect
preferential retention of Th in the source regions.
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tively, river ratios of (234Th/230Th) AR .1 could be due to
grow-in from238U decay during transit through the watershed.
In this case, a model transit time for Th can be obtained. If the
water is a closed system with respect to further Th and U
exchange (e.g., with sediments), then the evolution of the234Th
activity in the water over the transit time t is

(234Th) 5 (238U)[1 2 exp(2l234Tht)] 1 (234Th)0 exp(2l234Tht).

(2)

If it is assumed that234Th and230Th are released together from
source rocks that contain the U-series nuclides in secular equi-
librium and so initially have the same activity in the water, then
the initial (234Th/238U) AR ratio of waters entering the river is
equal to the river (230Th/238U)AR ratio. Then Eqn. 2 can be
rearranged to

t 5 2(l234Th)
21 lnF ~234Th/238U)ACT 2 1

(230Th/238U)ACT 2 1G . (3)

If the data for Kamlunge of (234Th/238U) AR 5 0.456 0.17 and
(230Th/238U)AR 5 0.146 0.04 are used, t5 15 6 10 d for the
average transit time through the watershed. More data clearly
are required to constrain the234Th, 230Th, and238U contents of
groundwater and tributary inputs for rigorous application of
this method to a watershed. However, the above calculations
serve to illustrate that the234Th and230Th activities are poten-
tially important tools for evaluating the rate of Th migration in
a watershed.

3.2. Input of Radionuclides to the Kalix River

3.2.1. Groundwaters

Groundwater Th data are available for three samples. Fil-
tered (,0.45 mm) water from the Laurivuoma spring, which
discharges from bedrock, has a232Th concentration (6.9 pg/g)
that is comparable to those of the two till groundwaters (7.7 and
26.9 pg/g); in contrast, the238U concentration is 104 times
greater in the bedrock spring than in the till waters (Table 2).
Although till groundwaters have230Th/232Th ratios (43 1026)
that are somewhat lower than that of the bedrock spring (1.23
1025), all values are comparable to river values.

Groundwaters both from within bedrock and glacial tills can
serve as sources of river230Th and232Th, with isotope con-
centrations that are comparable to those of 0.45-mm-filtered
Kalix River water (with 12–24 pg232Th/g). However, bedrock
groundwaters have much higher U concentrations and234U/
238U ratios than the river and can supply only a small fraction
of the total river discharge (Porcelli et al., 1997). Therefore, the
river is fed largely by shallower till groundwaters, with an
unknown proportion supplied by runoff.

3.2.2. Impact of Mires

It has been shown that U is strongly concentrated in the peat
deposits of mires (Porcelli et al., 1997). By use of the new Th
data presented here (Table 2), the rate of accumulation of Th in
the peat can be assessed, along with the Th isotopic shifts that
result in mire waters and the river due to the accumulated U.
Some inferences can also be made regarding the impact on Ra
isotopes in mire waters and the river.

Th and Ra in mire waters.The effects of mire peats on water
chemistry can be seen by comparing mire inflows with outflows
(Fig. 5). For the Laurivuoma mire, the bedrock spring appears
to be the dominant inflow (with 6.9 pg232Th/g). Mire water
from a mire borehole and outflow water have 2.2 and 17.4 pg
232Th/g, respectively, comparable to that of the inflow. In
contrast, the mire water and outflow are greatly depleted in U
relative to the inflow (Porcelli et al., 1997). The mires do
generate substantial Th isotope shifts; the mire water and
outflow waters have230Th/232Th 5 1.0 3 1024 and 7.33
1025, respectively, compared with 1.23 1025 for the inflow
(Fig. 5), so that some mobilization of Th in the mires takes
place.

At the Pera¨jävuoma mire (Fig. 5), no sample of the inflow is
available. The mire water and outflow water have 1.8 and 2.6
pg232Th/g, respectively; these values do not differ greatly from
that of the Laurivuoma mire water (2.2 pg232Th/g). In contrast,
the Pera¨jävuoma outflow had a U concentration 1023 times that
of the Laurivuoma outflow (Table 2). Therefore, mire dis-
charges have a much wider range of concentrations of U than
of Th.

No data are available for Ra in the mires. The concentration
of Ba in the Laurivuoma spring water (39 ng/g) is comparable
to the mire water value (30 ng/g) and somewhat higher than the
outflow value (12 ng/g). Therefore, mires do not appear to have

Fig. 5. Concentrations and isotopic compositions of U (from Porcelli
et al., 1997) and Th for mire waters and mire outflows for Laurivuoma
and Pera¨jävuoma mires. Data for spring water supplying the Lauriv-
uoma mire are also shown. Concentrations of Ba, an analog of Ra, are
also shown.
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a great effect on Ba transport through the mire, and it is likely
that Ra will behave similarly in this environment. The produc-
tion of Ra isotopes in the mire is discussed below.

Th in mire peats.The accumulation of Th in the mires also
was examined by analysis of peat (Table 2). A Pera¨jävuoma
peat sample has 72.3mg 232Th per gram of ashed material
(§1.30 mg 232Th per gram of dried peat), along with 15.5mg
238U/g. Although the ratio of (Th/U)wt. 5 4.7 is similar to the
upper crust value of;3.8, the U and Th concentrations are both
substantially higher than those for the upper crust of 10.6mg
232Th/g and 2.8mg 238U/g (Taylor and McLennan, 1985). The
peat230Th/232Th ratio [(26 1) 3 1026] is comparable to that
of the upper crust, whereas the U isotopic composition
(d234U 5 193) is shifted relative to the crust. In sum, the peat
is enriched in U and Th, as well as in234U (like groundwaters
in the area), but has a Th/U ratio comparable to that of the
upper crust.

Because U is strongly concentrated in mire peat deposits, U
is strongly depleted in mire outflow waters relative to inflow
waters until the peats reach a steady-state U concentration
(Porcelli et al., 1997). It has been reported that Th is even more
strongly concentrated in peats than U (Szalay, 1964), although
data are limited. The extent of enrichment of U and Th in the
Peräjävuoma peat relative to surrounding waters can be calcu-
lated by assuming that all of the inorganic ashed content of the
peat is detrital material with upper crust U and Th concentra-
tions; then the excesses (85% of the Th and 82% of the U) are
nondetrital and have been derived from the surrounding waters.
The ratio of the concentration of nondetrital Th in the dried peat
to that of Th in the mire water collected from the same borehole
is 6 3 105, and this represents an enrichment factor for Th in
peat. The equivalent value for U is 13 105 (Porcelli et al.,
1997), indicating that Th is six times more strongly concen-
trated in these peats than U.

Mire Th accumulations and isotopic shifts.The effects of the
mire on Th isotopes in flowing waters can be examined by the
model of Porcelli et al. (1997) that was developed for the
evolution of U accumulations. It was shown that the concen-
tration of U in the flowing water leaving the mire (238CFW)
relative to that of the groundwater input (238CGW) is

238CFW
238CGW

5 1 2 expF 2 t

~VP/q)(Uk1/
Uk21!

G , (4)

where VP is the volume of the peat, (Uk1/
Uk21), is the ratio of

rate constants from and into the peat and so is the peat/mire
water enrichment factor, and q is the rate water flows through
the mire. The time scale for achieving a steady-state peat U
concentration (so that238CFW/238CGW ' 1 and depletion of
water flowing through the mire no longer occurs) isUt# 5
(VP/q)(Uk1/

Uk21). The model can be applied to Th by writing
a similar equation for232Th. If the affinity of Th for peat,
(Thk1/

Thk21), is greater than that of U, then the time scale for
reaching a steady-state peat Th concentration (Tht#) will be
longer. In this case, before saturation, the depletion in Th
concentration in the flowing water relative to that in the
groundwater will be greater. Data for Laurivuoma mire (Table
2, Fig. 5), however, indicate that this is not the case; although
the U concentration of outflowing waters is 10 times lower than
in the inflows, there is no evidence for depletion of Th in

outflowing waters. A reason for the high Th content of the
discharge is required.

A further constraint on the interaction of U and Th with the
peat is provided by the shifts in234U/238U and 230Th/232Th
ratios between the inflow and outflow. In the model aquifer,
when U in the water is being highly depleted, the isotopic shift
in U (the difference between (234U/238U)AR in the inflowing
water and in the outflowing water),UD, is (Porcelli et al., 1997)

UD ' l238
234Uf t, (5)

where t is the time over which accumulation has occurred and
234Uf is the fraction of234U produced that is released into the
water by recoil of precursor234Th. The equivalent equation for
the shift in230Th/232Th (ThD) is

ThD ' l234U
230f t

234UCGW
232CGW

. (6)

Assuming that234U and238U are located in similar sites, so that
a similar proportion of the daughters are released and234Thf 5
230f, Eqn. 5 and Eqn. 6 can be combined to obtain

UD
238CGW
232CGW

FS 234U
238UD

AR

G
GW

< ThD. (7)

This reflects the condition that the rate of recoil of234Th atoms
(and so supply of234U atoms) to the mire water is related to the
rate of recoil of230Th atoms by the (234U/238U)AR ratio of the
groundwater (and so of the peat). Then the isotopic shifts in the
mire water are proportional to the ratio of U to Th in the
groundwater (which is approximately equal to the ratio of U to
Th accumulated in the peat). At Laurivuoma, the230Th/232Th
ratios of the mire outflow (7.33 1025) and the inflow (1.23
1025) are accompanied by ratios ofd234U 5 790 and 600,
respectively. By using the data in Table 2, the calculated
isotopic shift in Th is230Th/232Th 5 0.29. This is much greater
than the measured difference between the measured Lauriv-
uoma inflow and outflow Th ratios (6.13 1025).

A possible explanation for both a higher Th concentration
and lower230Th/232Th ratio in the outflow than expected is that
there was a dominant contribution of mire peat Th due to
entrainment of colloidal organic material. The isotopic compo-
sition of Th that has accumulated in the peat is expected to be
approximately equal to that of the Th the inflowing groundwa-
ter, with 230Th/232Th 5 1.2 3 1025 (Fig. 5), although data are
not available to confirm this. If the outflow Th is a mixture of
entrained peat Th and “dissolved” mire water Th with the Th
isotopic ratio calculated above (Eqn. 7), then a simple mixing
calculation indicates that the fraction of outflow Th not due to
entrained peat is 43 1024. Therefore, of the 17.4 pg Th/g in
the outflow, 6 fg Th/g appears to be “dissolved” in the mire
water and therefore represents the outflow concentration
232CFW. This is equivalent to a depletion factor of 93 1024

relative to the inflowing groundwater, substantially lower than
that of U (with a depletion factor of 0.075). Furthermore, the
relative affinities of Th and U to the peat can be obtained by
combining Eqn. 4 above with the equivalent equation for Th.
Then the depletion factors are related by
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1 2 ~232CFW/232CGW

1 2 (238CFW/238CGW)
5 expF ~Uk1/

Uk21!

~Thk1/
Thk21!

G . (8)

For the concentrations above,Thk1/
Thk21 is 14 times greater

thanUk1/
Uk21, consistent with the six times greater peat/mire

water enrichment factor measured in Pera¨jävuoma. This calcu-
lation is illustrative only because there was no drop in Th
concentration between mire inflow and outflow, and so no Th
accumulating in the mire at the time the samples were collected
as assumed in the model. However, this may be a transient
effect due to increased entrainment of accumulated Th during
the higher flow conditions of the spring melting period, and so
does not reflect the long-term evolution of the mire. Further
data are required to assess the seasonal variations in the mire
discharge.

Accumulation of Th and U in peats.The model for accu-
mulation of Th and U in peats from inflowing groundwater
predicts that the peat Th/U ratios will equal that of inflowing
waters during the period of rapid accumulation. Once the peat
reaches a steady-state U concentration, the Th concentration
will continue to grow until the peat Th/U ratio is enriched
relative to that of the inflowing water by (Thk1/

Thk21)/(
Uk1/

Uk21);14 (see above). The measured peat sample, from Pera¨-
jävuoma, has Th/U;4 (Table 2), a value that is higher than
found in groundwaters. Unfortunately, there are no data avail-
able for the groundwaters flowing into this mire; although the
outflowing waters have somewhat U lower concentrations than
found in till groundwaters, it is not known if U depletion of
water flowing through this mire continues to occur. Therefore,
it is possible that the U has reached a steady state in this peat,
and the Th continues to be enriched from till groundwaters with
Th/U ;0.4 to 0.7 (see Table 2). In this case, the similarity
between the Th/U ratio in the peat and the source rocks is
fortuitous because there is no simple explanation for requiring
a Th/U ratio in the peat equal to that of source rocks if these
nuclides are supplied via waters in which these elements have
been greatly fractionated with respect to one another.

Ra in mires.Ra isotopes are produced in the mire by Th and
U. A maximum isotope ratio can be calculated by assuming that
the storage time of Ra within the peats is short compared with
Ra isotope half-lives (consistent with the lack of interaction
between Ba and the peat); then the228Ra/226Ra atom ratio will
be equal to the ratio of the activities of the parents in the peat,
so that (228Ra/226Ra)AR '18. As discussed above, Ra in the
Kalix River at Kamlunge has (228Ra/226Ra)AR 5 1.2, equal to
that of the source rocks in the watershed, and so there is no
evidence for any significant impact on the river Ra budget by
mire waters with high (228Ra/226Ra)AR ratios.

Mires and the Kalix.It has been shown previously (Porcelli
et al., 1997) that a large proportion of U to the rivers during the
spring may be derived from the mires, when waters diluted by
spring melt equilibrate with the U-rich peats, which thus act to
buffer the supply of groundwater U to the river. There are some
seasonal river data available for Th (Andersson et al., 1995)
indicating that Th may be higher during spring flow, compat-
ible with the inferences made above regarding the entrainment
in mire outflows of Th from peats during spring flow. The
outflows from bedrock do not have high Th concentrations
accompanying the high U concentrations and so do not have a
disproportionately large impact on the river Th budget.

3.3. Watershed Weathering Characteristics

3.3.1.230Th/232Th, 228Ra/226Ra, and the Weathering Supply
of Radionuclides

In crustal rocks,230Th and226Ra are located within primary
phases hosting parent238U; a significant fraction of the232Th
and daughter228Ra may be in different phases. Therefore,
230Th/232Th and228Ra/226Ra ratios in the river will reflect the
relative release rates of Th and Ra isotopes from the different
phases. All the measured230Th/232Th ratios are within a narrow
range of (0.5–1.5)3 1025 (see Table 1 and Fig. 3) and are
similar to that of Th in the bulk upper crust of 73 1026 (for
(Th/U)wt 5 3.8). Also, the (228Ra/226Ra)AR ratios of all of the
bulk water samples are within error of the average value of 1.25
(Fig. 4), the ratio expected for the upper crust. These similar-
ities with the crust indicate that Th and Ra isotopes are released
into the river without significant fractionation. Thus, Th and Ra
in these different phases are released at similar rates.230Th also
can be released from host phases by recoil during production,
but such a process also has not generated substantial isotopic
shifts in the Th found in the river.

The release of Ra also can be compared with that of Ba. The
Ba/226Ra ratio measured at Kamlunge (33 1024 g/dpm) is
comparable to that of the upper crust (2.63 1024 g/dpm). This
was also observed for the Amazon (Moore and Edmond, 1984)
and indicates that the weathering rate of Ba-bearing and U-
bearing minerals are similar.

3.3.2. Removal of U, Th, Ra, and210Pb from the Watershed

Radionuclides are generally delivered to the river along two
paths. Highly insoluble and immobile elements such as Th,
along with other constituents such as Fe, are dominantly carried
in particles, which will be derived from areas of preferential
mechanical weathering near streams. This includes constituents
in both detrital and secondary phases. This process is likely
enhanced during greater water flows, which explains the ap-
parent correlation between the concentration of232Th in the
Kalix and river discharge (Andersson et al., 1995). For more
soluble elements such as U, transport in soil waters vertically
through the vadose zone and by groundwater flow through
predominantly shallow aquifers is relatively more important.
Groundwater transit times in the watershed are;3 yr (Rodhe,
1987). The concentrations of many soluble constituents de-
crease during spring melt from dilution by surface flow (Ingri
et al., pers. comm.), although that of U is relatively constant as
a result of buffering of water discharges to the river by mires
(see section 3.6). Overall, river concentrations of radionuclides
can be interpreted as the sum of the runoff and groundwater
sources.

Th and U transport.The relative removal rates of Th and U
from the watershed can be most clearly seen by using (230Th/
238U)AR ratios because these nuclides are hosted in the same
phases in secular equilibrium. The (230Th/238U)AR ratios in all
measured fractions are much less than 1 (0.07–0.33; see data in
Table 1); in particular, the Rautas and Kamlunge bulk samples
(where U particle data are available) have 0.14 to 0.24 (Fig. 4).
These values show that238U is preferentially mobilized relative
to Th from the source region. A similar conclusion can be
drawn from Kamlunge and Rautas bulk sample (232Th/238U)AR
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ratios of 0.04 to 0.2, which are far below the upper crust value
of 1.3. Because the concentration of Th (but not U) is higher
during the spring (Andersson et al., 1995), the average annual
values for the Kalix may be even lower. The result is net
fractionation between U and Th during export from the water-
shed by a factor of 5 to 10.

Ra transport.The (226Ra/238U)AR ratio in all sample frac-
tions from each location are less than unity and is 0.31 in both
Rautas and Kamlunge bulk waters. Although such low values
indicate that U is mobilized preferentially to Ra from the source
rocks, it has been shown that alkaline earths (but not U) are
typically diluted in spring river waters by factors of 2 to 3 (Ingri
et al., pers. comm.), so that the average (226Ra/238U)AR ratio
may be greater. Unfortunately, there are no time series data
available for Ra. The transport of Ra also can be compared with
that of Th; (226Ra/230Th)AR 5 1.26 6 0.33 at Rautas and
5.63 6 1.1 at Kamlunge. The (228Ra/232Th)AR ratios in the
Kalix also show strong deviations from secular equilibrium,
with values of 2.46 0.3 at Rautas and 9.16 1.7 at Kamlunge.
At other times of the year (when Ra concentrations are higher
and Th concentrations are lower), these ratios may be even
higher. This shows that overall Ra is preferentially exported
relative to Th from the watershed and may also be less effi-
ciently removed than U.

Watershed weathering.The low (230Th/238U)AR and (226Ra/
238U)AR ratios of material leaving the watershed indicate that
the weathering region is accumulating Th relative to Ra and U.
Because all size fractions have low ratios, seasonal variations in
the particle concentrations will not qualitatively change this
conclusion. Martin and Meybeck (1979) found that on a global
scale, the average riverine232Th/238U ratio is similar to that of
the average upper crust; this indicates that particle transport of
relatively insoluble Th was balanced by transport of U in
solution, and preferential accumulation of Th does not occur
globally. In the Kalix River, the concentrations of Th on
material that is mechanically weathered is currently insufficient
to balance the U in solution; however, as Th continues to
accumulate in the soils and the Th concentration on soil parti-
cles increases, a balance presumably will be reached in the river
outflow. The concentrations of U and Th on suspended particles
in the river reflect chemical redistribution processes within the
river and do not necessarily represent particle concentrations
during overland transport. The (230Th/238U)AR and (228Ra/
232Th)AR ratios may be sensitive indicators of the fractionation
between soluble constituents such as U and insoluble or parti-
cle-reactive elements such as Th and Ra, especially because the
ratios of these nuclides in rocks before weathering can be taken
to be the equilibrium values. Relative activities of Th, U, and
Ra in river outflows that deviate from secular equilibrium may
be an indication of the relative immaturity of the weathering
profile due to recent glaciation; the outflow from a watershed
will reflect the input of bedrock (at secular equilibrium) into the
weathering cycle once a steady-state abundance of Th is
reached within the weathering profile. Further extension of this
data to bulk erosion rates requires a more detailed assessment
of variations in major and actinide concentrations in host rocks
and in the river.

Transport of210Pb. The 210Pb concentrations in 0.45-mm-
filtered waters are in the range of 1.1 to 2.2 dpm/100 L (Table
1) and vary along the river sympathetically with234Th and

226Ra concentrations (Fig. 3). The activities of210Pb generally
were much higher in the particles (up to 25 dpm/100 L at
Tärendö), except at Narkån, where the particle associations of
all of the short-lived nuclides were much lower compared with
the nonparticulate loads. Near the Kalix discharge at Kam-
lunge, 75% of the210Pb is on particulates. Bulk sample (210Pb/
238U) ratios are 1.046 0.16 and 0.526 0.15 at Rautas and
Kamlunge, respectively; although210Pb is not depleted in the
waters relative to238U at Rautas, it is at the Kalix discharge.

A significant source of210Pb in soils is atmospheric fallout
from decay of atmospheric222Rn. The flux of 210Pb to the
Baltic Sea has been calculated from sediment data to be;1.4
dpm/cm2-yr (Bianchi et al., unpublished data), comparable to
1.02 dpm210Pb/cm2-yr obtained for north Britain (Eakins et al.,
1984). This corresponds to 3.33 1014 dpm/yr deposited over
the Kalix drainage area of;23,600 km2. The annual Kalix
discharge is;7.6 3 1012 L/yr (Swedish Meteorological and
Hydrological Institute, unpublished data); if the measured Ka-
mlunge concentration of 8 dpm210Pb/100 L represents the
annual average, then 63 1011 dpm/yr is discharged and the
ratio of watershed export to atmospheric deposition, 23 1023,
is similar to that of watersheds in the eastern United States
(Benninger et al., 1975). This value represents the minimum
reduction of fallout210Pb during transit through the watershed;
the210Pb activity in the Kalix is similar to that of other nuclides
derived from weathering, so there may be only a negligible
contribution of fallout210Pb to the river. Such low watershed
export has been interpreted as reflecting the strong retention of
210Pb in soils. Assuming all river210Pb is from atmospheric
fallout, residence times on the order of 104 yr have been
calculated (e.g., Benninger et al., 1975; Appleby and Oldfield,
1992).

4. BALTIC SEA: RESULTS AND DISCUSSION

Baltic Sea data are shown in Tables 3 (for F-2) and 4 (for
BY-15). The U data are from Porcelli et al. (1997) and Anders-
son et al. (1998).

4.1. Distribution of Th Isotopes

For the low salinity station F-2,232Th concentrations in
0.45-mm-filtered waters from four depths fall within a narrow
range (0.75–0.79 pg/g). Andersson et al. (1995) reported values
for 1991 0.45-mm-filtered F-2 waters from 5 m and 80 m of
7.7 6 0.2 and 0.4986 0.003 pg/g, respectively; the higher
value for the 5-m 1991 sample may be due to a different degree
of exclusion of particulates during filtering.

Data for232Th on particles are only available for F-2 80 m,
where particles carry the dominant fraction of the232Th in the
water and account for 4.05 pg232Th/g (Table 3), compared
with the bulk232Th concentration of 4.8 pg/g. A large fraction
of the 232Th not on particles passed through the ultrafilter and
appears to be in solution at a level of 0.64 pg/g. The232Th at
this site is much lower than that of the Kamlunge sample
(which represents the local river discharge into the Baltic),
indicating that substantial loss of riverine Th occurred at lower
salinities.

The230Th/232Th ratios in the F-2 samples are all within error
of 1 3 1025 and comparable to that of the Kamlunge sample.
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In contrast, Andersson et al. (1995) reported much higher
values of230Th/232Th 5 6 3 1025 and 73 1024 for 1991 F-2
samples from 5 m and 80 m, respectively. The reason for the
discrepancy is not known.

For 234Th, data for 0.45-mm-filtered waters and particles are
available for three depths (Table 3). Particles account for a
significant fraction (20–40%) of the234Th, with the largest
fraction corresponding to the greatest sampling depth. At F-2,
bulk 234Th concentrations (16–24 dpm/100 L; Fig. 6)are much

higher than at Kamlunge (7.5 dpm/100 L), indicating that234Th
is not derived dominantly from river inflow but rather from
production in the water. However, there is significant disequi-
librium between234Th and238U, with (234Th/238U)AR below
equilibrium (0.606 0.12 to 0.916 0.25 for bulk waters; Fig.
6) and showing removal of234Th from the water (see also
Andersson et al., 2000).

At the higher salinity Baltic station BY-15, where salinities
range from S5 7.19 to 12.14, the 0.45-mm-filtered waters had

Fig. 6. Nuclide profiles at F-2 (open symbols) and BY-15 (solid symbols). A significant fraction of234Th, but not Ra, is
on particles. The234Th is largely supplied by decay of238U in the water, and the relatively high (234Th/238U) ratios indicate
slow removal of Th from the water. The higher fraction of234Th on particles in BY-15 at depths.100 m may reflect
increased supply of particles from the shallower areas around the Gotland Deep. Ra isotopic compositions do not vary
significantly with depth or between locations.

2451Transport of U/Th-series nuclides in a watershed and the Baltic Sea



0.11 to 0.22 pg232Th/g. These values are much lower than
those found at F-2 and are compatible with those of 0.1 to 0.4
pg 232Th/g in 1991 BY-15 samples (Andersson et al., 1995).
Data for 232Th on .0.45-mm particles are only available for
30 m, where a substantial fraction of the total232Th is on
particles. The230Th/232Th ratios of (2–3)3 1025 at BY-15 are
similar to those elsewhere (Fig. 3) and are compatible with the
previously published values of;4 3 1025 for 1991 samples
from 125 m and 225 m, but not with the much higher value of
(7.6 6 1.1) 3 1024 reported for BY15, 5 m (Andersson et al.,
1995). The reason for this discrepancy also is not known.

Data for 234Th at BY-15 in 0.45-mm-filtered waters and
particles are available for seven depths (Table 4). As at F-2,
particles account for a significant fraction (30–60%) of the
bulk 234Th (see Fig. 6). There is also substantial disequilibrium
between234Th and238U, with (234Th/238U)AR ratios for bulk
waters (0.546 0.08 to 0.726 0.11) generally further below
secular equilibrium than at F-2 (Fig. 6). Particles contain the
greatest fraction of234Th in the deepest samples from both
locations.

In sum, evaluation of Th behavior (see discussion below)
must consider that (234Th/238U)AR ratios are not in equilibrium,
indicating removal of234Th and indicating that a substantial
fraction of the234Th is not on particles.

4.2. Distribution of Ra Isotopes

The activities of226Ra at F-2 are 13 to 27 dpm/100 L and at
BY-15 are 6 to 10 dpm/100 L (Tables 3 and 4, Fig. 6). Particles
contain only minor amounts of226Ra (#0.4 dpm/100 L). The
Baltic activities are generally greater than either river inputs as
represented by the Kamlunge sample (with;5.1 dpm/100 L) or
Atlantic surface seawater (with;7.4 dpm/100 L; see Cochran,
1992). Therefore, a source of226Ra in addition to the inflow of
these sources is required. The Ba/226Ra ratios at F-2 ((1.7–
3.0)3 1024 g/dpm) and at BY-15 (1.4–1.9)3 1024 g/dpm are
lower than that of Kamlunge (33 1024 g/dpm) and below a
conservative mixing line between Kamlunge and Atlantic sur-
face seawater (Fig. 7); this requires that the additional source of
226Ra has a relatively low Ba/226Ra ratio. The (228Ra/226Ra)
ratios in the Baltic fall within a narrow range (1.2–1.7) and are
comparable to that of Kamlunge (1.3) and the average crustal
value (Fig. 6). Because the residence time of water (and so of
conservative elements such as Ra) in the Baltic (35 yr) is
substantially greater than the half-life of228Ra, a greater supply
of 228Ra relative to226Ra is required to balance228Ra decay.

4.3. Distribution of 210Pb

Measured210Pb activities were low and near the detection
limit; at F-2, the activities were;2 dpm/100 L for 0.45-mm-
filtered waters and 2 to 3.5 dpm/100 L for bulk waters, whereas
at BY-15, all samples had lower activities (#1 dpm210Pb/100
L). These concentrations are much lower than at Kamlunge,
indicating substantial removal of Pb at salinities below that of
F-2 (;3 psu) and further removal within the basin. There is no
indication of increases in210Pb activities due to production
within the water column.

4.4. Nuclide Fluxes Into and Out of the Baltic

4.4.1. Box Model for the Baltic Sea

The relative activities of238U, 234Th, 226Ra, and228Ra in the
Baltic deviate significantly from secular equilibrium and can be
used to investigate the input and removal fluxes of these nu-
clides into the basin. A simple one-box steady-state model of
the Baltic, along with mass and nuclide fluxes, is shown in
Figure 8. It should be noted that the Baltic is not a single
well-mixed reservoir but rather contains both vertical salinity
stratifications (with lower salinity surface waters) and regional
salinity gradients (with lower salinity waters to the north).
However, the data do not display substantial variations and so
can be approximated by average Ra and Th values for the entire
Baltic; a more complex model presently is not justified.

In the present model, water mass inflows (in liters per year)
to the Baltic from rivers (RṀ) and from the North Sea through
the Kattegat (SWṀ) combined equally the brackish water out-
flow through the Kattegat (BṀ). Salinity stratification in the
straits connecting the Baltic with the North Sea allows the
outflow to have an average salinity lower than the inflow (see
Kullenberg and Jacobsen, 1981). On the basis of water budget
calculations, water flowing through the Kattegat and into the
Baltic has an average salinity of SSW 5 16, whereas outflowing
water has SB 5 8.25 (Dyrssen, 1993). The residence time of
Baltic water isWt § MB/BṀ, where MB is the total mass of
Baltic water. Kullenberg and Jacobsen (1981) estimateWt 5
35 yr. For each nuclide i, inflows to the Baltic are due to river
and seawater water mass flows, decay of parent nuclide p in the
water column, upward diffusion from the underlying sedi-
ments, and eolian infall. These inflows are balanced by the
outflows due to decay in solution, sedimentation on particles,
and water mass outflow from the Baltic. Thus,

iCR
RṀ 1 iCSW

SWṀ 1 lp
pCB MB 1 SEDFiB 1 AIRFiB

5 li
iCB MB 1 Pi

iCB MB 1 iCB
BṀ, (9)

whereiCR, iCSW, and iCB are the bulk concentrations of i in
river water, inflowing water through the Kattegat, and Baltic
water, respectively. The flux of i from underlying sediments is
SEDFi (in atoms/area-time),AIRFi is the flux of i by eolian input
(in atoms/area-time), B is the area of the Baltic, and Pi is the
first-order rate constant for removal of i on sedimenting parti-
cles. The eolian input is important only for long-lived232Th
and 230Th. Note the balance of salt in the Baltic requires
SWṀ 5 BṀ(SB/SSW) and RṀ 5 BṀ(1 2 SB/SSW). With the
activity iA 5 iC/ti (where ti is the mean life of i), Eqn. 9
becomes

iAB(1 1 Pi ti) 5
ti

wt
FS1 2

SB

SSW
D iAR 1 S SB

SSW
D iASW 2 iABG

1 pAB1 (SEDFi 1 AIRFi)/DB, (10)

where DB is the depth of the Baltic. This equation will be used
below to evaluate the fluxes of Th and Ra. Nuclide activities
from the Kalix will be used to represent average river activities,
whereas typical Baltic values measured here will be used as
averages for the basin.
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4.4.2. Th Fluxes

The removal rate of234Th by particles can be obtained by
using Eqn. 10 (withSEDF234 5 AIRF234 5 0):

P234Th 5 l234ThFFS 238U
234ThD

AR

G
B

21G
1

1
wtFS1 2

SB

SSW
D 234ThAR

234ThAB
1S SB

SSW
D 234ThASW

234ThAB
2 1G . (11)

The second term is much smaller and can be neglected. Eqn. 11
then is similar to that of Kaufman et al. (1971).

The 234Th residence time relative to scavenging is

234ThtSED 5
234ThNB

234ThNB P234Th
5

1

P234Th

5
1

l234Th@@~
238ThU/234Th!AR#B 2 1#

(12)

where234ThNB is the total abundance of234Th in the Baltic. For
(238U/234Th)B 5 1.7 (see Fig. 6),234tSED 5 50 d. This can be
compared with 10 to 70 d for the New York Bight (Kaufman et
al., 1971) and 7 to 50 d in the Irish Sea (Kershaw and Young,
1988). In the Irish Sea, the longest calculated residence time of
50 d is comparable to that of the Baltic and is for a location
with a similar particle concentration, 0.6 mg/L SPM, to those
found in the Baltic (Tables 3 and 4). Thus, the high Baltic

Fig. 7. 226Ra activities and Ba/226Ra ratios in the Baltic are plotted and deviate from the line for conservative mixing
between bulk river water and seawater. This may reflect input of226Ra from underlying sediments.
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(234Th/238U)AR ratios and long234Th residence time appear
related to the low concentrations of particles.

The association of Th in colloids may be an important
precursor to incorporation in sedimenting particles (Honeyman
and Santschi, 1989). There are no data available regarding the
distribution of234Th on colloids. However, only a small frac-
tion of the 232Th appears associated with colloids because at
F-2, 80 m, 85% of the232Th not on particles passed through the
ultrafilter. In contrast, Baskaran et al. (1992) and Moran and
Buesseler (1992) found that a dominant fraction of Th associ-
ated with colloids in coastal waters. Kersten et al. (1998) used
model calculations to estimate that 98% of the234Th in waters
of Mecklenburg Bay in the southern Baltic is on colloids. The
reason for the difference between these locations and those
studied here is unclear.

4.4.3. Sediment Fluxes

The mass sediment flux rate M˙
sedcan be related to the234Th

scavenging rate by noting that the flux of234Th to the seafloor

by scavenging is P234Th z 234ThAB z DB and the234Th particle
concentration is234ThAB

PART/PARTCB, where PARTCB is the
mass concentration of particles (in grams per gram of water).
Then

Ṁsed5
P234ThDB

PARTCB

(234ThAB
PART/234ThAB)

. (13)

For BY-15, a sediment flux rate of 69 mg/yr-cm2 is obtained
(by using P234Th5 7.3 yr21 days from Eqn. 11, DB 5 240 m,
PARTCB 5 0.2 mg/L from Table 4, and234ThAB

PART/234ThAB 5
0.5). Assuming a reasonable dry bulk density of 1g/cm3 for
sediments in this area, this is equal to a sedimentation rate of
0.7 mm/yr-cm2, which is comparable to that obtained from
BY15 sediment cores of 1 mm/yr-cm2 (Ignatius et al., 1981).

The residence time of particles in the water column,PARTt,
is (by using Eqn. 12 and Eqn. 13)

PARTt 5
DB

PARTCB

ṁsed
5 234Thtsed(

234ThAB
PART/234ThAB). (14)

Fig. 8. A model for the flows of nuclides into and out of the Baltic Sea. (A) The Baltic is represented as one box, with
river water and seawater inflows and brackish water outflow. (B) Nuclide inputs are from mass inflows, parent nuclide decay
in solution, release from underlying sediments, and eolian infall. Outputs are from mass outflow, decay in solution, and
sedimentation of scavenging particles. The box is assumed to be in steady state.
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Because234Thtsed 5 50 d, thenPARTt 5 25 d. This can be
compared with calculated particle residence times of 2 to 20
days in California Current surface waters (Coale and Bruland,
1985), 7 to 27 d in the Irish Sea (Kershaw and Young, 1988),
and 1 to 9 d for Narragansett Bay (Santschi et al., 1979).

The 232Th data can be used to estimate the fluxes of detrital
material to the basin. There are relatively few data available
regarding the association of232Th with particles in the Baltic.
It may be assumed that the scavenging rate of234Th and232Th
are similar so that232tSED 5 234ThtSED. Although this must be
confirmed, there is unlikely to be sufficient difference to change
the arguments here, considering other uncertainties. Then Eqn.
10 (with SEDF232 5 0) can be combined with Eqn. 12:

232CBS1 1
wt

232tSED
D 5 S SB

SSW
D 232CSW 1 S1 2

SB

SSW
D 232CR

1
AIRF232

wt

DB
. (15)

The term232CB(1 1 wt/232tSED) 5 51 pg 232Th/g (by using
232CB 5 0.2 pg 232Th/g, wt 5 35 yr, and232tSED 5 50 d)
represents the total concentration of232Th removed from a unit
volume of water during the residence time of water in the
Baltic. This is equal to the sum of the input terms. Inflowing
water from the Kattegatt, with232CSW 5 0.24 pg 232Th/g
(Andersson et al., 1995), provides a negligible amount of
232Th. The magnitude of the river and eolian input terms cannot
be evaluated independently. If the average river input into the
basin is equal to the Kalix River concentration of 73 pg
232Th/g, then the advection term for this input would provide
35 pg 232Th/g, which can account for most (;70%) of the
232Th removed from the water column. However, a dominant
fraction of the232Th carried in rivers is likely removed upon
discharge into the Baltic (as suggested by comparison between
data from F-2 and the Kalix; see section 4.1), so that the
measured river232Th concentration is an extreme upper limit
for the river input that supplies the Baltic basin. The range of
possible influx values for eolian material can be calculated
from Eqn. 15; if the maximum river input is used (i.e., if there
is no preferential removal of river Th from the water column
during discharge into the basin), then the calculated eolian flux
is 6.6 3 1016 atoms232Th/m2-yr (for an average Baltic Sea
depth of 56 m; Kullenberg and Jacobsen, 1981). The corre-
sponding eolian mass input (assuming it has an average upper
crust concentration of 10.6ppm Th; Taylor and McLennan,
1985), is 240 mg/cm2-kyr. The highest calculated eolian flux
for the Baltic is obtained by assuming that no river-borne Th
flows beyond the river discharge areas and further into the
basin (232AR 5 0); then the calculated eolian flux is 2.13
1017atoms232Th/m2-yr. This corresponds to 770 mg/cm2-kyr.
There are no readily available direct eolian flux data available
for the Baltic for comparison, but this is lower than the highest
coastal values of.1000 mg/cm2-kyr (see comprehensive re-
view by Rea, 1994). Therefore, although a range of eolian
fluxes is compatible with the available data, it is likely that
river-borne Th is efficiently removed from the water upon
discharge into the Baltic and that the eolian flux is the dominant
input for 232Th in the water column.

4.4.4. Ra Fluxes

For the Ra budget, Eqn. 10 can be applied to226Ra because
the half-life of226Ra is long compared with the residence time
of water in the Baltic; production by decay of238U in the water
(as well as loss by decay of226Ra) can be neglected. Also, there
is no scavenging of Ra, so that P2265 0. Then the flux of226Ra
from the underlying sediments can be obtained from

226AB 2 S1 2
SB

SSW
)(226AR) 2 S SB

SSW
D (226ASW) 5

SEDF226

DB

wt

t226
.

(16)

If the bulk activities of rivers is used for226AR, the riverine flux
of dissolved226Ra as well as226Ra carried on particles that
desorb during estuarine mixing is included. By using226AB 5
15 dpm226Ra/100 L, the value for Atlantic surface seawater for
226ASW 5 7.4 dpm/100 L (see Cochran, 1992), and226AR 5 5
dpm/100 L, thenSEDF226 5 8.8 3 109 atoms/m2-yr. The
fraction of226Ra in the water that is due to the sediment flux is
equal to (SEDF226

wt)/(DB t226
226AB), and is a substantial part

(60%) of the Baltic226Ra budget. This is consistent with the
Ba/226Ra ratios of the Baltic (Fig. 7), which are generally
below those expected for conservative mixing between Kalix
River water and seawater and reflect an additional source of
226Ra. However, the calculated226Ra flux requires the total
production from 130mg Th/cm2 throughout the Baltic; by
applying the concentration of particles at BY-15 of 0.29mg
Th/g to Baltic sediments, the calculated flux is equal to the total
226Ra produced in the top 4.6 m. It is unlikely that such
efficient release of Ra from the underlying sediments occurs.
Alternatively, the rivers may contribute a substantially greater
flux of Ra. Alkaline earths are typically diluted in the river by
spring melt waters by factors of 2 to 3 (Ingri et al., pers.
comm.), so that the average value for the Kalix may be as high
as 15 dpm/100 L, which still requires a226Ra flux from 2 m of
sediments. No flux of226Ra from the underlying sediments is
required if the average annual river discharge across the wa-
tershed has 23 dpm/100 L; however, the relevant data for other
rivers are not available to determine if this is reasonable for the
Baltic drainage basin. In this case, the average Ba/226Ra ratio of
the average river discharge into the river also must be substan-
tially lower than measured in the Kalix (Fig. 7).

It can be noted that there is evidence for substantial direct Ra
inputs into other estuaries directly from underlying groundwa-
ters (Moore, 1997). However, although groundwaters within
the underlying bedrock in the Baltic region have226Ra con-
centrations of up to;10 times greater than that of the river (Ek
et al., 1982), flow from these low-permeability rocks is likely to
be very limited and can be neglected. Till groundwaters are
likely to have substantially less Ra and would not provide a
more Ra-rich discharge directly into the Baltic than into the
rivers. Further, because the tills in the shield areas comprise
only a thin veneer of several meters over the bedrock, these
deposits do not form extensive aquifers that could drain a
significant fraction of the watersheds directly into the Baltic.
Further investigation is required to determine if such ground-
water inputs are possible in the southern regions of the Baltic.

For 228Ra, production within the water by232Th is negligi-
ble, and P228 5 0. Eqn. 10 is then
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S1 2
SB

SSW
D (228AR) S SB

SSW
D (228ASW)2228AB(11wtl228)

52
SEDF228

DB

wt

t228
. (17)

There are no data available for the concentration of228Ra in the
seawater inflow to the Baltic, although values of,5 dpm/100
L are typically found near the coasts (see Cochran, 1992). If
values of228ASW 5 5 dpm/100 L and228AR 5 5 dpm/100 L
are used (along with [(228Ra/226Ra)AR]B 5 1.25 and [(228Ra/
226Ra)AR]R 5 1.24), then the flux from the underlying sedi-
ments accounts for 94% of the228Ra in the water column and
is equivalent to 6.43 105 atoms/cm2-yr. This is much lower
than the flux of 1.33 107 atoms/cm2-year calculated by Huh et
al. (1987) for the release of228Ra from coastal sediments, and
it requires release of all the228Ra produced in the top 17cm.
Because the river input accounts for a small proportion (;3%)
of the 228Ra budget, the value calculated for the flux from the
sediments does not change significantly if the river concentra-
tion is five times higher (as discussed for the226Ra budget) than
that chosen. This remains true if the Ra river input is increased
by a factor of five. Therefore, although the226Ra budget is
dominated by advective inputs, that of228Ra is dominated by
release from the underlying sediments. Groundwaters could
account for the228Ra only if the average (228Ra/226Ra)AR is
substantially higher than what is discharged into the Kalix.

It should be emphasized that although the above calculations
provide reasonable Ra sediment fluxes, the long residence time
of water in the Baltic (35 yr) relative to the half-life of228Ra
(5.75 yr) requires either a sediment source or groundwater
source enriched in228Ra to balance decay of this nuclide within
the water. Thus, the similarity between Baltic and river (228Ra/
226Ra)AR ratios is fortuitous.

5. CONCLUSIONS

The Kalix River watershed is an area typical of the northern
Precambrian Shield regions, and the distribution of Ra, Th, and
Pb radionuclides within this watershed and in the Baltic Sea
provides information regarding the supply and transport of
these nuclides into Arctic and northern waters. In this study,
both short- and long-lived nuclide data were obtained for river
inputs, river water, and estuarine waters to constrain input,
transport, and removal processes over a range of time scales.

5.1. River Transport Characteristics

Th is transported in the Kalix largely on Fe-rich particles,
with similar amounts in detrital grains and in authigenic phases
containing Th obtained from the water. The remaining Th is
dominantly associated with organic colloids most likely com-
prised of humic acids. An average of;3 pg/g of “dissolved”
Th passes through 10-kD ultrafilters; this is higher than calcu-
lated solubility limits and indicates that Th is likely associated
with small organic compounds.

Kalix (234Th/230Th)AR ratios.1 may be due to radiogenic
growth of 234Th during transit in the watershed. River (234Th/
238U)AR and (230Th/238U)AR ratios may provide a useful tool

for evaluating the transit time for particle-reactive elements
across watersheds where actinide inputs are well constrained.

5.2. Watershed Weathering Characteristics

Overall weathering characteristics of the watershed are re-
flected in the river230Th/232Th, 228Ra/226Ra, and226Ra/Ba
ratios; these are comparable to those of source rocks, which
indicate similar release rates of these nuclides from U-, Th-,
and Ba-bearing minerals. This is compatible with the congruent
weathering of the tills and basement rocks in the watershed and
may be a characteristic of shield and till weathering.

Values of (230Th/238U)AR ,1 and low232Th/238U ratios in
the river indicate that Th is accumulating in the weathering
regions. The same may be true of Ra, although it must be
confirmed whether values of (226Ra/238U)AR ,1 apply to the
river throughout the year. Also, high (228Ra/232Th)AR and
(226Ra/230Th)AR ratios indicate that Th is preferentially re-
tained over Ra. Because eventually all elements in rocks en-
tering the weathering cycle are removed from the watershed
either by mechanical or chemical weathering, these ratios may
provide an index to the degree to which the weathering profile
has reached a steady state.

Groundwaters from within bedrock and glacial tills have
comparable Th isotope concentrations and do not exhibit sig-
nificant isotopic shifts relative to the host rocks. In contrast,
bedrock groundwaters have been found (Porcelli et al., 1997) to
have much higher U concentrations and (234U/238U)AR ratios
than till groundwaters.

Mire peats that are widespread in northern shield areas
concentrate Th and U. Mire waters have very high230Th/232Th
ratios relative to inflow waters due to recoil from the high U
concentrations in the peats. Mires do not accumulate Ba and
Ra. Mire outflows do not have a significant impact on river Th
and Ra isotopic ratios.

The 210Pb derived by atmospheric deposition is strongly
retained in the soils.

5.3. Baltic Sea Characteristics

High (234Th/238U)AR ratios indicate that the residence time
of 234Th with respect to particle removal is long (;50 d),
largely due to low particle and colloid concentrations. The
232Th budget is dominated by eolian inputs, with river-borne
232Th largely lost to sediments at discharge points. Sedimen-
tation rates calculated from the water column data are compat-
ible with measured sedimentation rates.

226Ra activities are higher than within inflows, with up to
60% derived from underlying sediments. A dominant fraction
of 228Ra is required from sediments to balance the decay of
228Ra in the water column during the 35-yr residence time of
water in the Baltic. The (228Ra/226Ra)AR ratios in the Baltic,
which are relatively constant over a range of salinities, are
fortuitously similar to that of river inflows and the upper crust.
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