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Abstract—The transport of Th, Ra, an@®b 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 caus€Thigi>Th 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®*9Fe*32Th,
228RaP?*Ra, and??°Ra/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 ratic8dh(**®U),r and ¢*Ra/
238) o are <1, so that Th and possibly Ra are accumulating in the weathering regions, and the weathering
profile is still evolving. Low £?°RaP*?Th),, and ¢2Raf*°Th), ratios indicate that Th is preferentially
retained over Ra. Riverr*Th/?*),, ratios are greater tharr’Th/?*®U),x 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 8#4rh/>*®U), found here reflect long Th residence times
relative to particle scavenging ef50 d. The water columA®Th budget is dominated by eolian inputs. The
22%Ra concentrations may be higher than those of water inflows, wi0% derived from underlying
sediments. A greater fraction 6f%Ra is derived from sediments to balance the deca§”#a within the
water column during the 35-yr residence time of water in the Baltic. The BaKR&#?*Ra),, 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 al., 1979; Kaufman et al., 1981), although there are few data on
the behavior of long-lived, river-supplied Th isotopes. Radium

The elements Th, Ra, and Pb are generally associated with ) . . .
particles and colloids during weathering and aqueous transport. IS alsg strongly ab;orbed on rver partlcles bl,“ IS relea§ed |.nto
Because the isotopes of these elements are related through thgra_CkISh waters (Li et aI:, 1977). This cpntrastlng behavior with
U- and Th-decay series (Fig. 1), their combined study provides Th is most clearl)_/ studied by comparison betyveen parent. Th
insights into their relative weathering release rates and trans- @nd daughter Ra isotopes. Another highly particle-reactive iso-
port rates through the surface environment. Although various tOP€ in the*>%U series is*%Pb, which is distinctive in having
studies have examined the behavior of Th isotopes in the @ large atmospheric fallout input and so may be transported
oceans (see Cochran, 1992), there are comparatively few datedifferently from nuclides released during weathering.
for rivers and estuaries. Data f&51°Th in rivers are very limited The transport of Th, Ra, and Pb radionuclides are examined
(Moore, 1967; Andersson et al., 1995), and it is generally here in a well-characterized watershed and adjacent brackish
assumed that all the Th is on fine particles. Colloids and water basin. In contrast to other studies, both long- and short-
ferro-oxyhydroxides can be important for riverine U transport lived nuclides were analyzed, and unique constraints on the
(Porcelli et al., 1997; Andersson et al., 1998) and are also relative behavior of U, Th, Ra, and Pb isotopes were obtained.
possible carriers of Th (Viers et al., 1997). In estuarfé&Th The study area, the Kalix River watershed in north Sweden
produced in the water column is rapidly removed (Santschi et (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-
* Author to whom correspondence should be addressed, at Institute for trations of organics and particulate Fe and Mn, and so has
Isotope Geology and Mineral Resources, Department of Earth Sci- " . . T
enceg, ETH Zu‘%, NO C61, Soneggstrasse 5, 8H-8092i2|m, Swit- favorable conditions for studying the interaction of trace ele-
zerland (porcelli@erdw.ethz.ch). ments with organic ligands and secondary particle phases. The
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238 234 were obtained from Pégé@vuoma and Laurivuoma mires (see Porcelli
U U et al., 1997), along with groundwaters from Quaternary tills and the
4.49x109a¢ N *2.48x105a granitic Precambrian basement. F3fTh and**°Th analyses, water
;4,1 d Waszg‘r‘{a_wnzgai‘rqectlzg E:'.'grough dgl.ggm filters and into storage containers.
For h, a, a, an b analyses, large volumes (200-300
234Th 230Th 232Th L) were pumped through a flowmeter, then 045 filters to collect
7.52x10%a ¢1_39 x 1010g particles, and then through Mn oxide—coated filters to trap remaining
nuclides (Baskaran et al., 1993). Trapping efficiencies were calculated
226 228 assuming similar efficiencies for the two Mn-coated filters and were
Ra Ra generally>90% for Th and?*%Pb (see Baskaran et al., 1993). Because
16202 5.75a of possible low trapping efficiencies of Ra on these large filters, only
) 22]RaP?*Ra ratios were obtained from these filters. AbsoltttRa
222 activities were obtained from separat@0-L volumes with two in-line
Rn Mn oxide—coated acrylic fibers (Reid et al., 1979) witB0% trapping
38d efficiencies.
Baltic Sea samples (Fig. 2) were collected in June 1995 from station
210 BY-15 at the Gotland Deep (total depth, 240 m) and from station F-2
Pb in the Gulf of Bothnia (total depth, 90 m). At the Gotland Deep, deep
¢22 a 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, Dlevels had dropped to 1.3 mg/L. Samples for
Fig. 1. The nuclides of th&*U and232Th decay series discussed in ~ >>-Th and®*°Th measurements were obtained with a Go-Flo sampler.
this study. 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.m filters. Water nuclide concentrations associated
Kalix drains into the Baltic Sea, a basin with a relatively stable with particles were obtained by dividing these abundances by the
salinity profile where the effects of brackish water mixing can volume of water filtered, whereas concentrations on particles were

b dil ined. This study f | t fobtained by dividing these abundances by the mass of ashed particles
€ reacily examined. [his study ToCuses on several aspects o (ASL). Reported bulk water concentrations are the sums of the nuclide

radionuclide transport though the watershed and the Baltic.  concentrations in particles and 0.4%a-filtered waters.222Th and
23Th were analyzed by TIMS (Chen et al., 1986) and short-lived

; nuclides by counting methods (Baskaran et al., 1993). Blanks for the
1.1. River Transport procedures used were generafys% of the measured abundances.
The transport of Th isotopes, along with Ra &8Pb, on Errors listed in the tables include external reproducibility, and for the

. . . L . . short-lived nuclides, errors were significant where concentrations were
particles, colloids, and in solution is examined, along with the low. Activity ratios are identified here by the subscript AR. Ba, a

possibility of calculating of aqueous transport transit times by chemical analog for Ra, was measured at SGAB-Analys, Luled, Swe-
234Th /23T ratios. den. The U data for the samples analyzed here were reported by
Porcelli et al. (1997) and Andersson et al. (1998).

Several 0.45:m-filtered waters were divided into colloids and “dis-
solved” fractions by ultrafiltration techniques (see Baskaran et al.,

; ~ i~ 1992; Porcelli et al., 1997) with Amicon 10-kD hollow fiber cartridges.
The importance of groundwater, surface-water, and mire After each sample, an HCI rinse was circulated throughout the filtration

water inputs to the Th and Ra river budget are evaluated, and g qtem and was retained. The ultrafiltration system was evaluated by
overall relative removal rates of U, Th, and Ra from the measuring the total recovery of different species in the three recovered
watershed are calculated. 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

L sample, the ultrafiltered water contained 13% of the Th found in the
Data are presented for the distribution of U, Th, Ra, and 0.45-um-filtered water, whereas the colloid fraction contained 52% and

#1%Pb in the basin and are used to evaluate the input and the acid rinse 11%. Therefore, the total Th recovered in the water and
removal rates of Th and Ra isotopes. colloids is 65%, whereas the total in all three fractions is 75%, that
The data obtained here have been combined with that for U found in the 0.45.m-filtered water, indicating some loss of Th in the
previously reported by Porcelli et al. (1997) and Andersson et filtering system. The possibility of sample cross-contamination is low
| 998 hi K of Th and N h h h because the river samples, with the highest losses, were filtered last,
al. .(1 )- This work o .T and Ra |sot0pe§ throug PUt the  and there was no evidence of cross-contamination of U between iso-

Kalix watershed and Baltic complements previous studies of U topically distinct samples (Porcelli et al., 1997).

transport in the Kalix and Baltic (Andersson et al., 1995, 1998;

Porcelli et al., 1997) and the distribution ®°Th and®32Th in 3. KALIX RIVER BASIN: RESULTS AND DISCUSSION

the Baltic (Andersson et al., 1995). Other studies have exam- ) ) )

ined the distribution of other trace elements in this area (e.g., Kalix basin data are in Tables 1 and 2. The Results and

1.2. Radionuclide Sources

1.3. Behavior in the Baltic

Andersson et al., 1992, 1994: Ingri et al., 2000). Discussion are divided here into the characteristics of river
transport, inputs to the river, and watershed weathering. Com-
2 SAMPLING AND ANALYTICAL METHODS parison between the data and the composition of the watershed

. _ _ _ rocks necessarily arise, and in the absence of comprehensive
River samples were collected at four locations (Fig. 2) in June 1995 4at3 on the distribution of U and Th in the area, it is reasonable

Rautas, a tributary representing drainage from above the mire-rich - . .
regions and near the headwaters in the Caledonides; Narkan, atributaryto assume that the overall composition of Baltic Shield rocks

draining a region largely covered by mirest@adq in the center of the and tills is similar to that of the upper crust (see, e.g., Taylor
watershed; and Kamlunge, near the Kalix mouth. Waters and peats and McClennan, 1985).
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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.
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Table 2. U-Th series nuclide data, Kalix River watershed mires and groundwaters.

23% 232-|-h
230Th/2%2Th
Site pg/g dpm/100 L %% pg/g dpm/100 L (x1079) Ba (ng/qg)
Laurivuoma mire
Spring inflow<0.45um  (1.22+ 0.05)X 10° 9110+ 373 602+ 3 6.91*+ 0.02 0.1701*+ 0.0005 121 39.0+ 1.0
Mire outflow <0.45 um (9.00+ 0.06)x 10° 672*5 790=x 4 17.43+ 0.18 0.4291+ 0.0044 73+ 5 12.2+ 0.2
Mire water <0.45 um 254.8+ 0.8 19.03* 0.06 978+ 12 2.21+0.01 0.0544+ 0.0002 104+ 2 29.6*+ 0.3
Pergavuoma mire
Mire water <0.45 um 2.12*+ 0.01 0.158+ 0.001 568+ 30 1.838+ 0.004 0.0452+ 0.0001 7+ 2 81
Mire outflow <0.45 um 3.18+ 0.06 0.237+ 0.004 866> 504 2.643+0.014 0.065 0.0003 — 8+ 1
Mire peal 15.5+ 0.8" 1.16+ 0.08" 193+ 14 723+ 13" 1.78+ 0.32* 2+x1 —
Till groundwaters
GW1 (recharge area) 21.7+0.03 1.621+ 0.002 242+ 6 7.70* 0.03 0.1896+ 0.0007 4+ 1 —
<0.45um
GW?2 (discharge area) 38.8+0.2 2.90+ 0.01 91+ 15 26.89+ 0.29 0.662+ 0.007 4+ 1 —
<0.45um
aData from Porcelli et al. (1997) and Andersson et al. (1998). All errors are 2
b Mire peat concentrations are jom or dpm per gram of ashed sample.
3.1. Transport of Radionuclides in the Kalix River 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).
Th distribution along the river.The Th river data are shown “Dissolved” Th. The concentrations in the four ultrafiltered
in Figure 3. The**2Th concentrations in 0.4pm-filtered wa river samples of-2 to 3 pg®*?Th/g provides an estimate of the
ters are 12.5 to 28.6 pg/g. The Kamlunge value (23.9 pg/g) is concentration of “dissolved” riverine Th. Langmuir and Her-
comparable to that obtained for May 1991 (19.3 pg/g; Anders- man (1980) examined the thermodynamic data for solubility in
son et al., 1995). Available data for other rivers are limited. natural waters with respect to thorianite and found that for
Centrifuged samples from the Mississippi River (10 pg typical concentrations of inorganic ligands, the Th solubility
232Th/g) and from the Amazon River (100 gg“Th/g) may limit is on the order of 1 fg/g. However, organic ligands can
have included particulates (Moore, 1967). Viers et al. (1997) greatly increase Th solubility (Langmuir and Herman, 1980);
found 12 to 137 pg/g in 0.2zm-filtered Cameroon River  fyrther information is required to determine which such com-
waters. pounds are present. Kalix ultrafiltered waters still had substan-
For all four samples, th&**Th activities (Fig. 3) measuredin 5| concentrations of organic compounds, with 5 to 7 mg/L
the 0.45um-filtered samples {~2 dpm/100 L) are much  gissolved organic carbon compared with 6 to 9 mg/L dissolved
lower than those associated with th®.45.um particle frac- organic carbon for 0.4%m-filtered waters (Porcelli et al.,

tions; these are typically 1.5 to 6.2 dpm/100 L, although an 1997y gq that the organic carbon in these waters is dominantly
unusually high value of 28 dpm/100 L was found ardrado not on >10-kD colloids (see also Ingri et al., 2000).

This sample contains the highest mass concentration of inor- Th on particles. The >0.45um particles at Rautas and
ganic particles (28 mg/L). There, the associatiofi¥Th with Kamlunge are the dominant carriers ©FTh, containing 81
the particles is similar to that in other samples, with particle : ' .
23 . . and 67% of the Th in the bulk samples, respectively. The
“Th concentrations of 10 dp?*Th/g-particles comparable : ionsTPT k
to values found for the other samples (1124 &#ffhig- corresponding concentrations h on particles are 10.7 and
18.7 ug 2*?Th/g (see Table 1 for ASL data). The value of the

particles). The higher bulk®*Th activity in this sample can be h iration in the Kami le is higher than that of
explained by the inclusion of resuspended particles that had concentra '9” In the Kam unge sampzse IS fugher than that o
the upper continental crust (with 10ugy 232Th/g; Taylor and

previously equilibrated with river water and therefore supply a i
large fraction of the totaf®*Th in this sample. McLennan, 1985). The particles from Kamlunge also are
Th on colloids. The 232Th in the four 10-kD ultrafiltered greatly enriched in Fe, with a Fe/Al ratio of 1.16, compared

samples have a narrow range of concentrations (1.83-3.16 pgWith an upper crustal value of 0.30, and in U (1@U/g,
Thig) that constitute a small fraction (6—24%) of the total Thin compared with 1.8ug**U/g). In contrast, at Rautas, the Th
0.45um-filtered waters. As the difference between the 0.45- concentration and Fe/Al ratio (0.37) are equivalent to upper
um- and 10-kD—filtered waters is assumed to be associated Cfust values, suggesting that neither Fe nor Th have been
with >10-kD colloids; Th in 0.45um-filtered samples appears ~ €nriched relative to detrital material represented by the particle
largely associated with colloids (see Fig. 3). A similar associ- Al concentration.

ation of U with colloids was found in these samples (Porcelliet ~ Some inferences can be made regarding the distribution of
al., 1997), and so ratios of Th/U ratios in colloids (0.15-0.40) Th in the Kamlunge particles. Iron oxyhydroxides in the Kam-
and 0.45um-filtered waters (0.13—0.23) are similar. However, lunge particles are the likely carriers of nondetrital U (Anders-
the specific colloid carriers cannot be unambiguously identified son et al., 1998) and also of Th. Following Andersson et al.
and could include clays (Kennedy et al., 1974) and Fe oxyhy- (1998), an apparent partition coefficient for partitioning of Th
droxides. Also, colloidal humic acids strongly complex Th in  between dissolved species and these Fe phases is

3.1.1. Th Transport
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Fig. 3. (A) Th concentrations in 0.4bm-filtered waters increase along the watershed but are much lower in brackish
waters. (B) The fraction of Th on colloids in 0.46n-filtered waters (75-90%) is higher in the river than in the Baltic.
(C—F) The?®®U activities in the filtered river samples are substantially higher than tho¥¥Tdf, 22°Ra, and?*°Pb, which
all fall within a limited range. Particles generally carry a significant fraction of these nuclides and carry a dominant fraction
at Tzésrgrndb Activities of 23U, 2%Th, and®?°Ra are greater within the brackish waters, where particles are only important
for h.

(ThIFebanicd X1r/ X ko) Th isotopic equilibration. In the Kamlunge sample, the
2200ws : (1) 230Th/232Th ratios of the particles, 0.4pm-filtered water, and
10-kD ultrafiltered water are indistinguishable from one an-

ThRFe —
fe=

where®**C2"*%is the concentration of dissolved Th in the river  other, indicating that these Th isotopes are equilibrated between

(i.e., in ultrafiltered water). X, is the fraction of Th on the  particles, colloids, and dissolved species. For the Rautas sam-
particles that is nondetrital, so thatX= 1 — (Th/Al) yerrital ple, the measured value for the particles is lower than that for

(Th/Al) paricle @Ssuming that Al is entirely in detrital grains.  the other fractions, indicating less equilibration between the

The analogous parameter for Fe isXBy using a (Th/ phases, although the difference is comparable to the error limits
Al) 4euitas Fatio equal to that of the upper crust (238 10~ % of the measurements and requires confirmation.

Taylor and McLennan, 1985), and (Th/Al}ice = 2.92 X

10

of Kamlunge Th that is nondetrital is = 0.55, and log

for Kamlunge (Andersson et al., 1998), then the fraction 3.1.2. Ra Transport

ThRFe = 7.49, which is higher than the U value of I8BK5° of Ra distribution along the river. The ?*°Ra activities in

6.50.

0.45-um-filtered waters are in a narrower range (1.5-3.27
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Fig. 4. Bulk sample data for Rautas (open circles) and Kamlunge (solid circles). (A) River activity ratiét aferies
nuclides. Ratios of*U/?%8U) >1 reflect recoil-induced release 8'U from minerals (Porcelli et al., 1997). Ratios of
(**°Th”*) <1 and ¢?*RaF*®J) <1 are due to retention of Ra and Th within the watershed, whereas values of
(?**Raf*°Th) >1 indicate that Ra is mobilized preferentially to Th. Ratios 8®bP3&U) reflect input of21Pb by
weathering and fallout. (B) Ratios 6f®U and 2*°Th series nuclides. The?Th/”*°Th) and ¢?*Raf?°Ra) ratios are
compatible to upper crust values and reflect tR&#Th/23%U) ratio of source rocks. Low2E2Th/2%®) ratios reflect
preferential retention of Th in the source regions.

dpm/100 L) than in particles (which account for 0.4-12 dpm/ above to obtain an apparent partition coefficient for Ra, log
100 L; Table 1 and Fig. 3). The pattern’3fRa activities along R e = 6.6 at Rautas and 6.1 at Kamlunge. These values are
the river follows that o?**Th, with the particle-rich Tieendo lower than corresponding lo§K5e values of 7.7 and 6.5
sample having the highest bulk activity. Near the Kalix mouth (Andersson et al., 1998), indicating more efficient scavenging
at Kamlunge, particles carry only a small fraction (36%) of the of U as well as Th. The concentration ¥i°Ra on particles of
22%Ra. 8.6 dpm/g at Kamlunge can be compared witB dpm/g for
Ra on colloids. Data are not available for Ra in ultrafiltered  other sites (Elsinger and Moore, 1984) and reflects the high
river waters, although data for Ba were obtained. A substantial particle Fe content in the Kalix.
fraction of Ba in the Narkdn (81%) and Kamlunge (62%)
samples did not pass through the 10-kD ultrafilter. However, 3 4 3 23471,£30Th and Watershed Transit Times
Viers et al. (1997) argued that alkaline earth elements retained
on ultrafilters from organic-rich waters is largely an artifact of ~ The relative concentrations of short-livéd*Th and?3°Th
filtration and does not reflect bonding by organic ligands. may provide information regarding the transit time of Th
Ra on particles. A substantial fraction of thé**Ra (12— through the watershed. Thé&*{Th/?*®) ,, ratios in the bulk
83%), as well as the Ba, is carried on particles in the river. The water at Rautas (0.% 0.3) and Kamlunge (0.44 0.24) are
concentration of Ba, and so Ra, in natural waters is often lower than unity, indicating th&®*Th is preferentially retained
controlled by barite solubility, with a solubility product of in the watershed relative to U. However, tféTh/3%U)
10 '° (Hem, 1985). The average $Q@oncentration of the  ratios are greater than th&*fTh/?*?U),, ratios (see Fig. 4).
Kalix is 44 um (Ingri et al., 1997), so that the equilibrium  There are two possible reasons for this enrichmert*fTh
concentration of~300 ng Ba/g is 1®times greater than the  over23°Th. Contributions by recoil of**Th from minerals can
measured river concentrations. Therefore, the Ba and Ra con-cause shifts in®®*Th/?*°Th) ., ratios of surrounding waters, so
centrations are not controlled by barite precipitation. The frac- that this enrichment could reflect the value in groundwaters
tion of Ra in the particles that is in excess of the upper crustal entering the river (see Tricca et al., 2000). Leaching of these
value of 1.34 dpm/g (for 2.9 #*®U/g; Taylor and McLennan, isotopes, however, may occur in equal proportions because
1985), when normalized to Al (as calculated above for Th), is these nuclides are both daughtersxedlecay. Therefore, there
0.63 to 0.91. This excess is likely adsorbed on Fe oxyhydrox- are no ¢2*Th/?*°Th) , data available for mire and groundwa-
ides along with the Th and U; following the calculations of Th  ter discharges to the river to assess this possibility. Alterna-
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tively, river ratios of £3*Th/”*°Th) .5 >1 could be due to
grow-in from 238U 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 ¥iEh
activity in the water over the transit time t is

(***Th) = (U1 — exp(—Azzarf)] + (> Th)o €XP(=Azzard).
(2)

If it is assumed that>*Th and®3°Th 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 **Th/?*®) A ratio of waters entering the river is

equal to the river £°Th/?*®),x ratio. Then Eqgn. 2 can be
(AThAU)scr — 1

rearranged to
L e I

If the data for Kamlunge off*Th/?*®) ,r = 0.45+ 0.17 and
(3%°Th/”*8) \ = 0.14+ 0.04 are used, + 15+ 10 d for the
average transit time through the watershed. More data clearly
are required to constrain tA&*Th, 23°Th, and®*®U contents of
groundwater and tributary inputs for rigorous application of
this method to a watershed. However, the above calculations
serve to illustrate that th&**Th and®3°Th activities are poten
tially important tools for evaluating the rate of Th migration in

a watershed.

t= —(Azaar) " In[

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 um) water from the Laurivuoma spring, which
discharges from bedrock, has¥Th concentration (6.9 pg/g)
that is comparable to those of the two till groundwaters (7.7 and
26.9 pg/g); in contrast, thé&*U concentration is 1Dtimes
greater in the bedrock spring than in the till waters (Table 2).
Although till groundwaters hav&®°Th/232Th ratios (4x 10~ °)
that are somewhat lower than that of the bedrock springX1.2
1079), all values are comparable to river values.

Groundwaters both from within bedrock and glacial tills can
serve as sources of rivér°Th and ?32Th, with isotope con
centrations that are comparable to those of Quibiltered
Kalix River water (with 12—24 pg>2Th/g). However, bedrock
groundwaters have much higher U concentrations &Hd/
238 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

D. Porcelli et al.

Laurivuoma Mire

Spring Water
U=120 ng/g Th=6.9 pg/g
3234U=600 230Th/232Th=1.2x10"5
Mire Water Peat
U=0.25 nglg Th=2.2 pglg 5| Peatu . . s
—— = =110
5234U:980 230Th/232Th=1 .0x1 0-4 Mire Water U
Mire Outflow
U=9 ng/g Th=17.4 pg/g
§234U=790 230Th/232Th=7.3x105
Perajavuoma Mire
. Peat
Mire Water —P tU
_ - «—| __PeatU _. .5
U=2.1pg/g Th=1.8 pglg —»| Mire Water G~ 1X10
§234U=570 230Th/232Th=7x10"5 PeatTh __. .05
i ¢ Mire Water Th

Mire Outflow
U=3.1pg/g Th=2.6 pg/g
§234U=870+500

Fig. 5. Concentrations and isotopic compositions of U (from Porcelli
et al., 1997) and Th for mire waters and mire outflows for Laurivuoma
and Pefgivuoma mires. Data for spring water supplying the Lauriv-
uoma mire are also shown. Concentrations of Ba, an analog of Ra, are
also shown.

Th and Ra in mire watersThe 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 pg*?Th/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 have3°Th/?3?Th = 1.0 X 10 * and 7.3X
103, respectively, compared with 1:2 10 > for the inflow
(Fig. 5), so that some mobilization of Th in the mires takes
place.

At the Pefggvuoma 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 BgfTh/g). In contrast,
the Pefgvuoma outflow had a U concentration Ttimes that

It has been shown that U is strongly concentrated in the peat of the Laurivuoma outflow (Table 2). Therefore, mire dis-
deposits of mires (Porcelli et al., 1997). By use of the new Th charges have a much wider range of concentrations of U than
data presented here (Table 2), the rate of accumulation of Th in of Th.
the peat can be assessed, along with the Th isotopic shifts that No data are available for Ra in the mires. The concentration
result in mire waters and the river due to the accumulated U. of Ba in the Laurivuoma spring water (39 ng/g) is comparable
Some inferences can also be made regarding the impact on Rao the mire water value (30 ng/g) and somewhat higher than the
isotopes in mire waters and the river. outflow value (12 ng/g). Therefore, mires do not appear to have
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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"Retaoma
peat sample has 72.8g 232Th per gram of ashed material
(£1.30 ug 232Th per gram of dried peat), along with 15.5)
238/g. Although the ratio of (Th/U), = 4.7 is similar to the
upper crust value 0f-3.8, the U and Th concentrations are both
substantially higher than those for the upper crust of 16
232Th/g and 2.8ug >*®U/g (Taylor and McLennan, 1985). The
peat?*°Th/?32Th ratio [(2 = 1) X 10 €] is comparable to that
of the upper crust, whereas the U isotopic composition
(8%*“U = 193) is shifted relative to the crust. In sum, the peat
is enriched in U and Th, as well as #i*U (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
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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 ifF®U/**8 and 2*°Th/?*Th
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 betweerf{'U/?3®) . in the inflowing
water and in the outflowing wate®yD, is (Porcelli et al., 1997)

‘D~ Azsg 2344, (5)
where t is the time over which accumulation has occurred and
2344 is the fraction of***U produced that is released into the
water by recoil of precursd®*Th. The equivalent equation for
the shift in23°Th/2*2Th (""D) is

234U,
GW

D ~ \yaq, 2Ft .
234U B2

(6)

waters until the peats reach a steady-state U concentration Assuming that34U and23U are located in similar sites, so that
(Porcelli et al., 1997). It has been reported that Th is even more 5 gimilar proportion of the daughters are released?aftt =
strongly concentrated in peats than U (Szalay, 1964), although 23 Egn. 5 and Egn. 6 can be combined to obtain

data are limited. The extent of enrichment of U and Th in the
Pefgdvuoma 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 X 10°, and this represents an enrichment factor for Th in
peat. The equivalent value for U isxt 10° (Porcelli et al.,
1997), indicating that Th is six times more strongly concen-
trated in these peats than U.

Mire Th accumulations and isotopic shift§he 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 miré3fC,,)
relative to that of the groundwater inpdtfCe,,) is

-1
- exp[ <vp/q)(Uk1/“k-1>] ’

where \;; is the volume of the peatY’k,/“k_,), is the ratio of

250,

me,, 4)

o o
D 232CGW

™D, 7)

(=),

This reflects the condition that the rate of recoif&fTh atoms
(and so supply of**U atoms) to the mire water is related to the
rate of recoil of**°Th atoms by the?®U/**8) ., 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, f@Th/>2Th
ratios of the mire outflow (7.% 10~°) and the inflow (1.2
10 %) are accompanied by ratios éF*U = 790 and 600,
respectively. By using the data in Table 2, the calculated
isotopic shift in Th is?2°Th/2*2Th = 0.29. This is much greater
than the measured difference between the measured Lauriv-
uoma inflow and outflow Th ratios (6. 10~ °).

A possible explanation for both a higher Th concentration
and lower*°Th/?32Th 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

GW

rate constants from and into the peat and so is the peat/mireapproximately equal to that of the Th the inflowing groundwa-

water enrichment factor, and q is the rate water flows through

ter, with 22°Th/22Th = 1.2 X 10~ ° (Fig. 5), although data are

the mire. The time scale for achieving a steady-state peat U not available to confirm this. If the outflow Th is a mixture of

concentration (so that®*3C,,/*3% s\, ~ 1 and depletion of
water flowing through the mire no longer occurs)4s =
(VHa)(Uk,/Yk_,). The model can be applied to Th by writing
a similar equation foP*?Th. If the affinity of Th for peat,
("™k,/™k_,), is greater than that of U, then the time scale for
reaching a steady-state peat Th concentratith) (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

entrained peat Th and “dissolved” mire water Th with the Th
isotopic ratio calculated above (Eqgn. 7), then a simple mixing
calculation indicates that the fraction of outflow Th not due to
entrained peat is & 10 “. 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
232C.y- This is equivalent to a depletion factor of>9 10~*
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 — (BCrn/PCow p[ (YK /YK _,) i 3.3. Watershed Weathering Characteristics

= expl e (8)
1= (*Cru/Cow) (k™K ) 3.3.1.%2%°ThP32Th, 2?°RaP?Ra, and the Weathering Supply

For the concentrations abovEk,/™k_, is 14 times greater of Radionuclides

than“ky/Vk_,, consistent with the six times greater peat/mire | crustal rocks23°Th and22%Ra are located within primary
water enrichment factor measured in .%'aoma. This calcu- phases hosting pare?ﬁSU; a Significant fraction of thé32'|'h
lation is illustrative only because there was no drop in Th and daughte?®®Ra may be in different phases. Therefore,
concentration between mire inflow and outflow, and so no Th 23011232Th and?28RaP3%Ra ratios in the river will reflect the
accumulating in the mire at the time the samples were collected re|ative release rates of Th and Ra isotopes from the different
as assumed in the model. However, this may be a transientphases. All the measuréd°Th/23Th ratios are within a narrow
effect due to increased entrainment of accumulated Th during range of (0.5-1.5)x 107° (see Table 1 and Fig. 3) and are
the higher flow conditions of the spring melting period, and so  sjmilar to that of Th in the bulk upper crust of ¥ 10~° (for
does not reflect the long-term evolution of the mire. Further (Th/u),, = 3.8). Also, the T2*RaP?Ra), ratios of all of the
data are required to assess the seasonal variations in the mirgyylk water samples are within error of the average value of 1.25
discharge. (Fig. 4), the ratio expected for the upper crust. These similar-
Accumulation of Th and U in peatsThe model for accu- ities with the crust indicate that Th and Ra isotopes are released
mulation of Th and U in peats from inflowing groundwater into the river without significant fractionation. Thus, Th and Ra
predicts that the peat Th/U ratios will equal that of inflowing i these different phases are released at similar r&t&gh also
waters during the period of rapid accumulation. Once the peat can be released from host phases by recoil during production,
reaches a steady-state U concentration, the Th concentrationyyt such a process also has not generated substantial isotopic
will continue to grow until the peat Th/U ratio is enriched shifts in the Th found in the river.
relative to that of the inflowing water by fk,/™k_)/(Vk,/ The release of Ra also can be compared with that of Ba. The
Yk_,)~14 (see above). The measured peat sample, froiit Pera gaf26Ra ratio measured at Kamlunge {8 10~* g/dpm) is
javuoma, has Th/U~4 (Table 2), a value that is higher than  comparable to that of the upper crust (X6.0* g/dpm). This
found in groundwaters. Unfortunately, there are no data avail- as also observed for the Amazon (Moore and Edmond, 1984)

able for the groundwaters flowing into this mire; although the and indicates that the weathering rate of Ba-bearing and U-
outflowing waters have somewhat U lower concentrations than pearing minerals are similar.

found in till groundwaters, it is not known if U depletion of
yvgter fIO\{ving through this mire continues to occur. Thergfore, 3.3.2. Removal of U, Th, Ra, aR&%Pb from the Watershed
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  Radionuclides are generally delivered to the river along two
Th/U ~0.4 to 0.7 (see Table 2). In this case, the similarity paths. Highly insoluble and immobile elements such as Th,
between the Th/U ratio in the peat and the source rocks is along with other constituents such as Fe, are dominantly carried
fortuitous because there is no simple explanation for requiring in particles, which will be derived from areas of preferential
a Th/U ratio in the peat equal to that of source rocks if these mechanical weathering near streams. This includes constituents
nuclides are supplied via waters in which these elements havein both detrital and secondary phases. This process is likely
been greatly fractionated with respect to one another. enhanced during greater water flows, which explains the ap-
Ra in mires. Ra isotopes are produced in the mire by Th and parent correlation between the concentratior?5h in the
U. A maximum isotope ratio can be calculated by assuming that Kalix and river discharge (Andersson et al., 1995). For more
the storage time of Ra within the peats is short compared with soluble elements such as U, transport in soil waters vertically
Ra isotope half-lives (consistent with the lack of interaction through the vadose zone and by groundwater flow through
between Ba and the peat); then tf8RaP?°Ra atom ratio will predominantly shallow aquifers is relatively more important.
be equal to the ratio of the activities of the parents in the peat, Groundwater transit times in the watershed a2yr (Rodhe,
so that £?®RaP?°Ra),; ~18. As discussed above, Ra in the 1987). The concentrations of many soluble constituents de-
Kalix River at Kamlunge has’t®Raf?*Ra),r = 1.2, equal to crease during spring melt from dilution by surface flow (Ingri
that of the source rocks in the watershed, and so there is noet al., pers. comm.), although that of U is relatively constant as
evidence for any significant impact on the river Ra budget by a result of buffering of water discharges to the river by mires
mire waters with high{?®*Raf?*Ra),, ratios. (see section 3.6). Overall, river concentrations of radionuclides
Mires and the Kalix. It has been shown previously (Porcelli  can be interpreted as the sum of the runoff and groundwater
etal., 1997) that a large proportion of U to the rivers during the sources.
spring may be derived from the mires, when waters diluted by  Th and U transportThe relative removal rates of Th and U
spring melt equilibrate with the U-rich peats, which thus act to from the watershed can be most clearly seen by usi#iy i/
buffer the supply of groundwater U to the river. There are some 23%U) . ratios because these nuclides are hosted in the same
seasonal river data available for Th (Andersson et al., 1995) phases in secular equilibrium. THE{Th/238) . ratios in all
indicating that Th may be higher during spring flow, compat- measured fractions are much less than 1 (0.07-0.33; see data in
ible with the inferences made above regarding the entrainment Table 1); in particular, the Rautas and Kamlunge bulk samples
in mire outflows of Th from peats during spring flow. The (where U particle data are available) have 0.14 to 0.24 (Fig. 4).
outflows from bedrock do not have high Th concentrations These values show th&t®U is preferentially mobilized relative
accompanying the high U concentrations and so do not have ato Th from the source region. A similar conclusion can be
disproportionately large impact on the river Th budget. drawn from Kamlunge and Rautas bulk sampf&Th/28U) o
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ratios of 0.04 to 0.2, which are far below the upper crust value 22°Ra concentrations (Fig. 3). The activities®fPb generally
of 1.3. Because the concentration of Th (but not U) is higher were much higher in the particles (up to 25 dpm/100 L at
during the spring (Andersson et al., 1995), the average annual Tarendd, except at Narkan, where the particle associations of
values for the Kalix may be even lower. The result is net all of the short-lived nuclides were much lower compared with
fractionation between U and Th during export from the water- the nonparticulate loads. Near the Kalix discharge at Kam-
shed by a factor of 5 to 10. lunge, 75% of thé*%b is on particulates. Bulk sampPb/

Ra transport.The ¢2°RaF*®U),x ratio in all sample frac 238)) ratios are 1.04- 0.16 and 0.52+ 0.15 at Rautas and
tions from each location are less than unity and is 0.31 in both Kamlunge, respectively; althougit®Pb is not depleted in the
Rautas and Kamlunge bulk waters. Although such low values waters relative t6¢>®U at Rautas, it is at the Kalix discharge.
indicate that U is mobilized preferentially to Ra from the source A significant source of*%b in soils is atmospheric fallout
rocks, it has been shown that alkaline earths (but not U) are from decay of atmospherié®?Rn. The flux of2*%Pb to the
typically diluted in spring river waters by factors of 2to 3 (Ingri  Baltic Sea has been calculated from sediment data te hd
et al., pers. comm.), so that the averagd&®RaF>?U),x ratio dpm/cnt-yr (Bianchi et al., unpublished data), comparable to
may be greater. Unfortunately, there are no time series data1.02 dpn?*%hb/cnt-yr obtained for north Britain (Eakins et al.,
available for Ra. The transport of Ra also can be compared with 1984). This corresponds to 3:3 10** dpm/yr deposited over
that of Th; @?*Raf*°Th),r = 1.26 = 0.33 at Rautas and the Kalix drainage area 0£23,600 knf. The annual Kalix
5.63 + 1.1 at Kamlunge. The*t®RaP>?Th),, ratios in the discharge is~7.6 X 10" L/yr (Swedish Meteorological and
Kalix also show strong deviations from secular equilibrium, Hydrological Institute, unpublished data); if the measured Ka-
with values of 2.4+ 0.3 at Rautas and 9:t 1.7 at Kamlunge. mlunge concentration of 8 dpr°Pb/100 L represents the
At other times of the year (when Ra concentrations are higher annual average, then 8 10** dpm/yr is discharged and the
and Th concentrations are lower), these ratios may be evenratio of watershed export to atmospheric depositiok, 20 3,
higher. This shows that overall Ra is preferentially exported is similar to that of watersheds in the eastern United States
relative to Th from the watershed and may also be less effi- (Benninger et al., 1975). This value represents the minimum
ciently removed than U. reduction of fallouf*°Pb during transit through the watershed;

Watershed weathering-he low #*°Th/?*&) . and ¢*Ra/ the?*%b activity in the Kalix is similar to that of other nuclides
238) or ratios of material leaving the watershed indicate that derived from weathering, so there may be only a negligible
the weathering region is accumulating Th relative to Ra and U. contribution of fallout?*%Pb to the river. Such low watershed
Because all size fractions have low ratios, seasonal variations inexport has been interpreted as reflecting the strong retention of
the particle concentrations will not qualitatively change this 2*°Pb in soils. Assuming all rivef*°Pb is from atmospheric
conclusion. Martin and Meybeck (1979) found that on a global fallout, residence times on the order of*19r have been
scale, the average riverifé®Th/238U ratio is similar to that of calculated (e.g., Benninger et al., 1975; Appleby and Oldfield,
the average upper crust; this indicates that particle transport of 1992).
relatively insoluble Th was balanced by transport of U in
solution, and preferential accumulation of Th does not occur 4. BALTIC SEA: RESULTS AND DISCUSSION
globally. In the Kalix River, the concentrations of Th on
material that is mechanically weathered is currently insufficient ~ Baltic Sea data are shown in Tables 3 (for F-2) and 4 (for
to balance the U in solution; however, as Th continues to BY-15). The U data are from Porcelli et al. (1997) and Anders-
accumulate in the soils and the Th concentration on soil parti- son et al. (1998).
clesincreases, a balance presumably will be reached in the river
outflow. The concentrations of U and Th on suspended particles 4 1 pistribution of Th Isotopes
in the river reflect chemical redistribution processes within the
river and do not necessarily represent particle concentrations For the low salinity station F-22°2Th concentrations in
during overland transport. The®*fTh/?*),, and E*Ra/ 0.45-um-filtered waters from four depths fall within a narrow
232Th) . ratios may be sensitive indicators of the fractionation range (0.75-0.79 pg/g). Andersson et al. (1995) reported values
between soluble constituents such as U and insoluble or parti- for 1991 0.45um-filtered F-2 waters fom 5 m and 80 m of
cle-reactive elements such as Th and Ra, especially because th&.7 = 0.2 and 0.498+ 0.003 pg/g, respectively; the higher
ratios of these nuclides in rocks before weathering can be takenvalue for the 5-m 1991 sample may be due to a different degree
to be the equilibrium values. Relative activities of Th, U, and of exclusion of particulates during filtering.

Ra in river outflows that deviate from secular equilibrium may Data for?3?Th on particles are only available for F-2 80 m,
be an indication of the relative immaturity of the weathering where particles carry the dominant fraction of #féTh in the
profile due to recent glaciation; the outflow from a watershed water and account for 4.05 p&§>Th/g (Table 3), compared
will reflect the input of bedrock (at secular equilibrium) into the  with the bulk?32Th concentration of 4.8 pg/g. A large fraction
weathering cycle once a steady-state abundance of Th isof the?32Th not on particles passed through the ultrafilter and
reached within the weathering profile. Further extension of this appears to be in solution at a level of 0.64 pg/g. Tf&h at
data to bulk erosion rates requires a more detailed assessmenthis site is much lower than that of the Kamlunge sample
of variations in major and actinide concentrations in host rocks (which represents the local river discharge into the Baltic),
and in the river. indicating that substantial loss of riverine Th occurred at lower

Transport of>*%b. The *%b concentrations in 0.45m- salinities.
filtered waters are in the range of 1.1 to 2.2 dpm/100 L (Table  The?3°Th/2*Th ratios in the F-2 samples are all within error
1) and vary along the river sympathetically witf*Th and of 1 X 10™° and comparable to that of the Kamlunge sample.
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Fig. 6. Nuclide profiles at F-2 (open symbols) and BY-15 (solid symbols). A significant fracti&#{Tdi, but not Ra, is
on particles. Thé**Th is largely supplied by decay 62U in the water, and the relatively high*(Th/>*2U) ratios indicate
slow removal of Th from the water. The higher fraction3fTh on particles in BY-15 at depths100 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.

In contrast, Andersson et al. (1995) reported much higher higher than at Kamlunge (7.5 dpm/100 L), indicating tH4Th
is not derived dominantly from river inflow but rather from

values o?3°Th/?32Th = 6 X 10 ®and 7x 10 “for 1991 F-2
samples frmm 5 m and 80 m, respectively. The reason for the production in the water. However, there is significant disequi-

discrepancy is not known.

For 234Th, data for 0.45.m-filtered waters and particles are

significant fraction (20—40%) of th&**Th, with the largest
fraction corresponding to the greatest sampling depth. At F-2,
bulk 234Th concentrations (16—24 dpm/100 L; Fig.a&¥ much

librium between®**Th and 238U, with (33**Th/?*®U), below
equilibrium (0.60=+ 0.12 to 0.91+ 0.25 for bulk waters; Fig.
available for three depths (Table 3). Particles account for a 6) and showing removal of**Th from the water (see also
Andersson et al., 2000).

At the higher salinity Baltic station BY-15, where salinities

range from S= 7.19 to 12.14, the 0.4psn-filtered waters had
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0.11 to 0.22 pg?32Th/g. These values are much lower than 4.4. Nuclide Fluxes Into and Out of the Baltic
those found at F-2 and are compatible with those of 0.1 to 0.4
pg #*2Th/g in 1991 BY-15 samples (Andersson et al., 1995). 4.4.1. Box Model for the Baltic Sea
Data for 2*>Th on >0.45um particles are only available for
30 m, where a substantial fraction of the tof&fTh is on The relative activities of U, ?**Th, ?*Ra, and®**Ra in the
particles. The3°Th/23?Th ratios of (2—-3)x 10 ° at BY-15 are Baltic deviate significantly from secular equilibrium and can be
similar to those elsewhere (Fig. 3) and are compatible with the used to investigate the input and removal fluxes of these nu-
previously published values of4 x 105 for 1991 samples clides into the basin. A simple one-box steady-state model of
from 125 m and 225 m, but not with the much higher value of the Baltic, along with mass and nuclide fluxes, is shown in
(7.6 = 1.1) X 10 “ reported for BY15, 5 m (Andersson et al., Figure 8. It should be noted that the Baltic is not a single
1995). The reason for this discrepancy also is not known. well-mixed reservoir but rather contains both vertical salinity
Data for 2*Th at BY-15 in 0.45um-filtered waters and stratifications (with lower salinity surface waters) and regional
particles are available for seven depths (Table 4). As at F-2, salinity gradients (with lower salinity waters to the north).
particles account for a significant fraction (30—60%) of the However, the data do not display substantial variations and so
bulk 234Th (see Fig. 6). There is also substantial disequilibrium can be approximated by average Ra and Th values for the entire
between?®*Th and?3&U, with (23*Th/?3%),, ratios for bulk Baltic; a more complex model presently is not justified.
waters (0.54= 0.08 to 0.72= 0.11) generally further below In the present model, water mass inflows (in liters per year)
secular equilibrium than at F-2 (Fig. 6). Particles contain the to the Baltic from riverstM) and from the North Sea through
greatest fraction of34Th in the deepest samples from both the Kattegat {"“M) combined equally the brackish water eut

locations. flow through the Kattegat®\). Salinity stratification in the

In sum, evaluation of Th behavior (see discussion below) Straits connecting the Baltic with the North Sea allows the
must consider thaf¢*Th/238U) . ratios are not in equilibrium, outflow to have an average salinity lower than the inflow (see
indicating removal of>*Th and indicating that a substantial ~Kullenberg and Jacobsen, 1981). On the basis of water budget
fraction of the®**Th is not on particles. calculations, water flowing through the Kattegat and into the

Baltic has an average salinity ofg = 16, whereas outflowing
water has § = 8.25 (Dyrssen, 1993). The residence time of
4.2. Distribution of Ra Isotopes Baltic water is"Vr = Mg/®M, where M, is the total mass of
Baltic water. Kullenberg and Jacobsen (1981) estinfaie=
The activities 0f?%Ra at F-2 are 13 to 27 dpm/100 L and at 35 yr. For each nuclide i, inflows to the Baltic are due to river
BY-15 are 6 to 10 dpm/100 L (Tables 3 and 4, Fig. 6). Particles and seawater water mass flows, decay of parent nuclide p in the
contain only minor amounts FBRa (=0.4 dpm/100 L). The water column, upward diffusion from the underlying sedi-
Baltic activities are generally greater than either river inputs as ments, and eolian infall. These inflows are balanced by the
represented by the Kamlunge sample (with.1 dpm/100 L) or outflows due to decay in solution, sedimentation on particles,
Atlantic surface seawater (with 7.4 dpm/100 L; see Cochran, ~and water mass outflow from the Baltic. Thus,
1992). Therefore, a source #°Ra in addition to the inflow of _ o )
these sources is required. The B&Ra ratios at F-2 (1.7- 'Cr"M + 'Cow ®"M + A, °Cg Mg + *F°FB + “"FB
3.0) X 10 *g/dpm) and at BY-15 (1.4-1.9¥ 10 “* g/dpm are oy i i~ By
lower than that of Kamlunge (X 10~* g/dpm) and below a =N CaMs + PG Mg +Co "M, (9)
conservative mixing line between Kamlunge and Atlantic sur-
face seawater (Fig. 7); this requires that the additional source of river water. inflowing water through the Kattegat. and Baltic
22%Ra has a relatively low B&Ra ratio. The #*RaF*Ra) " E 019 ega. &t :
o 8 y low water, respectively. The flux of i from underlying sediments is
ratios in the Baltic fall within a narrow range (1.2-1.7) and are SEDF, (in atoms/area-timef\~F, is the flux of i by eolian input
comparqble to that of Kamlung_e 1.3) a_md the average crustal (in atoms/area-time), B is the area of the Baltic, andsRhe
value (F'g_' 6). Because the residence _tlme of wat_er (and so _Of first-order rate constant for removal of i on sedimenting parti-
conservative elements such as Ra) in the Baltic (35 yr) iS o5 The eolian input is important only for long-livédTh

substantially greater than the half-life ¥fRa, a greater supply and 22°Th. Note the balance of salt in the Baltic requires
of #*®Ra relative t*?**Ra is required to balanc&®Ra decay. SWM = BM(Sa/Sey) and "M = BM(L — Su/Sey). With the
W W/

where'Cg, 'Cgq\, and'Cg are the bulk concentrations of i in

activity ‘A = 'C/r, (where 7, is the mean life of i), Eqn. 9

becomes
4.3. Distribution of 21%p

1 Lo . . Ti SB . SB . .
Measured?*%Pb activities were low and near the detection 'Ag(1+ P 1) = — [(1 - —) '‘Ag + <—> 'Asw — 'AB]
limit; at F-2, the activities were-2 dpm/100 L for 0.45am- W, Ssw Ssw

filtered waters and 2 to 3.5 dpm/100 L for bulk waters, whereas + PAg+ (PF + ARF)/Dg, (10)

at BY-15, all samples had lower activitiess{ dpm?%Pb/100

L). These concentrations are much lower than at Kamlunge, where L} is the depth of the Baltic. This equation will be used
indicating substantial removal of Pb at salinities below that of below to evaluate the fluxes of Th and Ra. Nuclide activities
F-2 (~3 psu) and further removal within the basin. There is no from the Kalix will be used to represent average river activities,
indication of increases if*°Pb activities due to production  whereas typical Baltic values measured here will be used as
within the water column. averages for the basin.
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Fig. 7.22%Ra activities and B37%Ra ratios in the Baltic are plotted and deviate from the line for conservative mixing
between bulk river water and seawater. This may reflect inpdt®a from underlying sediments.
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4.4.2. Th Fluxes

234T1
234Th N B 1

TSED = 234T| =
"Ng Posan Pazarn

The removal rate of3*Th by particles can be obtained by
using Egn. 10 (Wit°EPF, 4, = ARF,,, = 0): 1

Nl [T pels — 1] (12)
238lJ
P h— )\ hl DRy == _1
= = (234Th) where?®*TN, is the total abundance 8%4Th in the Baltic. For
AR g B
(®%8U/%%4Th)g = 1.7 (see Fig. 6)>*%¢p = 50 d. This can be

Sow| ZTAs | Ssw) PTAg H 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
The second term is much smaller and can be neglected. Eqn. 1150 d is comparable to that of the Baltic and is for a location
then is similar to that of Kaufman et al. (1971). with a similar particle concentration, 0.6 mg/L SPM, to those
The 234Th residence time relative to scavenging is found in the Baltic (Tables 3 and 4). Thus, the high Baltic

L1 { ( LS )23“ThAR | ( S5 ) ZTAsw } (11) compared with 10 to 70 d for the New York Bight (Kaufman et
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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.

AIRFi ABi

(3**Th/?®) 5 ratios and long®3*Th residence time appear by scavenging is Ra* 2>*""Ag - Dg and the®**Th particle

related to the low concentrations of particles. concentration is?**T"AEART/PARTC,  where PARTC, is the
The association of Th in colloids may be an important mass concentration of particles (in grams per gram of water).

precursor to incorporation in sedimenting particles (Honeyman Then

and Santschi, 1989). There are no data available regarding the

distribution of23*Th on colloids. However, only a small frac N PosariDs PA%'Cq 13

tion of the 3°Th appears associated with colloids because at sed ™ (234TRA PART/234ThA Ly (13)

F-2, 80 m, 85% of thé*2Th not on particles passed through the

ultrafilter. In contrast, Baskaran et al. (1992) and Moran and For BY-15, a sediment f'llJX rate of 69 mg/yr-€ris obtained

Buesseler (1992) found that a dominant fraction of Th associ- g%;gs'”g Rsarn= 7.3 yr " days from EQE F}AléT%;T%"'O m,

ated with colloids in coastal waters. Kersten et al. (1998) used Cg = 0.2 mg/L from Table 4, and>* TAEART/Z34TA, =

model calculations to estimate that 98% of t#éTh in waters 0.5). Assuming a reasonable dry bulk density of 1g/dor

of Mecklenburg Bay in the southern Baltic is on colloids. The sediments in this area, this is equal to a sedimentation rate of

reason for the difference between these locations and those0-7 mm/yr-cnf, which is comparable to that obtained from
studied here is unclear. BY15 sediment cores of 1 mm/yr-énflgnatius et al., 1981).

The residence time of particles in the water colufify ',

4.4.3. Sediment Fluxes 's (by using Eqn. 12 and Eqn. 13)

h diment flux rat be related to tH&*Th D *Cq
The mass sediment flux rategyjcan be related to t PART_ _ = 234Thy__ (234ThpPART/234Thp, y (14)

scavenging rate by noting that the fluxfTh to the seafloor Mgeq
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Because®**""r_., = 50 d, then®RTr = 25 d. This can be  4.4.4. Ra Fluxes
compared with calculated particle residence times of 2 to 20 g
days in California Current surface waters (Coale and Bruland, For the Ra budget, Eqn. 10 can be applie a because

; 22 . ) . .
1985), 7 to 27 d in the Irish Sea (Kershaw and Young, 1988), thfe haIf-I_lfe r?f BGFT"?‘ '.S Iorzjg cc_)mpgredd wnh%;a r_esfence time
and 1 to 9 d for Narragansett Bay (Santschi et al., 1979). ofwater in the Baltic; production by decay In the water

The2%2Th data can be used to estimate the fluxes of detrital (35 Well as loss by decay 6fRa) can be neglected. A'SS* there
material to the basin. There are relatively few data available Is no scavenging of Ra, so thatg = 0. Then the flux of*Ra

regarding the association &f2Th with particles in the Baltic. from the underlying sediments can be obtained from

It may be assumed that the scavenging rat&®&fh and®32Th S, S, SEDF,, . Wr
are similar so that®?rqz, = 224 g2, Although this must be 2267y — (1 - SS—)(ZZGAR) - (SS—) (**%Agw) = 5
confirmed, there is unlikely to be sufficient difference to change W W B Tez
the arguments here, considering other uncertainties. Then Eqn. (16)
10 (with SEPF,,, = 0) can be combined with Eqn. 12:

If the bulk activities of rivers is used fGr°A, the riverine flux
of dissolved®**Ra as well as?°Ra carried on particles that

w,
232CB< 1+ %) = (E) 20y + (1 - i) 22c, desorb during estuarine mixing is included. By ustifAg =
TSED, Ssw Ssw 15 dpn??®Ra/100 L, the value for Atlantic surface seawater for
ARE o Wy 228y = 7.4 dpm/100 L (see Cochran, 1992), &A= 5

o, - (19 dpm/100 L, thenSE0F,,, = 8.8 x 10° atoms/mi-yr. The
fraction of?**Ra in the water that is due to the sediment flux is

- EPF, 6 "n)/(Dg To06 22%Ag), and is a substantial part
The term232C.(1 + Wr/232 = 51 pa232Th/g (b equal to E5°F .6 Y T)/(Dg Taze ) p
zsngeLmolz 59(1 232-|-h/Tg w:SiD)ss yr Sr?d232753,3(:y5u()s'3)g (60%) of the Baltic***Ra budget. This is consistent with the

> . I ;
represents the total concentratior?®fTh removed from a unit Eallz Gth;]\ ratios of ttth fBalt'C (Fig. t'7)’ which a:)ret generlzzll)lll
volume of water during the residence time of water in the elow those expected for conservative mixing between Kalix

: o : . River water and seawater and reflect an additional source of
Baltic. This is equal to the sum of the input terms. Inflowing 5 .
o3 N . ®Ra. However, the calculatet?®Ra flux requires the total
water from the Kattegatt, witlf**Cs,, = 0.24 pg***Thig roduction from 130ug Thi/cn? throughout the Baltic; b,
(Andersson et al., 1995), provides a negligible amount of P *9 g et

232Th. The magnitude of the river and eolian input terms cannot applying the concentration of particles at BY-15 of 028

be evaluated independently. If the average river inout into the Th/g to Baltic sediments, the calculated flux is equal to the total
- P y- g T inp 22%Ra produced in the top 4.6 m. It is unlikely that such
basin is equal to the Kalix River concentration of 73 pg

232Th/g. then the advection term for this input would provide efficient release of Ra from the underlying sediments occurs.
y i Alternatively, the rivers may contribute a substantially greater
35 pg #*2Th/g, which can account for most-0%) of the y B v

. flux of Ra. Alkaline earths are typically diluted in the river b
232Th removed from the water column. However, a dominant ypicaly y

fracti ¢ the?32Th iod in ri is likel d spring melt waters by factors of 2 to 3 (Ingri et al., pers.
raction of the carried in nivers 1S fikely removed upon comm.), so that the average value for the Kalix may be as high

discharge into the Baltic (as suggested by comparison between, ;5 dpm/100 L, which still requires?2%Ra flux from 2 m of
data from F-2 smd the Kalix; see section 4.1), so that the gogiments. No flux of?°Ra from the underlying sediments is
measured rivef**Th concentration is an extreme upper limit oo ired if the average annual river discharge across the wa-
for the river input that supplies the Baltic basin. The range of orshed has 23 dpm/100 L; however, the relevant data for other
possible influx values for eolian material can be calculated jyers are not available to determine if this is reasonable for the
from Eqn. 15; if the maximum river input is used (.., if there  gaytic drainage basin. In this case, the averag@¥8gA ratio of

is no preferential removal of river Th from the water column e average river discharge into the river also must be substan-
during discharge into the basin), then the calculated eolian flux tially lower than measured in the Kalix (Fig. 7).

is 6.6 X 10'° atoms***Th/mP-yr (for an average Baltic Sea It can be noted that there is evidence for substantial direct Ra
depth of 56 m; Kullenberg and Jacobsen, 1981). The corre- jnputs into other estuaries directly from underlying groundwa-
sponding eolian mass input (assuming it has an average uppefers (Moore, 1997). However, although groundwaters within
crust concentration of 10.6ppm Th; Taylor and McLennan, the underlying bedrock in the Baltic region ha%&Ra con
1985), is 240 mg/crhkyr. The highest calculated eolian flux  centrations of up te-10 times greater than that of the river (Ek
for the Baltic is obtained by assuming that no river-borne Th et al., 1982), flow from these low-permeability rocks is likely to
flows beyond the river discharge areas and further into the pe very limited and can be neglected. Till groundwaters are
basin ¢*°Ar = 0); then the calculated eolian flux is 2 likely to have substantially less Ra and would not provide a
10*"atoms***Th/m?-yr. This corresponds to 770 mg/éryr. more Ra-rich discharge directly into the Baltic than into the
There are no readily available direct eolian flux data available rivers. Further, because the tills in the shield areas comprise
for the Baltic for comparison, but this is lower than the highest only a thin veneer of several meters over the bedrock, these
coastal values of>1000 mg/cri-kyr (see comprehensive-re  deposits do not form extensive aquifers that could drain a
view by Rea, 1994). Therefore, although a range of eolian significant fraction of the watersheds directly into the Baltic.
fluxes is compatible with the available data, it is likely that Further investigation is required to determine if such ground-
river-borne Th is efficiently removed from the water upon water inputs are possible in the southern regions of the Baltic.
discharge into the Baltic and that the eolian flux is the dominant  For ??®Ra, production within the water b3?°Th is negligi

input for 2*2Th in the water column. ble, and B,g = 0. Eqgn. 10 is then
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There are no data available for the concentratioff&Ra in the
seawater inflow to the Baltic, although values<ob dpm/100
L are typically found near the coasts (see Cochran, 1992). If
values of*?®A,, = 5 dpm/100 L and®®A = 5 dpm/100 L
are used (along with ff®Raf?**Ra)g]s = 1.25 and [f**Ra/
22Ra)r]r = 1.24), then the flux from the underlying sedi-
ments accounts for 94% of tfé°Ra in the water column and
is equivalent to 6.4x 10° atoms/cm-yr. This is much lower
than the flux of 1.3x 10" atoms/cri-year calculated by Huh et
al. (1987) for the release 6f®Ra from coastal sediments, and
it requires release of all th&®Ra produced in the top 17cm.
Because the river input accounts for a small proportie8%b)
of the 2*®Ra 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 #éRa budget) than
that chosen. This remains true if the Ra river input is increased
by a factor of five. Therefore, although tfé°Ra budget is
dominated by advective inputs, that TRa is dominated by
release from the underlying sediments. Groundwaters could
account for the?*®Ra only if the average®*t®RaP*Ra),y, 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 timet

of water in the Baltic (35 yr) relative to the half-life 6fF°Ra
(5.75 yr) requires either a sediment source or groundwater
source enriched if”®Ra to balance decay of this nuclide within
the water. Thus, the similarity between Baltic and rivéfRa/
22%Ra),y, 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 6f3 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 (23*Th/?°Th),x ratios >1 may be due to radiogenic
growth of 2*4Th during transit in the watershed. Rivér{Th/
238)) or and E°Th/**&) . ratios may provide a useful tool
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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 river®*°Th/?32Th, 22®°RaP?**Ra, and?**Ra/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 £3°Th/?%8),, <1 and low?3*?Th/2*® 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{®RaF*®U),, <1 apply to the
river throughout the year. Also, high?®RaP*?Th),, and
(®*°RaP3°Th),, 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 arfd*(/?*®U) s, ratios
han till groundwaters.

Mire peats that are widespread in northern shield areas
concentrate Th and U. Mire waters have very Wgfrh/32Th
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 2'%b derived by atmospheric deposition is strongly
retained in the soils.

5.3. Baltic Sea Characteristics

High (3®**Th/?*®) ,x ratios indicate that the residence time
of 2**Th with respect to particle removal is long-50 d),
largely due to low particle and colloid concentrations. The
232Th pudget 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.

22%Ra activities are higher than within inflows, with up to
60% derived from underlying sediments. A dominant fraction
of ??®Ra is required from sediments to balance the decay of
228%Ra in the water column during the 35-yr residence time of
water in the Baltic. The®€®Raf?*Ra), 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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