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Uranium Series Disequilibrium
and High Thorium and Radium
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We found, in limestone Karst soils of the Jura
Mountains and of the mountains in the central part
of Switzerland, an enrichment up to a factor 20 of
Z0Th and 2%%Ra with respect to the activities of their
progenitors, U and 28U. Thus, a significant
radioactive disequilibrium exists between 2823y and
20Th and ??%Ra. The enrichment of %*Ra leads to
locally high concentrations of its decay product, the
noble gas %2Rn. We propose continuous chemical
weathering of limestone (calcite) fragments within the
soil column as a plausible cause for the high 29Th,
226Ra, and ???Rn activities. Uranium, contained within
calcite, is released during weathering and migrates
as stable uranyl carbonate complexes through the soil
column. In contrast, its decay products (*°Th and
26Ra) hydrolyze, are strongly sorbed to soil particles, and/
or form insoluble compounds that become more and
more enriched in the soil as this process continues
in time.

Introduction

Unexpected high indoor radon (?22Rn) activities were
observed at several locations in the western Jura Mountains
of Switzerland (1, 2). For instance, in and around the city
of La-Chaux-de-Fonds, an average of 220 Bqg of 222Rn/m3
of air was found (3) as compared to the Swiss average of
140 Bg/m3 (1). High indoor radon activities are of
considerable concern because of the enhanced risk of lung
cancer resulting from the inhalation of dust-bound a-active
decay products of 222Rn (4).

The Swiss watch industry in the Jura Mountains until
1965 used large quantities of 226Ra, the precursor of 222Rn,
in luminous paints. It was, therefore, tempting to blame
this industry for the enhanced radon activities of this region.
Limestone, the dominant rock of the Jura Mountains,
contains little 238U (2—4 ppm, in agreement with ref 5) and
small amounts of 22°Ra and is therefore generally not
considered as a significant source for the release of radon.
Contrary to this opinion, one of us (H.S.) and his group (2,
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6, 7) found in soils at several remote locations of the Jura
Mountains very high but similar enrichments in the
activities of 230Th and 22Ra compared to the activities of
their precursors 234U and 238U; this means that radioactive
equilibrium (i.e., equal activities and herewith an activity
ratio, AR, of unity) exists between 23°Th and ??Ra, but an
expressed disequilibrium (AR = 1) has evolved between
234,238 and 239Th. Recently, we also found enrichments of
230Th and ?5Ra in another limestone Karst region in the
central Alps of Switzerland (referred to as samples from
Gadmen). The following observations point strongly to a
natural origin of the observed high radon activities: (i) no
watch industry is or was located either at the remote
locations of the Jura Mountains or in the central Alps of
Switzerland; (ii) 23°Th was never used in luminous paints
but still is highly enriched in the soils; (iii) 23°Th and %2°Ra
are in radioactive equilibrium, and itis therefore very likely
that 225Ra resulted from the decay of 22°Th and not from a
man-made source.

An admixture to the Jura soils of aeolian deposits (8)
with high uranium contents has been given as a tentative
explanation for the radioactive anomalies (7). However,
the mineralogical evidence for this admixture is not quite
clear. In the following, we present results of the observed
anomalies, discuss a possible but more reasonable expla-
nation than that of the presence of aeolian compounds
(e.g., Loess), and propose a mechanism for the observed
effects. For comparison to the limestone soils, we include
investigations of non-calcite soils, namely, granite soils,
and peat and Loess samples.

Radioactive disequilibrium (i.e., AR = 1 among radio-
nuclides) in the uranium decay series is a quite common
and well-investigated phenomenon that is discussed in great
detail in the textbook edited by lvanovich and Harmon (9).
Very often, enrichments of 2°Th and %?°Ra were observed
in the environment (10—13), but measurements of 239Th
and 22°Ra in Karst soils are scarce. The reported enrich-
ments and related radioactive diseqilibria did, to our
knowledge, not nearly reach the values (reported here for
the first time) of the soils of the Jura Mountains and of the
central Alps of Switzerland. On the other hand, high radon
values in Karst and limestone regions have been reported
by others (14—16) and were attributed to residual soils
concentrating uranium and radium and/or to the high
permeability of karstified limestone permitting radon gas
to be dispersed and transported easily. A very high
radioactive disequilibrium between 238U and 2°Th has
recently been reported in a geological environment that
differs very much from limestone Karst, namely, in the
Western Desert of Egypt (17); here, mixing of two waters
containing very different concentrations of uranium and
thorium was suggested as reason for the disequilibrium.
This situation is very different from that of the Jura
Mountains and of the other regions in Switzerland.

Experimental Section

Figure 1 shows the sampling locations within Switzerland.
The limestone Karst range of the Jura Mountains consists
of Jurassic and partly Cretaceous formations with a thick-
ness of several hundred meters. The limestone is covered
by a soil layer of less than 1 m thickness. For comparison,
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FIGURE 1. Map of Switzerland with the locations mentioned in the
text, in Figure 2, and Tables 2—5. The dashed lines represent roughly
the axes of geographic units, namely, the Jura Mountains, the Swiss
Plateau (plains), and the Alps.

we also collected soil samples from other locations within
Switzerland: (i) from a limestone formation on a slope
(sampling altitude 1700 m, soil thickness ~40 cm) below
the Wendensttcke close to Gadmen (Sustenpass, central
Alps); (ii) from granite soils at Handegg (Grimselpass, soil
thickness ~30 cm); (iii) peat from Lake Burgadschi (Ger-
lafingen); and (iv) Loess from M&hlin (Aargau). These soils
were formed after the last glaciation and are estimated to
be <10 000 years old.

Most soil samples from the Jura Mountains were
recovered with a soil auger from local depressions in the
Karst structures. The chosen sites show in general high
137Cs activities (mainly fallout from the 1986 Chernobyl
release). A 137Cs enrichment points to a location with an
enhanced seeping of rainwater. The samplesfrom Gadmen
and Handegg were cut with a spade; great care was observed
to avoid the mixing of soils from various depths. All Karst
soils contained a relatively high amount of weathered
limestone fragments (stones). The soils were separated by
wet sieving into different fractions in the size range 100—
1000 xm. Small roots were carefully separated and not
used in the investigations. The peat samples were ground
to a size of ~250 um. From some soils of Mont Tendre
stone fragments of several grams were recovered from the
soil column during sampling. These soils also contained
very small bright and black particles that were separated
by hand picking.

238 was determined by a-spectroscopy with surface-
barrier semiconductor detectors or by the y-rays of 234Th
after buildup of equilibrium between 23Th and 238U.
Uranium-234 and 23°Th were measured by a-spectroscopy,
and 2?6Ra was measured by the 186 keV y-line, corrected
for contributions to this y-line by the y-rays of 25U, taking
into account the natural 23°U/238U activity ratio of 0.046.
For activity concentrations above 200 Bg/kg, 2°Th was in
addition determined by its 67.5 keV y-line, however, with
a considerably larger error than in the determination by
o-spectroscopy. Radon-222 was derived from the y-activity
of 214Pb and 2Bi, and 2°Pb was derived from its 46.5 keV
y-line. The y-ray detector used is a 160 cm?well-type high-
purity Ge detector built of low-activity materials and
contained in alow-activity shielding. The maximum sample
volume is 7 cm3. Calibration of the detector for several
sample volumes has been performed with IAEA (Interna-
tional Atomic Energy Agency, Vienna) reference materials
of comparable density and was checked by annual IAEA
intercomparison exercises.

For the allocation of the ARs 234U/238U and 230Th/234.238
to specific mineral phases, several soil size fractions were
further treated by sequential chemical extractions. Humic
substances were extracted into 0.1 M NaOH. Amorphous
iron (e.g., ferrihydrites) and/or manganese hydroxide
phases were dissolved withammonium oxalate/oxalic acid
(Tamm'’s reagent in the dark (18)). Oxide mineral phases
(e.g., goethite) were extracted with Tamm’s reagent +
ascorbic acid (19). The residues (mostly clay minerals and
other silicates) from the previous extractions were dissolved
in concentrated boiling HF/HNO3/HCIO,4. For the total
samples, the ARs and uranium and thorium contents were
calculated from those of the other four fractions, assuming
no losses during dissolution and handling. Uranium and
thorium were separated by ion exchange (20), electroplated,
and measured by o-spectroscopy on semiconductor detec-
tors. 2%2U (in radioactive equilibrium with 228Th) was used
to determine the chemical yields of uranium and thorium
isotopes in these separations.

The stone fragments from Mont Tendre were carefully
washed with bidistilled water to remove adhering humus
material. The surfaces were then etched with HCI. The
cleaned stones were ground for further treatment. The
resulting powder was subjected to 0.1 M NaOH to dissolve
the remaining humic materials. Amorphous materialsand
oxides were not extracted since they are only expected at
the very surfaces of the stone fragments. The stone powder
was dissolved in HCI and then in HNO3/HCIO4/HF.

The hand-picked dark and bright particles were inves-
tigated by X-ray diffraction and X-ray fluorescence. They
were mainly composed of clay minerals (mostly illite),
goethite, calcite, quartz, and organic materials (deduced
from their sulfur content). The particles were then
sequentially extracted by the usual procedures, but ne-
glecting the humic fraction.

Results and Discussion

The radioactive decay chain of 238U with the products of
interest to this work is presented in Table 1. In a system
closed for >106 years (i.e., no losses or gains of any decay
chain members in the investigated soil fraction during this
time period), the activities of all products in the decay chain
are equal (i.e., AR =1), and one speaks of secular radioactive
equilibrium between all chain members. In the natural
environment, the equilibrium is often disturbed by physical
and/or chemical processes (22) that enhance a loss or gain
of a certain decay product.

Soils of the Jura Mountains. In Figure 2, we present
the results of y-ray measurements of 238U and of a few
decay products in the grain size fraction 125—250 um of
soils from Col-du-Marchairuz and from Mont Tendre. A
considerable radioactive disequilibrium between 238U and
230Th and between 238U and 22Ra is observed, but radioac-
tive equilibrium (equal activities) exists within errors
between 2°Th and 2%5Ra. The generally lower activity of
222Rn resulted from radon losses during sample preparation
and measurement; we did not attempt to re-establish, prior
to measurement, radioactive equilibrium between 222Rn
and its precursors. The large differences between the
activities of 225Ra and 222Rn suggest that most of the 22°Ra
is located at the grain surfaces (a result confirmed by
sequential extractions, see below), thereby allowing for an
easy release of the decay product 222Rn. Some of the 21%Pb
in the top-most soil layers originated from atmospheric
fallout due to decay products of 222Rn. The 226Ra activities
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TABLE 1
Uranium-238 Decay Chain?

Radionuclide Half-life Radiation
238y 4.468 x 10°y a
234LTh 24.10d lin

234mvi3“Pa 1.17 min B
I 6.70 h
234y 2.446 x 10°y a
230LTh 7.54 x 10%y o
226lRa 1600 y o
222LRn 3.825d o
218LPo 3.05 min o,(B7)
214le 26.8 min B
21‘fBi 19.9 min pa
214lPo 164 us o
21°LPb 223y B
ZléBi 5.013 d B1(0)
210LPo 138.38 d o
20’°‘LPb stable

2 The radionuclides of interest to the present work are shown in bold
face letters. Decay data from Karlsruher Nuklidkarte (21).
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FIGURE 2. Disequilibrium in the #8U decay series in soil samples
from the western Jura Mountains, Switzerland. Errors are 2¢ counting
errors. Grain sizes 125—250 gm. (a) and (b) Col-du-Marchairuz, 0—10
cm soil depth; (c) Mont Tendre, 0—5 cm soil depth; (d) Mont Tendre,
5—10 cm soil depth.

are up to 30 times higher than average values for Swiss
Plateau soils (23). Radon, emanating from the 2%6Ra
accumulations, can be transported by soil water into cavities
of the Karst system from where it diffuses into houses (24).
High radon activities in soils of Karst regions were also
observed by others (e.g., refs 15 and 16).
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To obtain information on the distribution of radionu-
clides among several soil phases and minerals, standard
sequential chemical extractions (18, 19) were performed.
It must, however, be pointed out that chemical extractions
are always operational procedures. Therefore, the extracted
phases may vary considerably from sample to sample, and
the indicated compositions of the soils are only crude
approximations.

In Tables 2—4, we show the results of samples from Col-
du-Marchairuz and from Mont Tendre that were treated
by sequential chemical extractions. In the following
sections, we discuss separately the 234U/238U and 23Th/
234y ARs and the uranium and thorium concentrations
presented in these tables.

234/238Y Activity Ratios. The ARs 234U/238U are gener-
ally somewhat higher than unity in the humic and
amorphous materials and oxides of the samples from Col-
du-Marchairuz (Table 2) and from Mont Tendre (Table 3),
but are smaller than unity in the residues remaining from
the sequential extractions. These residues represent inert
bulk soil grains that can only be dissolved by strong acids.
The ARs (> 1) of the humic substances and the amorphous
and oxide phases result from surface sorption of uranium
by these materials from the interstitial soil water, which
usually has 234U/238U ARs of >1 (22). Theslightenrichment
of 234U relative to 238U in the interstitial soil water results
from recoil processes in the solid phases related to a-decay
(25). Contrary, in the residues and in the total samples
(calculated from the other four fractions) these ratios are
predominantly <1 due to preferential losses of 234U from
the solid materials to the soil solution by the o-recoil
processes discussed in ref 22.

230Th/234y Activity Ratios. Contrary to 234U/238U, the
ARs 230Th/234U of the humic materials and the amorphous
and oxide phases from Col-du-Marchairuz (Table 2) and
Mont Tendre (Table 3) are much higher than unity. The
highest ARs (4.6—18.7) were found in the humic and
amorphous materials. In the oxides, they were 1.5—10.4.
The high ARs of 280Th/23*U are due to a preferential
accumulation of 229Th in the soils. The accumulation is
caused by hydrolyzed and insoluble thorium compounds
that are more firmly bound to soil particles than uranium
complexes. The sequential extractions primarily affectgrain
surfaces and surface-related materials. Therefore, our
observations point to significant enrichments of 22°Th (and
22%6Ra, see Figure 2) on soil grain surfaces. This is in
agreement with refs 26—29, which have pointed out that
the radioactive decay products accumulate preferentially
in thin grain surface layers consisting of hydroxides, oxides,
or organic deposits. 222Rn emanates easily and almost
quantitatively from such thin layers of surface deposits.
This was confirmed in our laboratory experiments (see
above).

In the residues, the ARs of 20Th/234U are <1 (with three
exceptions). The small ARs inthese materials are probably
also a result of physical and chemical changes produced
by o-recoil, but they are not fully understood. The
enrichment of 230Th is still discernible in the total samples
(calculated from the other four phases), but the effects are
reduced by the large contributions of the residues, which
represent weight-wise the most important fractions. Un-
fortunately, none of the investigated soil fractions is truly
a closed system that could be used to estimate a soil age
from the disequilibrium between 239Th and 234238y,



TABLE 2

Activity Ratios 23*U/%2U and 2*°Th/3*U (with 1 Counting Errors) and Concentrations of Uranium and Thorium
in Samples from Col-du-Marchairuz (Jura Mountains)?

samples (depth below surface)

activity ratio 0—5cm 5—-10 cm 10—20 cm 20—30 cm 30—40 cm 0—20 cm
Humic Materials

234y/238Y 1.00 + 0.03 1.04 + 0.03 1.09 + 0.04 1.19 + 0.05 1.09 + 0.03 1.03 + 0.06
230Th/234y 9.71 £ 0.10 10.67 + 0.19 11.84 +0.19 12.07 £ 0.33 13.76 + 0.10 16.00 + 0.18
238y (ugl/g of sample) 1.17 1.06 0.91 0.76 0.77 0.58

232Th (ug/g of sample) 1.75 1.91 1.94 1.83 1.61 0.92

Amorphous Materials

234y/238Y 1.08 + 0.04 1.11 +0.03 1.05 + 0.03 1.07 £ 0.03 1.04 + 0.02 1.09 + 0.04
230Th/234Y 6.00 £+ 0.22 459 +0.14 558 £0.13 6.00 £ 0.12 6.17 £+ 0.09 10.62 + 0.16
238y (ugl/g of sample) 0.59 1.31 1.06 1.24 1.55 0.82

232Th (ug/g of sample) 0.68 1.1 1.02 1.32 1.77 0.95

Oxides

234y/238Y 0.97 £ 0.04 0.87 £ 0.04 0.93 £ 0.04 1.01 + 0.04 0.95+ 0.04 1.35+ 0.09
230Th/234y 2.81 +0.08 4.72 £ 0.15 3.39 £0.12 3.97+£0.14 5.28 +£0.21 1.48 + 0.38
238y (ugl/g of sample) 0.36 0.4 0.43 0.41 0.5 0.20

232Th (ug/g of sample) 0.62 0.68 0.67 0.69 0.88 0.62

Residue

234y/238Yy 0.60 £ 0.01 0.60 + 0.01 0.60 + 0.01 0.62 £0.01 0.62 £ 0.01 0.87 £ 0.03
230Th/234y 0.57 £ 0.01 0.86 +£ 0.01 0.67 £ 0.01 0.71 £ 0.01 0.79 £ 0.01 7.21+£0.11
238y (uglg of sample) 5.02 3.24 6.24 6.35 6.36 0.89

232Th (ug/g of sample) 2.63 3.97 3.60 3.76 3.64 2.12

Total Sample®

234y/238Y 0.72 0.62 0.72 0.75 0.75 1.02
230Th/234y 2.63 3.66 2.58 2.59 3.03 11.06

238y (ugl/g of sample) 7.14 6.01 8.64 8.76 9.18 2.5

232Th (ug/g of sample) 5.68 7.66 7.23 7.6 7.9 4.61

2 Grain size for all samples is <1 mm. ? Calculated from the other four fractions, assuming no losses in handling.

TABLE 3

Activity Ratios of 234U/238U and 2Th/23*U (with 1 Counting Errors) and Concentrations of Uranium and
Thorium in Samples from Mont Tendre (Jura Mountains)?

samples (depth)

activity ratio 1(0—5cm) 2(5—10 cm) 3(0—20 cm) 4 (20—40 cm) 5 (40—50 cm)
Humic Materials
234y/238Y 1.14 + 0.06 1.03 + 0.05 1.17 £ 0.11 1.16 £ 0.14 1.20 + 0.16
230Th/234y 12.88 + 0.25 13.06 + 0.12 18.17 + 0.42 14.14 + 0.45 5.88 £ 0.24
238 (uglg of sample) 0.46 0.58 0.13 0.06 0.05
232Th (ug/g of sample) 1.92 2.06 1.01 0.27 0.13
Amorphous Materials
234y/238Y 1.39 +0.12 2.26 £0.12 1.05 + 0.08 1.04 + 0.08 1.25+0.11
230Th/234y 14.00 + 0.58 12.03 + 0.56 18.37 + 0.68 7.10 £ 0.53 5.42 £ 0.32
238 (uglg of sample) 0.29 0.32 0.24 0.26 0.13
232Th (ug/g of sample) 1.55 2.47 1.89 0.82 0.38
Oxides
234y/238Y 1.17 £ 0.10 1.04 + 0.07 0.97 £ 0.10 1.33+0.14 1.23+0.16
230Th/234y 4.15 4+ 0.42 4.20 +£0.20 10.42 + 0.45 9.39 £ 0.73 5.47 £ 0.46
238 (uglg of sample) 0.23 0.28 0.13 0.10 0.10
232Th (ug/g of sample) 1.13 1.08 0.89 0.63 0.38
Residues
234y/238Yy 0.69 £0.01 0.69 £0.01 0.73 £ 0.02 0.72 £ 0.02 0.80 £ 0.03
230Th/234y 0.70 £0.02 0.62 £0.01 lost°¢ 1.84 £ 0.04 2.09 £ 0.06
238 (uglg of sample) 3.62 4.00 2.95 2.44 1.27
232Th (ug/g of sample) 3.33 3.58 lost¢ 4.38 2.46
Total Sample®

234238y 0.80 0.84 0.77 0.78 0.87
230Th/234y 2.93 291 lost°¢ 2.84 271
238 (uglg of sample) 4.60 5.17 3.45 2.86 1.55
232Th (ug/g of sample) 7.93 9.19 lost¢ 6.1 3.55

2 Samples 1 and 2, grain size 125—250 um; samples 3—5, grain size <250 um. Samples 1 and 2 are from slightly different locations, samples 3
to 5 from different depths at location 2. ? Calculated from the other four fractions, assuming no losses in handling. ¢ Lost during chemical treatment.

Uranium and Thorium Concentrations. In Tables 2
and 3, we also show the uranium and thorium concentra-

tions of the investigated mineral phases. The indicated
concentrations are given for 1 g of total sample and not for
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TABLE 4

Activity Ratios of 234U/238U and 2Th/2%*U (with 1 Counting Errors) and Uranium and Thorium Concentrations

in Samples from Mont Tendre®

activity ratio 1st stone 2nd stone dark particles bright particles
Humic Materials
234y/238Y 1.14 £ 0.03 1.06 + 0.04 nd¢ nd¢
230Th/234y 0.85 £+ 0.02 0.86 £ 0.03 nd nd
238 (ugl/g of sample) 0.44 0.44 nd nd
232Th (ug/g of sample) 0.24 0.23 nd nd
Amorphous Materials
234y/238Y nd¢ nd¢ 1.03 +0.03 1.14 + 0.06
230Th/234Y nd nd 14.84 + 0.06 20.34 £ 0.74
238 (uglg of sample) nd nd 2.31 0.46
232Th (ug/g of sample) nd nd lost? lost?
Oxides
234y/238Y nd¢ nd¢ 1.29 + 0.16 1.39 +0.19
230Th/234Y nd nd 18.06 + 0.87 5.59 + 0.28
238 (uglg of sample) nd nd 0.32 0.30
232Th (ug/g of sample) nd nd lost? lost?
Residues
234y/238Yy 0.74 £ 0.02 0.73 £ 0.02 0.75 £ 0.02 0.99 £+ 0.05
230Th/234Y 1.00 + 0.03 1.12 + 0.04 8.17 £ 0.14 3.50 £ 0.19
238 (uglg of sample) 3.54 3.92 1.85 1.00
232Th (ug/g of sample) 0.65 0.54 nd nd
Total Samples®
234y/238Yy nd¢ nd¢ 0.93 1.10
230Th/234y nd nd 12.31 8.26
238 (uglg of sample) 3.89 4.36 4.48 1.76
232Th (ug/g of sample) 0.89 0.77 lost? lost?

2 Fragments of calcite stones (about 20 g) and hand-picked particles, size ~1 mm (see text). ? Calculated from the other four fractions, assuming

no losses in handling. ¢ nd, not detected. ¢ Lost during chemical treatment.

1 g of the respective mineral phases. It is obvious that the
residues contain by far the largest quantities of 233U and
2%2Th, The measured uranium concentrations of the
residues and total samples are higher than those normally
observed in limestones and point to an enrichment of
uranium in certain phases of these soils.

Stones and Selected Soil Particles. In Table 4, we
compare fragments of calcite stones and striking dark and
bright particles that were recovered from the soil column
of Mont Tendre.

Stones. The 23Th/234U ARs of the humic materials
within the matrix of the two stones differ very much from
those of soil samples from Mont Tendre. In contrastto the
soils, 20Th is depleted in these humic materials relative to
234y, Thisindicates a transfer of 22°Th by a-recoil from the
humic materials into the solid stone matrix. The concen-
trations of 232Th are low compared with the humic materials
of the soil samples.

Only negligible activities were detected in the solutions
resulting from HCI extractions of the stones. This shows
that the calcite phase does not contain many impurities.
Uranium and thorium and their decay products were almost
completely contained in the residues (e.g., in clay minerals
or other silicates). Here, the 24U/2%8U ARs are <1,
demonstrating enhanced weathering of 224U due to a-recoil
combined with a subsequent mobilization of this uranium
isotope. On the other hand, the 23°Th/234U ARs are unity,
or somewhat larger than 1, supporting the assumption of
an enrichment of 2°Th due to a-recoil processes and
demonstrating the immobility of thorium compounds.

Particles. In the dark and bright particles, the 23*U/
238U ARs are close to unity in all fractions (no extraction of
humic materials). This contrasts again to the 230Th/234U
ARs that have high values in all fractions, including the
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residues. The high ARs may be caused by strong sorption
of thorium to clay minerals, iron compounds (e.g., goethite),
and organic materials that are enriched in these particles,
as demonstrated by the X-ray investigations.

Comparison of Various Soils. In Table 5, we present
the mean results (and their 1o standard deviations) of the
analyses of all soil samples and mineral fractions from 16
Karstsoils of the Jura Mountains and two soils from Gadmen
and compare them with those obtained in Loess and peat
samples and in two granite soils. The ARs of 234U/238U are
similar in all samples and mineral phases, are mostly
somewhat larger than unity, and reflect the isotopic
composition of uranium in the soil solutions from where
itissorbed to grain surfaces (26—29). Thiscontrastssharply
with the ARs of 220Th/234U. These latter exhibit very high
values in the humic, amorphous, and oxidic soil fractions
of the Jura Mountains and in the soils recovered close to
Gadmen, demonstrating the importance of thorium sorp-
tion to these phases. The 230Th/234U ARs of the Karst regions
differ considerably from the ARs of the Loess, peat, and
granite samples. The latter ARs are much smaller, some-
times even <1. Possible reasons for these differences are
discussed below. The differences in the ARs between
limestone soils and Loess also question the early hypothesis
(7) of an admixture of aeolian compounds to Jura soils (8)
as an explanation of the radioactive anomalies (see
Introduction to this paper).

The observed large radioactive disequilibrium between
234,238 and 22°Th in most of the investigated soils and phases
from the limestone Karst regions of the Jura Mountains
and from Gadmen is the result of chemical fractionation
of uranium and thorium (22). Uranium is expected to exist
in the interstitial waters of these calcite soils in the form
of very stable, anionic [e.g., UO»(COs)s*~], or neutral



TABLE 5

Comparison of Activity Ratios of 2**U/?®U and 2*°Th/23*U and Uranium and Thorium Concentrations with
Standard Deviations (1e) in Limestone Soils from the Jura Mountains and from Gadmen with Those of

Loess, Peat, and Granite Soils

activity ratio

Jura (mean) (n = 16)2 Gadmen (mean) (n = 2)2

Loess Mohlin (n=1)2 peat(n=1)2 granite soil (mean) (n= 2)?

Humic Materials

234238y 1.10 £ 0.08 1.20+£0.21 1.35 1.26 1.05 £ 0.02
230Th/234y 12.08 + 3.49 4.97 +£1.32 0.99 0.34 0.12 + 0.01
238 (uglg of sample) 0.58 & 0.38 0.27 + 0.03 0.11 0.29 2.65 + 0.51
232Th (ug/g of sample) 1.33+0.71 1.11 +£0.02 0.34 0.24 0.69
Amorphous Materials
234238 1.21 £0.35 1.25 + 0.06 2.28 1.26 1.04 £ 0.02
230Th/234y 8.57 £+ 4.60 5.71+£0.13 10.39 0.82 2.83+0.11
238y (uglg of sample) 0.66 + 0.41 0.28 £ 0.01 0.03 0.07 0.97 £ 0.23
232Th (uglg of sample) 1.36 + 0.81 1.65 4+ 0.12 1.81 0.18 5.68 + 1.42
Oxides
234/238Y 1.12 £ 0.23 1.03 £ 0.17 1.00 1.09 1.05 £+ 0.07
230Th/234y 6.81 + 4.58 3.22 £ 0.62 3.12 2.77 1.17 £ 0.04
238 (ugl/g of sample) 0.25 +0.12 0.17 £ 0.01 0.10 0.04 0.85 + 0.05
232Th (uglg of sample) 0.78 £ 0.29 0.88 1.14 0.24 2.70 £ 0.28
Residues

234/238Y 0.71 £ 0.10 0.92 + 0.02 1.04 1.23 1.05 £+ 0.02
230Th/234Y 2.23+2.53 0.82 £0.16 0.78 1.23 0.62¢

238y (uglg of sample) 3.224+1.91 1.71 £ 0.05 1.60 0.11 1.83+0.14
232Th (uglg of sample) 3.37 £ 0.95 3.97+1.24 4.64 0.29 1.96 £ 0.02

Total Samples®

234/238Y 0.82 +£ 0.12 0.99 + 0.01 1.07 1.25 1.05 £+ 0.02
230Th/234Y 4.29 £+ 3.36 2.00 1.08 0.79 0.84

238 (uglg of sample) 4.66 4 2.49 2.42 +0.06 1.84 0.51 6.30 + 0.54
232Th (uglg of sample) 6.70 + 2.01 7.60 £1.10 7.93 0.95 11.84

2 Number of investigated soil samples. ? Calculated from the other four fractions, assuming no losses in handling. ¢ One sample lost during

chemical treatment.
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FIGURE 3. Calculated speciation of uranium in groundwater. The
program MINTEQA?2 (32) and formation constants of NEA (38), of ref
39, and from the data base of Paul Scherrer Institut were used (30).

carbonate complexes, as shown in Figure 3. These com-
plexes are very mobile and/or only slightly or not at all
sorbed by negatively charged soil surfaces (30). On the
other hand, thorium hydrolyses very easily (32, 33) and is
strongly and rapidly adsorbed by soil surfaces (34). At pH
values >7, it sorbs almost completely onto clay minerals
or organic matter (32). Therefore, it accumulates along
the soil column. The pH (~7-8) and the alkalinity (~5
mM) of these soils are not high enough for a significant
dissolution of thorium due to complexation by carbonates
(35, 36). The soilisold enough (<10 000 years, i.e., formed
after the end of the last glaciation) to establish radioactive
equilibrium between 239Th and ??Ra. In agreement with
ourresults, a preferential migration of uranium as compared
to thorium has also been described for soils in Syria (37).

In contrast to the results of the Karst soils, the inves-
tigated granite soils and the peat and Loess samples suggest
a relatively similar behavior of both uranium and thorium
in these materials. In the absence of high CO, concentra-
tions produced by calcite weathering that enhance the
formation of stable and soluble uranium carbonate com-
plexes, uranium may form insoluble complexes, e.g., with
humic substances (30), and thus be less mobile than in the
slightly alkaline calcite (limestone) soils. The more acidic
granite soils may enhance the formation of humic com-
plexes as shown in Figure 3.

The high 230Th and 2%6Ra enrichments in Karst soils can
be explained by a steady dissolution of the abundant
limestone (calcite) fragments within the soil column. The
uranium concentrations in limestone pieces from Mont
Tendre soils amounted to ~4 ug/g (Table 4). With this
uranium concentration and a relatively homogeneous
distribution of the limestone fragments throughout the soil
column, afew 10 g of dissolved fragments/g of present-day
soil would be sufficient to produce the observed activities
of 29Th and 2%%Ra. Within the time frame available (i.e.,
>1000 years), even a very slow dissolution of limestone
would be sufficient to account for the observed effects.
Furthermore, the dissolution of limestone within soils is
enhanced by the higher CO, partial pressure (=10-2 atm)
from bacteria-mediated decomposition of organic matter.
However, the hypothesis of a limestone source of uranium
that could produce the high enrichments of 2°Th and ?°Ra
and eventually the high indoor 222Rn concentrations needs
to be investigated further.

We expect that high 2°Th and ?%6Ra enrichments and,
consequently, high indoor 222Rn concentrations also prevail
in other limestone Karst regions. Therefore, we strongly
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suggest that similar studies should be carried out in Karst
regions around the world.

Conclusions

Very high activity ratios of 22°Th/2%*U are observed in
limestone Karst regions of Switzerland. The high enrich-
ments of 29Th (and 226Ra) are mainly found in surface-
related fractions of humic, amorphous (e.g., ferrihydrites),
and oxidic (e.g., goethite) materials.

The presented results support a natural origin of the
exceptionally high concentrations of 22°Th, 226Ra, and ?22Rn
in limestone Karst soils.

The high concentrations of 22°Th and 2?Ra and the
related radioactive disequilibrium between 2342384 and 239Th
and 2%%Ra are very likely produced by the weathering of
calcite, hereby releasing uranium and its decay products.

Uranium migrates as a stable (carbonate) complex and
leaves 239Th in the soil. The latter accumulates steadily,
and 2%Ra grows in and finally reaches radioactive equi-
librium with 239Th.

Non-Karstic soils do not exhibit the very large radioactive
disequilibria of the uranium decay series.
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