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SCHWEIZ. MINERAL. PETROGR. MITT. 71, 333-340,1991

An uranium series disequilibrium investigation
of reduction spheroids in red beds

by Beda A. Hofmann1

Abstract

Fourteen samples of uranium-rich reduction spheroid cores from Permian red beds of Northern Switzerland (0 to
1051 m below surface) and one similar sample from Oklahoma were investigated for radioactive disequilibria
between 238U, 234U and 230Th and for U, Th concentration by alphaspectrometry. Significant disequilibria are common

in samples from depths to 230 m, although a few deep samples show moderate disequilibria as well. Most of the
observed disequilibria are indicative of leaching or show a complex pattern due to a combination of leaching and
deposition of uranium. Uranium concentrations in cores range from 19 to 39 200 ppm and Th concentrations are 8.3
to 317 ppm. The enrichment of Th in reduction spheroid cores demonstrates that this element was relatively mobile
during the low-temperature formation of these redox structures during late diagenesis.

Keywords: Reduction spheroids, Permian red beds, Northern Switzerland, uranium series disequilibria.

Zusammenfassung

Vierzehn Proben von uranreichen Reduktionshofkernen aus Redbeds des Nordschweizer Permokarbontroges (aus
Tiefen von 0 bis 1051 m unter der Oberfläche) sowie eine analoge Probe aus Oklahoma wurden mittels
Alphaspektroskopie auf radioaktive Ungleichgewichte zwischen ^U, 234U und 230Th untersucht. Signifikante
Ungleichgewichte wurden in Proben aus Tiefen bis 230 m festgestellt, einige tiefere Proben zeigten ebenfalls
Anzeichen von Ungleichgewichten. Die meisten Ungleichgewichte deuten auf relativ rezentes Weglösen von Uran
oder auf komplexe Akkumulations-Lösungs-Vorgänge hin. Urankonzentrationen in den Reduktionshofkernen
liegen zwischen 19 und 39 200 ppm, Thoriumkonzentrationen zwischen 8.3 und 317 ppm. Die Anreicherung von
Thorium in Reduktionshofkernen deutet auf eine gewisse Mobilität dieses Elementes während der spätdia-
genetischen Bildung dieser Redoxstrukturen hin.

Introduction

Reduction spheroids are small-scale redox
systems occurring in red beds and in altered crystalline

rocks. In the center of bleached haloes of a
few mm to several cm diameter, dark cores that
are enriched in V, U and other elements are common

(Carter, 1931; Eichhoff and Reineck, 1952;
Perutz, 1940; Harrison, 1975; Hofmann, 1986,
1990). The mineralogy and geochemistry of
reduction spheroids from Northern Switzerland and
other localities has been described elsewhere
(Hofmann, 1990; Hofmann, 1991). Authigenic

roscoelite and uraninite in reduction spheroids
from Northern Switzerland most likely were
formed during the Jurassic to Cretaceous periods
(Hofmann, 1990).

The idea of using reduction spheroids as
indicators of recent uranium mobility in red beds is
based on the presence of localized uranium
enrichments in a low-uranium environment resulting

in concentration gradients of up to several
1000 ppm over a distance of a few millimeters. In
this situation, recent uranium mobility should be
manifested by disequilibria of the uranium decay
chains.

1 Naturhistorisches Museum, Bernastrasse 15, CH-3005 Bern.
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The goal of this study is to investigate whether
relatively recent (< 2 Ma) interactions between
uranium phases in the cores of reduction spheroids

and porewater took place. In an earlier
investigation (Hofmann et al., 1987) a single sample
from the Kaisten well in Northern Switzerland
was studied in detail. Nonwithstanding the
detailed sampling, the interpretation of the data was
difficult due to an unsystematic pattern in the
results. In the present study, a suite of samples
from different boreholes and from two outcrops
in Northern Switzerland and Southern Germany
were investigated in order to establish the influence

of sample depth and groundwater chemistry
on the mobility of uranium in the cores of reduction

spheroids. Samples are from depths ranging
from 0 to 1051 m and host rocks are Permian
continental red beds and underlying crystalline
basement rocks. For comparative purposes, a single

sample of a reduction spheroid from Permian
red beds in a shallow well in Oklahoma was also
investigated. Groundwaters in these host rocks
are rich in V and U (pers. comm. G. Breit,
U.S.G.S.; Breit et al., 1990), indicating possible
active deposition or dissolution of U and V.

A SHORT REVIEW OF OTHER INVESTIGATIONS

OF RADIOACTIVE DISEQUILIBRIA IN
REDUCTION SPHEROIDS

Research on radioactive disequilibria in reduction
spheroids was carried out by several authors.
Ponsford (1955) and Durrance et al. (1980) tested

samples from Budleigh Salterton (South Devon,

U.K.), Dyck and McCorkell (1983) studied
reduction spheroids from Nova Scotia (Canada)
and Hofmann et al. (1987) investigated material
from Kaisten, Northern Switzerland. The results
of the earlier study on material from Kaisten will
be shortly summarized: Hofmann et al. (1987)
investigated different zones in two adjacent reduction

spheroids from Permian red beds in the Kaisten

drillhole (230.0 m depth) by detailed small-
scale sampling. The majority of the samples
showed disequilibria between 238U, 234U and 23,Th,
but an unequivocal interpretation was not possible

due to an unsystematic scatter of the data for
different samples. The interpretation given was
based on weighted averages for the different
zones. These values indicated that recent
accumulation of uranium occurred at the edges of the
cores. Several samples showed disequilibria
indicative of a complex history or of mechanical
mixing of zones showing different isotopic ratios
during sampling.

These results are now interpreted as being due
to dissolution of a minor amount of U minerals in
the center of the cores followed by deposition of
the dissolved U in the outer core zones and in
near-core samples. This interpretation differs
from an earlier one (Hofmann et al., 1987) in that
no introduction of U from outside the haloes is
assumed. The dissolution of U phases in the cores
seems to indicate that the porewaters are not in
equilibrium with uraninite and coffinite at 230 m
depth at Kaisten. The lack of disequilibria in one
core likely is due to very high U concentrations
obliterating the effects of removal of a small fraction

of total U.

Samples and analytical methods

The samples investigated in this study are from
the Nagra-drillholes Kaisten (KAI), Weiach
(WEI) and Riniken (RIN), additional samples are
from the older wells Zuzgen-1 (ZUZ), Weierfeld
(WEF) near Rheinfelden and from surface exposures

near Mumpf (MUM) and Weitenau (WT;
Southern Germany). The geology of the Kaisten,
Weiach and Riniken drillholes is described in
detail in Peters et al. (1989), Matter et al. (1988a)
and Matter et al. (1988b), respectively. Details of
the geology of the Zuzgen and Weierfeld wells
are given by Blum (1989). The Mumpf samples
are from an abandoned quarry exposing clay-rich
sandstone. The depth below the original land
surface is estimated at 10 m. The Weitenau samples
are from an active clay pit, samples are from
about 2 m below the present land surface. Host
rocks of the investigated reduction spheroids are
upper Permian red beds and the crystalline
basement (KAI 297, 351). As a measure of the
representativeness of the samples, the total weight of
the ground samples before analysis is also reported

(Tab. 1). The samples taken for this study
mostly represent whole cores, no attempt was
made to sample the outer core zone only because
this would have yielded too small samples in
many cases.

The analytical methods employed for uranium
series disequilibrium measurements are described
in detail by Rosholt (1985). Spiked samples were
dissolved in HF/HN03/HC104. Thorium and
uranium were separated by ion exchange. Thorium
was purified by coprecipitation with zirconium
pyrophosphate and lanthanum oxalate, ion
exchange and extraction into thenoyltrifluoro-ace-
tone (0.25M in benzene). The organic phase was
evaporated on stainless steel discs and flame
dried. The uranium fraction was further purified
by extraction into methyl isobutyl ketone, back-
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Tab. 1 Sample description

All samples arc from red beds of Permian age
Coordinates: Swiss coordinate system
Samples weights: Total weight of sample from which aliquot has been taken for analysis

WT: Weitenau, 5 km NW of Schopfheim, Germany (625'199/281'000)
Core of single spheroid, 1.32 g.

MUM: Mumpf, Switzerland (636'450/265'900)
Composite sample of spheroid cores, 12 g

WEF: Rheinfelden Weierfeld, Switzerland (WEF), well drilled in 1875
(623'993/266'209). Core of single spheroid with roscoelite and native Cu, depth 53.9 m, 0.90 g

KAI: Kaisten well, Switzerland (644'641/265'624)
KAI130.86m, irregular mineralized zone, rich in Ni-arsenides, 0.58 g
KAI226.94m, core of reduction spheroid (Fig. 1 in Hofmann, 1990), 0.36 g
KAI297.69m, composite of 4 cores in fault gauge in gneiss, 0.011 g
KAI351.77m, irregular U-mineralized zone surrounded by bleached zone in gneiss, black U-As-phase
(low Pb) is main U carrier, 0.17 g

ZUZ: Zuzgen-1 well, Switzerland (635'030/263'400)
ZUZ201.35, core of single spheroid in claystone, 1.35 g
ZUZ227.25, outer zone of core of very large spheroid in clayey sandstone, 1.12 g

RIN: Riniken well, Switzerland (656'604/261'800)
RIN819.40A, core of single, fracture-bound spheroid, 0.28 g
RIN819.40B, weakly mineralized outer zone of core 819.40A, 2.50 g
RIN910.78, mineralized dolomite nodule, 1.62 g

WEI: Weiach well, Switzerland (676'744/268'618)
WEI1021.55, core of single spheroid in claystone, 0.24 g
WEI1050.89, composite of 3 spheroid cores in sandstone, 0.54 g

OK: Oklahoma Co, Oklahoma, USA, well NOTS-6, (35° 42' N 97° 33' W)
Depth 123.3 m, single spheroid core, contains montroseite as main ore mineral, 0.5 g

extraction into water followed by ion exchange
and electrodeposition on platinum discs. The
spike used contained 229Th and 236U calibrated
with a standard uraninite solution (Rosholt,
1985). The errors reported are 1 sigma errors
based on count statistics only.

Mapping of induced fission tracks as a measure

of uranium distribution was performed on
polished thin sections using muscovite detectors.
Samples were irradiated at the U.S.G.S. Triga
reactor facility in Denver. After irradiation, the
muscovite detectors were etched with HF.

Results

The results of the alphaspectrometric determinations

of U, Th concentrations and of activity ratios
are reported on table 2. Uranium concentrations
range from 19 to 39 200 ppm and Th concentrations

range from 8.3 to 317 ppm. Activity ratios of

234U/238U, 230Th/234U and 2,0Th/23TJ of the deep
(> 200 m) samples all are close to unity. Strong
disequilibria are present in the surface samples
from Northern Switzerland and Germany and in
the sample from Oklahoma. Plots of activity
ratios versus depth (Figs 1, 2, 3) illustrate the fact
that significant disequilibria are most common in
samples from depths of 200 m and less.

In a cautious approach to the disequilibrium
data, only disequilibria differing from equilibrium
by at least twice the stated 1 sigma error and by at
least 1% were considered significant. Even with
these restrictions, 25 of the 42 reported isotope
pairs of the 238U decay chain are out of equilibrium

and only in four samples all three pairs are in
equilibrium. Generally, deep samples are closer
to equilibrium than shallow ones, although one
deep sample (WEI1050) shows significant
disequilibria.

Samples from Kaisten (KAI 226, 297) that are
close to the previously investigated samples
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Tab. 2 Results of uranium series disequilibrium measurements: U, Th concentrations and activity ratios
(samples are arranged in order of increasing depth).

U ppm Th ppm 234U/238U 230Th/»f<U 230Th/234U 228Xh/232Th

WT 35.7 15.9 2.58 4.32 1.68 2.04
±0.4 ±0.6 ±0.02 ±0.05 ±0.02 ±0.08

MUM 19.0 9.8 0.80 3.74 4.69 1.67
±0.2 ±0.2 ±0.01 ±0.05 ±0.07 ±0.04

WEF54 2057 14.4 1.007 1.18 1.17 1.78
±25 ±0.7 ± 0.003 ±0.02 ±0.02 ±0.11

KAI130 5268 34.5 0.878 0.93 1.06 1.14
±65 ±1.8 ±0.004 ±0.01 ±0.01 ±0.07

ZUZ201 1781 20.4 1.098 1.15 1.05 1.96
±21 ±1.0 ± 0.005 ±0.01 ±0.01 ±0.09

KAI226 264 14.1 1.021 1.02 1.00 1.57
±3 ±0.7 ± 0.008 ±0.01 ±0.01 ±0.12

ZUZ227 114 15.9 0.996 0.98 0.99 1.59
± 1.3 ± 0.6 ±0.009 ±0.01 ±0.01 ±0.06

KAI297 11924 317 1.001 0.99 0.99 0.91
±136 ±7 ± 0.003 ±0.01 ±0.01 ±0.02

KAI351 39200 282 0.981 0.93 0.94 8.07
±480 ±27 ± 0.007 ±0.01 ±0.01 ±0.45

RIN910 2164 22.8 1.008 0.96 0.96 3.59
±26 ± 1.1 ± 0.004 ±0.01 ±0.01 ±0.14

RIN819K 1954 46.1 1.005 1.09 1.08 0.94
±22 ±1.7 ± 0.005 ±0.01 ±0.01 ±0.04

RIN819R 152 18.2 0.999 1.02 1.02 1.14
±2 ±0.5 ± 0.007 ±0.01 ±0.01 ±0.03

WEI1021 1879 19.2 1.009 1.02 1.01 7.91
±21 ±2.1 ±0.006 ±0.01 ±0.01 ±0.44

WEI1050 1064 8.3 1.051 1.12 1.06 1.53
±13 ±0.6 ± 0.005 ±0.01 ±0.01 ±0.12

OK 48.8 9.5 0.548 0.76 1.39 2.14
± 0.6 ±0.3 ±0.007 ±0.01 ±0.02 ±0.05

(Hofmann et al., 1987, KAI 230 m), are in equilibrium.

Sample KAI351 is slightly deficient in 230Th.

Considering the low Pb content of this sample
(Hofmann, 1990), this is taken as a possible
indication of a low age (323^5 Ka).

The surface samples MUM and WT show
strong disequilibria. Disequilibria in sample
MUM are in accordance with single stage leaching

while the activity ratios of sample WT must be
explained by a combination of leaching, causing

the high 230Th/238U activity ratio of 4.32, and of
uranium accumulation, responsible for the high
234JJ/238JJ activity ratio of 2.58. Compared with the
subsurface samples, samples MUM and WT are
low in uranium. Minimum pre-leaching uranium
concentrations based on 230Th/238U activity ratios
(assuming very recent leaching) are 71 ppm for
MUM and 154 ppm for WT. These values are still
relatively low but are comparable to some of the
deep samples.
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Fig. 1 Plot of 234U/23!,U activity ratios against sampling
depth. Permian of Northern Switzerland / SW Germany.
Symbol size is equal or larger than errors.

230Th/234U
Fig. 2 Plot of 230Th/234U activity ratios against sampling
depth. Permian of Northern Switzerland / SW Germany.
Symbol size is equal or larger than errors.

The Oklahoma sample shows a strikingly low
234U/238U activity ratio of 0.55 and a low 23(Th/23SU

activity ratio of 0.76.

232THORIUM CONCENTRATIONS

During earlier investigations (Hofmann et al.,
1987; Hofmann, 1990), ambiguous results were
obtained as to whether 232Th is enriched in reduction

spheroid cores or not. This question has
important implications regarding the low-temperature

mobility of thorium and of geochemically
similar artificial actinides that may be present in
radioactive waste. No Th enrichments were found
using XRF- (Hofmann, 1990) and ICP methods
(Hofmann, 1991). However, a few samples of
uranium minerals with Th contents well above the

detection limit of the microprobe were identified
by Hofmann (1990). Alphaspectrometric
measurements indicated Th enrichments in cores at
Kaisten 230 m (Hofmann et al., 1987).
Background concentrations of Th in the clayey Permian

red beds of the Kaisten well were found to be
16 to 18 ppm (Hofmann et al., 1987). Compared
to this, the measurements presented in this paper
show elevated Th concentrations for samples
RIN819K, KAI130, KAI297 and KAI351. The
uranium phase in sample KAI351 was previously
analyzed with the microprobe showing 72.68%
U02 and 0.55% Th02 (64.07%U and 0.48% Th,
Hofmann, 1990, table 3). Assuming all U and Th
in sample KAI351 measured in this study is
present in this uranium phase, the Th content of
the uranium phase based on alphaspectrometry is
0.46 + 0.04% which compares very well with the
microprobe analysis.
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Fig. 3 Plot of 2,0Th/2,sU activity ratios against sampling
depth. Permian of Northern Switzerland / SW Germany.
Symbol size is equal or larger than errors.

URANIUM DISTRIBUTION IN REDUCTION
SPHEROIDS AND HOST ROCKS

The spatial distribution of uranium in reduction
spheroid cores and in host rocks was investigated
by fission track mapping on samples from the
Kaisten drillhole. The distribution of uranium in
the host rock and in the bleached haloes was
found to be very homogeneous, with a majority of
the uranium bound to the finegrained clay matrix
and a minor part bound to detrital minerals like
zircon and monazite. The uranium concentration
gradient at the border of the cores is very steep.
Over a distance of 1 to 2 mm the uranium concentration

increases from background (± 5 ppm) to
several 1000 ppm (Fig. 4). No difference of uranium

concentration was found between the red host
rock and the bleached haloes, and there is no
evidence of uranium accumulation at the border
between red host rock and bleached haloes. Car-

Distance from edge of core, mm

Fig. 4 Detailed profile ol uranium concentration at
the edge of the core of a reduction spheroid (Kaisten
230.0 m) derived from a fission track map. Track densities

in the core were too high for counting (> 1000 ppm
U).

bonate concretions generally have uranium
concentrations (1-2 ppm) that are much lower than
those of the host rock, but occasionally they contain

small inclusions of uranium-rich phases.

Discussion

The results of this study show that recent mobility
of uranium, evidenced by disequilibria between
238U, 234U and 230Th was common in Permian red
beds in Northern Switzerland to depths of about
230 m and affected uranium minerals in the cores
of reduction spheroids. Below a depth of roughly
230 m, disequilibria are rare and less pronounced.
Pore fluids are considered to be closer to chemical
equilibrium with uraninite and coffinite at these
depths. Evidence of uranium accumulation is

present in one surface sample and in ZUZ201, in
both cases based on 234U/238U activity ratios only
while Th/U activity ratios are indicative of leaching.

These results are consistent with the reinter-
pretation of results from detailed sampling of
KAI 230 m (Hofmann et al., 1987), where uranium

leaching most likely caused the observed
activity ratio profiles. A comparison with groundwater

data from Permian red beds and from the
overlying Triassic Buntsandstein (data from
Wittwer, 1986) shows that in the depth range
where U mobility has been evidenced in this
study, U concentrations in the groundwater are
significantly higher (15 ppb) than in deeper red
beds (0.2 to 0.5 ppb).

Elevated concentrations of 232Th were found in
four samples of reduction spheroid cores,
confirming the presence of Th established by micro-
probe analysis (Hofmann, 1990). Thorium is gen-
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erally considered to be an immobile element
under the low temperature conditions that prevailed
during the tormation ot reduction spheroids The
evidence presented here shows that at least in
some cases thorium is mobile together with
uranium allowing Th/U ratios in the fluid phase (as
reflected in the composition of uranium minerals)
as high as 0 0072/0 0075 (KAI351, from al-
phaspectrometry and microprobe, respectively)
Interestingly, the uranium phase in this sample is
mtergrown with a Sr-Ce-La-Nd-arsenate-phos-
phate (kemmlitzite) Possibly the LREE and Th
were carried together m the solution from which
these minerals were precipitated. The low Pb content

of this uranium phase (Hofmann, 1990) and a
230Th deficiency indicate that this uranium mineral
and the associated transport of U, Th and LREE
could be as young as 323+2j Ka These results are
supported by reports from Wales (Parnell and
Eakin, 1989) and SW Colorado (Houston and
Murphy, 1970) where Th-beanng, U-nch organic
matter of diagenetic origin was found These lines
of evidence for thorium mobility also pose some
doubts on the assumption that 230Th is strictly
immobile

The presence of a steep uranium concentration

gradient (Fig 4) at the edge of the cores
shows the difficulty of adequately sampling
different zones for uranium series disequilibrium
investigations Ideally, low-uranium zones directly
adjacent to the cores would best show evidence of
recent uranium loss from the core and accumulation

in a near core zone Due to the somewhat
irregular shape of the cores and the presence of
small, high-U "subcores", it would be difficult to
obtain a contamination-free sample of sufficient
size from this zone.

The data of the Oklahoma sample (OK) are
most likely indicative of continous leaching of
234U or precursors over long periods of time leading

to a depletion of both 234U and its daughter
product 230Th relative to 238U This interpretation
is consistent with high uranium concentrations
and 234u/238U activity ratios > 1 in groundwaters
from this site (G Breit, pers. comm 1990)

Conclusions

238U, 234Th and 230Th are at or close to radioactive
equilibrium below about 230 m depth in Permian
red beds in Northern Switzerland indicating that
no significant chemical perturbation occurred
within the last 2 Ma Above 230 m depth, dis-
equilibria increase to the surface indicating active
dissolution and/or reprecipitation of uranium
phases During the formation of reduction spher¬

oids, thorium was mobile to a certain extent
allowing the coprecipitation with uranium in minerals

This thorium mobility is probably due to the

presence of unknown complexing agents that also
allowed LREE transport This study demonstrates

the suitability of reduction spots m tracing
recent uranium mobility in red beds
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