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ABSTRACT

Redox fronts are important geochemical boundaries which need to be considered in
safety assessment of deep repositories for radioactive waste. In most cases, selected
host-rock formations will be reducing due to the presence of ferrous minerals, sulphi
des, etc. During construction and operation of the repository, air will be introduced into
the formation. After repository closure, oxidising conditions may persist locally until all
oxygen is consumed. In the case of high-level waste, radiolysis of water may provide
an additional source of oxidants. Oxidising conditions within a repository are thus pos
sible and potentially have a strong influence on the mobility of many elements. The rate
of movement of redox fronts, the boundary between oxidising and reducing environ
ments, and their influence on migrating radionuclides are thus important factors
influencing repository performance.

The present report is a review of elemental behaviour at natural redox fronts, based on
published information and work of the author. Redox fronts are geochemically and
geometrically variable manifestations of a global interface between generally oxidising
geochemical milieux in contact with the atmosphere and generally reducing milieux in
contact with rocks containing ferrous iron, sulphide and/or organic carbon. A classifica
tion of redox fronts based on a subdivision into continental near-surface, marine near
surface, and deep environments is proposed. The global redox interface is often loca
ted close to the surface of rocks and sediments and, sometimes, within bodies of
water. Temperature conditions are close to ambient. A deeper penetration of the global
redox front to depths of several kilometres is found in basins containing oxidised sedi
ments (red beds) and in some hydrothermal circulation systems. Temperatures at such
deep redox fronts may reach 200°C. Both near-surface and deep redox fronts are sites
of formation of economic deposits of redox-sensitive elements, particularly of U, V, Cu,
Ni, Au and Ag. The mineralogy of redox fronts is extremely complex, with redox fronts
formed at elevated temperature showing more complex assemblages than lower tem
perature redox fronts.

The redox behaviour of individual elements is discussed based on results from natural
redox fronts and, to a more limited extent, on experimental evidence. Other aspects of
redox fronts such as organic geochemistry, mineral phases, microbial activity, radioly
sis and geochemical self-organisation are briefly reviewed. A short overview of active
and fossil redox fronts in Northern Switzerland and Southwest Germany is given. The
review also includes information on commercially available analytical methods suitable
for redox front geochemistry.

The general conclusion of this report is that there is widespread evidence that the
elements U, Se, Pd and many others are systematically and efficiently immobilised at
variable types of redox fronts. Co-precipitation is widely observed for the REE and
perhaps for Th. While these general observations conform to the known geochemical
properties of these elements, unexplained differences exist between the behaviour of
some elements in different types of redox fronts, e.g. the strongly contrasting behaviour
of the otherwise geochemically similar elements Ni and Co in the fossil meteorite Brun
flo. Th is another element for which evidence of unusual geochemical behaviour exists
at certain localities. A strong influence of local parameters that may be hard to identify
appears to be one of the main obstacles in the interpretation of data from natural sy
stems.
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The systematic overview of natural and human-induced redox fronts in this report
allows types of redox fronts suitable for natural analogue studies to be identified. Parti
cularly promising in this respect are weathering phenomena in homogeneous dumps of
ore processing products (type IVb) and redox fronts formed by injection of seawater
into deep oil reservoirs.
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Redoxgrenzen sind bedeutende geochemische Grenzflächen, die bei der Beurteilung
der Sicherheit eines tiefen Endlagers radioaktiver Abfälle berücksichtigt werden müs
sen. In den meisten Fällen ist die ausgewählte Wirtgesteinsformation durch ihren
Gehalt an zweiwertigem Eisen, Sulfiden etc. natürlicherweise reduzierend. Während
Bau und Betrieb des Endlagers kann Luft in die Gesteinsformation eindringen. Sogar
nach Versiegelung des Lagers können oxidierende Bedingungen noch für einige Zeit
weiterbestehen bis aller eingeschlossene Sauerstoff aufgebraucht ist. Im Falle von
hochaktivem Abfall kann die Radiolyse von Formationswasser eine weitere Quelle
oxidierender Agentien darstellen. Oxidierende Bedingungen innnerhalb eines tiefen
Lagers sind also möglich und haben potentiell einen starken Einfluss auf die Mobilität
vieler Elemente. Die Bewegungsrate von Redoxgrenzen, der Grenzflächen zwischen
oxidierenden und reduzierenden Milieux, und deren Einfluss auf die Migration von
Radionukliden sind deshalb wichtige Faktoren, welche das Verhalten eines Abfalllagers
beeinflussen können.

Dieser Bericht gibt eine Übersicht über das geochemische Verhalten von Elementen in
natürlichen Redoxgrenzen, basierend auf publizierter Literatur und Arbeiten des Au
tors. Redoxgrenzen sind geochemisch/geometrisch variable Ausbildungsformen der
globalen Grenzfläche zwischen den oxidierenden Bedingungen im Einflussbereich der
Atmosphäre und reduzierenden Bedingungen in den meisten Gesteinen, welche über
wiegend zweiwertiges Eisen, Sulfidschwefel und/oder organische Stoffe enthalten.
Eine Klassifikation der Redoxgrenzen basierend auf einer Einteilung in oberflächenna
he kontinentale, oberflächennahe marine und tiefe Milieux wird vorgeschlagen.
Weltweit befindet sich diese Redoxgrenze meist im oberflächennahen Bereich von
Gesteinen und Sedimenten, z.T. auch innerhalb von Wasserkörpern. Temperaturen
entsprechen hier den Bedingungen der Erdoberfläche. Ein Tieferreichen der globalen
Redoxgrenze bis in einige Kilometer ist in Becken mit oxidierten Sedimenten (Red
beds) und in gewissen hydrothermalen Zirkulationssystemen möglich. Temperaturen in
derartigen Redoxfronten erreichen bis ca. 200°C. Sowohloberflächennahe als auch
tiefe Redoxfronten sind Orte der Akkumulation redoxsensitiver Elemente, was biswei
len bis zur Lagerstättenbildung führt, speziell der Elemente U, V, Cu, Ni, Au und Ag.
Die Mineralogie von Redoxgrenzen ist extrem komplex. Bei erhöhter Temperatur
zeigen mineralisierte Redoxgrenzen generell eine komplexere Mineralogie als Tieftem
peratur-Redoxgrenzen.

Basierend auf den Erkenntnissen von natürlichen Redoxgrenzen und in geringerem
Masse auf experimentellen Daten wird das Redoxverhalten individueller Elemente
diskutiert. Organische Geochemie, Mineralbildung, mikrobielle Aktivität, Radiolyse und
geochemische Selbstorganisation an Redoxgrenzen werden kurz angerissen. Ein
Überblick über aktive und fossile Redoxgrenzen im Gebiet Nordschweiz
Südschwarzwald sowie über analytische Methoden kommerzieller Labors zur Analyse
redox-relevanter Elemente beschliessen den Bericht.

Ein generelles Resultat dieses Berichtes ist die Bestätigung, dass im reduzierten Be
reich von Redoxgrenzen U, Se, Pd und viele andere Elemente systematisch und
effizient immobilisiert werden. Kopräzipitation führt zur verbreiteten Immobilisierung
von SEE und eventuell von Th. Während diese Ergebnisse dem bekannten Verhalten
dieser Elemente entsprechen, existieren unerklärte Unterschiede im Verhalten einzel
ner Elemente in den verschiedenen Typen von Redoxgrenzen, so z.B. das sehr
kontrastierende Verhalten der sonst sich ähnlich verhaltenden Elemente Ni und Co im
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fossilen Meteorit Brunflo. Th ist ein weiteres Element, für welches an einigen Orten ein
abweichendes geochemisches Verhalten vermutet werden kann. Eine starke Beein
flussung des Verhaltens von Elementen durch lokale, schwer erfassbare Grössen ist
eines der Haupthindernisse bei der Interpretation von Daten aus natürlichen Systemen.

Die systematische Zusammenstellung natürlicher und menschlich induzierter Redox
grenzen in diesem Bericht erlaubt es, Typen von Redoxgrenzen zu indentifizieren,
welche für Analogstudien geeignet sein könnten. Als besonders aussichtsreich er
scheinen Verwitterungsbildungen auf homogenen Halden von Aufbereitungsprodukten
(Typ IVb) und Redoxgrenzen, welche sich bei der Injektion von Meerwasser in tiefe
Ölreservoire bilden.
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Les fronts redox sont des surfaces de limites géochimiques importantes qui doivent
être prises en considération lors de l'analyse de sécurité d'un dépôt profond de
déchets radioactifs. Dans la plupart des cas, la formation géologique retenue possède
naturellement un caractère réducteur en raison de sa teneur en fer bivalent et en sulfu
res notamment. Pendant la construction et l'exploitation d'un dépôt, de l'air peut
pénétrer dans la roche. Des conditions oxydantes peuvent subsister pour un certain
temps même après le scellement du dépôt, jusqu'à ce que tout l'oxygène emprisonné
soit utilisé. Dans le cas de déchets hautement radioactifs, la radiolyse de l'eau de
formation peut fournir une autre source d'agents oxydants. Des conditions oxydantes
au cœur d'un dépôt profond de déchets radioactifs sont ainsi possibles et peuvent
avoir une influence importante sur la mobilité de nombreux éléments. La vitesse de
propagation des fronts redox, ces surfaces séparant les milieux oxydants et réduc
teurs, et leur influence sur le comportement migratoire des radioéléments sont donc
des facteurs importants qui peuvent conditionner le comportement d'un dépôt de
déchets radioactifs.

Le présent rapport fournit une vue d'ensemble sur le comportement géochimique
d'éléments aux fronts redox, basée sur la littérature publiée et les travaux de l'auteur.
Les fronts redox sont des manifestations de caractère géochimique/géométrique d'un
interface global entre les conditions oxydantes de la zone d'influence de l'atmosphère
et les conditions réductrices qui règnent dans la plupart des roches contenant princi
palement du fer bivalent, du soufre sous forme de sulfures et/ou de la matière
organique. On propose une classification des fronts redox basée sur la subdivision en
milieux continentaux proches de la surface, marins proches de la surface et profonds.
A l'échelle du globe, les fronts redox se trouvent en général dans une zone proche de
la surface dans les roches et les sédiments, en partie aussi à l'intérieur des masses
d'eau. Les températures correspondent alors aux conditions de la surface terrestre.
Les fronts redox régionaux peuvent atteindre des profondeurs jusqu'à quelques ki
lomètres dans les bassins contenant des sédiments oxydés (Redbeds) et dans certains
systèmes de circulation d'eaux hydrothermales. Dans de tels cas, les températures
aux fronts redox peuvent s'élever jusqu'à 200 oC environ. Les fronts redox, aussi bien
peu profonds que profonds, sont des lieux d'accumulation d'éléments sensibles à
l'oxydation-réduction, ce qui provoque la formation de gisements minéraux, en particu
lier des éléments U, V, Cu, Ni, Au et Ag. La minéralogie des fronts redox est
extrêmement complexe. Aux températures élevées, les fronts redox minéralisés
présentent en général une minéralogie plus complexe qu'aux basses températures.

En se basant sur les connaissances des fronts redox naturels et dans une moindre
mesure sur des données expérimentales, on discute le comportement redox des
éléments individuels. On aborde succintement la géochimie organique, la formation
des minéraux, l'activité microbienne, la radiolyse et l'auto-organisation géochimique sur
les fronts redox. Le rapport se termine par une vue d'ensemble des fronts redox actifs
et fossiles dans le nord de la Suisse et la Forêt Noire, ainsi que par une revue des
méthodes analytiques pour l'analyse des éléments significatifs des processus redox.

Un résultat général de ce rapport est la confirmation que dans la zone réductrice des
fronts redox U, Se, Pd et bien d'autres éléments sont immobilisés efficacement et de
manière systématique. Une coprécipitation conduit à l'immobilisation souvent con
statée des terres rares (REE) et éventuellement du Th. Tandis que ces résultats
correspondent au comportement connu de ces éléments, on a identifié des différences
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non expliquées du comportement de certains éléments dans les différents types de
fronts redox, par exemple les comportements très contrastés du Ni et du Co, sinon très
semblables, dans la météorite fossile Brunflo. Le Th est un autre élément pour lequel
on suppose un comportement géochimique déviant dans quelques endroits. L'influence
prépondérante de grandeurs locales difficilement identifiables sur le comportement des
éléments est l'un des obstacles principaux pour l'interprétation de données issues de
systèmes naturels.

Le fait d'avoir rassemblé systématiquement dans ce rapport des données de fronts
redox naturels et induits par l'homme permet d'identifier des types de fronts redox
adéquats pour l'étude des analogues naturels. Particulièrement riches en enseigne
ments sont les dépôts d'altération qui se forment sur les terrils homogènes de résidus
de traitement (type IVb) et les fronts redox qui se forment lors d'intrusion d'eau de mer
dans les réservoirs profonds d'hydrocarbures.
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Figure 22: Details of the complex shape of a tabular U-V orebody (Type III a)
suggesting strong lithological control of the redox boundary. From
SHAWE et al. (1959) 46

Figure 23: Detail of the discordant redox front in tabular U-V orebody (Type III
a), Colorado Plateau, with a profile of U and V concentrations. After
DAHLKAMP (1993) 47

Figure 24: S-shaped, zoned redox front in a sandstone-hosted V-U deposit
Ctabularll,Type III a), Rifle Mine, Western Colorado. From LaPOINT &
MARKOS (1977). Very sharp zonation of elements and minerals over
considerable distance perpendicular to the front. The element
zonation indicates decreasing pe from the Cr to the U zone,
inconsistent with the assumption of a brine on the Cr (oxidising) and
of freshwater on the U (reducing) side of the front 48

Figure 25: Model of the hydrological flow regime during formation of tabular
uranium-vanadium deposits (Type III a) on the Colorado Plateau. U-V
orebodies formed in the mixing zone between saline basinal brine
and fresh groundwater, particularly in areas rich in detrital organic
material. Length of section approximately 200 km. From SANFORD
(1990) 49
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Figure 26: Channel-type sandstone-hosted uranium deposit (Type III a), East
Kalkaroo, Lake Frome area, South Australia. From EVANS (1993),
after BRUNT (1978) 49

Figure 27: Uranium-mineralised breccia pipe (type III b) of the Grand Canyon
area, Arizona, showing extensive red bed bleaching and irregular
uranium mineralisation. From DAHLKAMP (1993) 51

Figure 28: Typical reduction spot (Ill c) from Permian red bed mudstone, Kaisten
borehole (208.7 m depth), Northern Switzerland. The dark core
(MRZ) consists of an outer zone rich in rocoelite (dark green) and an
inner zone with complex mineralogy (mainly uraninite U02 ,

clausthalite PbSe and native Ag-Au). The light coloured halo (URZ) is
strongly depleted in total Fe (from 4.6 to 2.8%) and Pb (from 47 to 18
ppm) relative to the red mudstone host rock (OZ). Photograph B.A.
Hofmann 52

Figure 29: Planar redox front in Permian red bed sandstone, Riniken borehole
(1032.3 m depth), Northern Switzerland. Strongly elongated reduction
spot type redox front (Type III c). The mineralised green band (MRZ)
consists of nearly pure roscoelite yielding a K-Ar age of 172±2 Ma
(HOFMANN 1990). Photograph B.A. Hofmann 52

Figure 30: Redox zonation in Kupferschiefer deposits, Germany (stratiform
redox front, Type III i). Zonation intersects stratigraphic boundaries at
low angle (note vertical scale!). Rote Faule facies (bottom)
corresponds to OZ. From EVANS (1993), after BROWN (1978) 56

Figure 31: Element zonation in PGE-bearing Kupferschiefer deposits (Type III i),
SW Poland (1 =white sandstone; 2 =shale; 3 =dolomite; 4 =noble
metalbearing shale; 5 = thucholite shale; 6 =pitchy shale; 7 =shale
with digenite; 8 =dolomitic shale; 9 =dolomite). From KUCHA (1982) ..... 56

Figure 32: Element zonation in PGE-bearing Kupferschiefer deposits (Type III i),
SW Poland (1 = white sandstone; 2 = organogenic limestone with
glauconite, phosphate; 3 =clay dolomite; 4 =dolomite; 5 =
limestone). Note unusual enrichment of Pb (as PbSe and AuPb 2)

together with Au and PGE under more oxidised conditions than Cu
enrichment. From KUCHA (1982). Section measures approximately
0.5 m 57

Figure 33: The Cigar Lake unconformity-type uranium deposit (ore = MRZ),
redox front type III j) located at the unconformity between underlying
Archean/Lower Proterozoic basement (PRZ) and overlying
Proterozoic red bed sandstone (OZ), Athabasca Basin,
Saskatchewan, Canada. Note very large area of red bed bleaching
(URZ). From CRAMER & SMELLlE (1994) 58

Figure 34: Uraninite grains (black) surrounded by hematite haloes in pegmatite.
Hematite haloes are strictly bound to the vicinity of uraninite. Iron
oxidation due to radiolysis is a likely explanation for this effect. Bates
Hunter Mine, Idaho Springs, Colorado (NMBE B6853). Field of view =
6 cm. Photograph P. Vollenweider 59

Figure 35: Enrichment factors of individual redox front types (small symbols) and
geometric means (squares) of relevant elements (data from Tab. 7) 88
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Figure 36: Seawater/upper crust partitioning coefficients (a measure of mobility)
versus average enrichment factors in redox fronts (data from Tab. 7) 88

Figure 37: Liesegang-type rhythmic sulphide bands in sandstones underlying the
Kupferschiefer, S Poland (redox front Type III i). From SAWLOWICZ
& WEDEPOHL (1992). Section measures approximately 1.6 m 107
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1 INTRODUCTION

1.1 Scope of the review of natural redox fronts

NAG RA NTB 99-05

In the near-field of high-level radioactive waste (HLW) repositories, redox processes
may strongly influence aqueous speciation, sorption behaviour and mineralogy and
thus the migration behaviour of radionuclides. Some safety-relevant elements such as
U, Se, Pd and Tc are significantly more soluble under oxidising than under reducing
conditions. Besides undergoing changes in solubility as a result of redox changes, eo
precipitation or sorption will be influenced by redox conditions. The mobility of elements
not generally considered as "redox-sensitive" under near-surface conditions, e.g. Cs,
Ra, Y, Zr and Sn, may be influenced in this way. In the current Swiss concept for a
HLW repository, local redox conditions will remain reducing, primarily due to the pre
sence of steel containers or ferrous minerals in backfills (NAGRA 1994). However,
oxidising conditions may develop near highly radioactive material as a result of water
radiolysis (CHRISTENSEN & BJERGBAKKE 1982, VOVK 1987, HOFMANN 1994,
ROMERO et al. 1995, SMITH & CURTI 1995). It is expected that the redox front stays
within the bentonite backfill in the Swiss HLW repository, while penetration into the host
rock is expected in the Swedish case. A major source of oxidants is radiolysis after
canisters are breached (ALEXANDER & McKINLEY in press). A sound knowledge of
the migration behaviour of potentially hazardous elements in radioactive (and other)
waste in a number of different redox environments is thus of importance for a HLW
performance assessment (PA). Natural redox fronts provide information about the
redox behaviour of many elements in situations analogous in many ways to radioactive
waste disposal sites.

Natural redox environments range from extremely oxidising (water equilibrated with the
earth's atmosphere) to highly reducing (e.g. sea floor hydrothermal vents, serpentinisa
tion of ultramafic rocks, sediments rich in organic matter) and in some cases extreme
changes of redox milieux occur within a short distance. The natural spectrum of redox
environments is very large and offers opportunities to obtain comparative data relevant
to the situation in HLW repositories, especially concerning the low-temperature redox
behaviour of most naturally occurring chemical elements. Because low temperature
redox processes are crucial in the geochemical cycling of many elements, in the for
mation of several types of economic ore deposits and for the geochemical behaviour of
natural and man-made pollutants including radioactive elements, there exists a vast
body of literature on the subject of redox geochemistry.

Redox fronts, i.e. spatially steep gradients of redox conditions, have been the subject
of detailed research by economic geologists for many years because many important
mineral deposits are related to redox fronts, most notably deposits of uranium, vanadi
um, copper, lead, zinc and many other elements. Redox fronts also have profound
effects on the global geochemistry and cycling of a large number of elements and are
hosts to complex biological systems.

Data relevant to HLW repositories that may be extracted from existing studies of redox
fronts undertaken without the specific aim of providing such data include: element
concentration profiles across redox fronts; redox front mineralogy; geochemical and
experimental studies of the behaviour of elements under different redox conditions and
studies of the biogeochemical cycling of elements.



NAGRA NTB 99-05 2

This study is an attempt to summarise the current knowledge of low temperature (for
the sake of this study below approximately 200°C) redox processes in nature based on
a survey of published literature. The volume of geoscientific literature related to redox
processes is extremely large. This report does not attempt to summarise all the availa
ble data, rather an attempt is made to link the different fields of research related to
applied redox geochemistry and mineralogy and to provide access to less commonly
referenced literature. The quality of cited papers may be quite uneven because less
investigated subjects had to be covered as well. Experimental and theoretical studies
are only referred to where they are of direct relevance to natural situations. The aim of
this study is to extract generally valid trends of element behaviour and to identify possi
ble gaps in knowledge. This review intends to supply information that may be used to
test the relevance of models of element behaviour that are based on theoretical and
laboratory studies. Such information on elements relevant to radioactive waste disposal
is summarised by SUTER (1991).

Probably the most relevant data for the general purpose of this review would be spa
tially detailed quantitative multi-element concentration data across redox fronts.
However, such data are sparse in the literature. Academic studies focusing on redox
fronts in deep sea environments and on small-scale redox phenomena in sediments
provide the most detailed data at present. Ideally, the following criteria should be ful
filled for a single redox front or a group of closely related fronts in order to be able to
obtain analogue-relevant information:

• Well developed, sharp redox front

• Date of formation or period of activity should be known

• The redox front(s) should have a simple geochemical history

• Evidence of the main redox couples involved should be clear (e.g. oxygen/pyrite)

• Trace element profiles should be spatially detailed, comprising all PA-relevant
elements, and be of good analytical quality

• Information on (pore)water chemistry should be available

• Elements for which analytical data should be available comprise: S, V, Cr, Mn, Fe,
Ni, As, Se, Mo, Pd, U (most important); Sn, Cs, REE, Re, Au, Th (secondary im
portance). Some of these elements are not PA-relevant, but are important as a
reference because they are commonly enriched in many redox fronts.

The redox behaviour of natural isotopes/isotope mixtures of potentially hazardous
radioactive isotopes in radioactive waste (U, Sn, Pd, Ni, Se, Cs) and of chemical ho
mologues of radioactive isotopes (Th for Pu(IV), REE for trivalent actinides, Re, Mo for
Tc) are especially relevant. Concentrations of these elements in key geochemical
materials are given in Table 1.
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Table 1: Concentration of analogue-relevant elements in key materials (concentra
tions in ppm)

ordinary upper continental oceanic crust seawater seawater/
chondrites crust continental

(1) (2) (2) (3) crust

S 23000 260 9.0E+02 3.5E+00

Ni 16850 20 135 5.0E-04 2.5E-05

Se 9.4 0.05 0.16 1.3E-04 2.6E-03

Mo 1.7 1.5 1.0 1.1E-02 7.3E-03

Pd 0.9 5.0E-04 <0.2E-3 2.0E-08 4.0E-05

Sn 0.6 5.5 1.4 5.0E-07 9.1E-08

Cs 0.09 3.7 0.03 2.9E-04 7.8E-05

La 0.3 30 3.7 4.5E-06 1.5E-07

Ce 0.8 64 11.5 3.5E-06 5.5E-08

Sm 0.2 4.5 3.3 8.0E-07 1.8E-07

Lu 0.03 0.32 0.56 1.4E-07 4.4E-07

Re 0.08 3.0E-04 9.0E-04 8.3E-06 2.8E-02

Pb 0.24 20 0.8 2.0E-06 1.0E-07

Th 0.04 10.7 0.22 6.0E-08 5.6E-09

U 0.01 2.8 0.1 3.1E-03 1.1E-03

1) MASON (1971); Se and S from DREIBUS et al. (1995)

2) TAYLOR & McLENNAN (1985)

3) TAYLOR & McLENNAN (1985); Pd from GOLDBERG & KOIDE (1990);

Re from COLODNER et al. (1993)

The behaviour of other elements is also discussed in this report because a complete
understanding of geochemical systems often is crucial for the interpretation of the
geochemistry of single elements. Some main geochemical characteristics of all ele
ments are summarised in Figure 1.

A review of related subjects was compiled by SUTER (1991), focusing mainly on labo
ratory studies and analytical methods. By far the most extensive data on the redox
behaviour of a single safety-relevant element in nature is available for uranium. Much
information about uranium-related redox geochemistry can be found in the compilations
by NASH et al. (1981) and DAHLKAMP (1993). The thermodynamic background of
redox geochemistry is dealt with in various publications and is not the subject of this
paper. An introductory compilation showing the major fields of stability for species and
minerals of most elements is provided by BROOKINS (1988). A listing of the elemental
inventory of minerals may be found in HOLZEL (1989).
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1.2 Definition of the term 'redox front'

NAGRA NTB 99-05

Redox reactions near the earth's surface play a major role in all geological processes
and are one of the key functions of life. The majority of redox reactions are mediated by
surface-bound organisms which re-oxidise reduced carbon resulting from photosynthe
sis. This surface-bound activity extends into the lithosphere where reduced material
(organic matter) is withdrawn from the carbon cycle by burial in sediments and where
reduced materials (e.g. ferrous silicates) are oxidised in the weathering environment.
Very generally, redox fronts are interfaces between the lithosphere and the atmosphe
re.

In this report, the term redox front is used for spatial gradients of the redox state of a
fluid medium (seawater, porewater) and/or solid phases (rock, sediment). Redox fronts
may be active, in cases where the redox gradient is reflected in the porewater
geochemistry and where redox reactions are actively ongoing, or they may be fossil,
where no significant redox gradient may be discernible in the aqueous phase and no
redox reactions are actively on going. In fossil redox fronts, therefore, only the solid
phase yields information about element behaviour during the period of active redox
front formation. Fossil redox fronts are far more abundant than active ones, however.
The term redox front as it is used here has no geometric meaning. The geometry of
redox fronts ranges from simple (e.g. a planar seawater-sediment interface) to extre
mely complex (e.g. some tabular-type U-V orebodies).

Redox milieux are commonly classified in terms of pe (or Eh) and pH with phase and
species boundaries drawn under the assumption of chemical equilibrium. Considering
the common lack of thermodynamic equilibrium in low-temperature systems, the diffi
culty of obtaining meaningful pe-measurements, the absence of concentration data for
many elements in relevant fluids and the unavailability of thermodynamic data for most
minerals of rare elements considered here, the use of pe-pH plots is of limited value for
the present discussion.

An alternative approach using a generic classification deduced from field observations
was used by BERNER (1981), who defined the following redox milieux in recent sedi
ments:

a) Oxic (free oxygen and nitrate present in porewater, Fe(lIl) and Mn(IV) oxyhydrox
ides)

b) Post-oxic (oxygen <1 E-6 M, no sulphide; nitrate, Mn(IV) and Fe(lIl) are electron
acceptors, H2S<1 E-6)

c) Sulphidic (zone of active sulphate reduction, H2S >1 E-6)

d) Methanic (methanogenesis)

This classification is based on the most abundant electron acceptors present in sedi
mentary milieux and their microbial transformation. Redox zones can be defined
according to BERNER (1981) for recent sediments where porewater concentrations of
O2 and H2S can be determined. The location of important redox couples within the
classification of BERNER (1981) is presented in Figure 2.
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Figure 2: Equilibrium electron activity diagram in model seawater, with geochemical
environment classification of BERNER (1981). From THOMSON et al.
(1993)

In fossil redox fronts, an adapted redox zone definition based on properties of the
solids only is preferable (Fig. 3):

• Oxidised zone (Ol): rock containing Mn(IV), Fe(lIl) oxides and/or hydroxides

• Unmineralised reduced zone (URl): rock/sediment where Fe, Mn oxides are dis
solved, but no precipitation of redox-sensitive elements occurred. Such rocks have
a very low active redox buffering capacity due to the absence of reactive phases.
Traces of inert phases such as graphite or ferrous silicates may be present. This
zone corresponds approximately to the suboxic zone of BERNER (1981)

• Mineralised reduced zone (MRl): rock/sediment containing secondary enrichments
of reduced redox-sensitive elements near redox fronts. In economic mineral depos
its, mineable ore is located within the MRl

• Primary reduced zone (PRl): rock/sediment containing reduced minerals (e.g.
pyrite, organic matter), without detectable trace of oxidation. Most of the earth's in
terior belongs to this redox zone.
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zone boundaries may be
of variable sharpness

MRZ

mineralised reduced zone

colour: black, dark grey, greenish

PRZ

primary reduced zone

colour: grey, green, black

V (Ill)

(J (IV)

Mo (IV)

Fe (11)
Cor:g

sUIf)bides

spatially separated
zones of individual
enriched elements

concentration

Figure 3: Major visible features of redox fronts. Elements represented are typical
examples of redox-sensitive elements

1.3 Typology of redox fronts and definitions

Key properties of redox fronts critical to their quantitative understanding are (see Fig.3):

a) The nature of solid reductant(s) and oxidant(s)

b) The nature of dissolved reductant(s) and oxidant(s)

c) The kinetics of redox reactions (reactivity)

d) Mode of transport of dissolved species (diffusion/advection)
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e) Diffusivity/permeability of rock/sediment hosting redox front

f) Redox capacity (equivalents/unit volume) of solids and fluids

g) Solid and aqueous speciation of redox-sensitive elements

h) Steepness of redox gradient. A simple measure is the combined width (in mm to m)
of the URZ+MRZ

i) Degree of local equilibrium (e.g. occurrence of unreacted reduced minerals in the
oxidised zone)

j) Involvement of micro-organisms in redox reactions

k) The flux of reactants (usually depending on flux of groundwater).

Based mainly on properties (a), (b) and (d), four basic modes of redox front formation
can be distinguished (oxidation and reduction referring to the solid phase; Fig. 4):

I. Advective oxidation: advective transport of dissolved oxidant into solid reductant.
This is the common situation during weathering. Elements that are mobile under
oxidising, but immobile under reducing conditions (oxmobile elements, e.g. U) will
be deposited at the front because water flow is passing from oxidised to reduced
milieux.

11. Advective reduction: advective transport of dissolved reductant into solid oxidant.
Elements that are mobile under reducing, but immobile under oxidising conditions
(redmobile elements, e.g. Mn, Fe) may be deposited at the front because water flow
is passing from reduced to oxidised milieux.

Ill. Counterdiffusion: counterdiffusion of dissolved oxidants and dissolved reductants.
This type occurs where low permeabilities prevent significant water flow.

IV.Mixing: Mixing of fluids with dissolved oxidants and dissolved reductants. This situa
tion occurs where different water types are mixing.

The four modes of redox front formation are graphically illustrated in Figure 4. The
width and sharpness of geochemical zones in different types of redox fronts depends
on a number of factors. The width depends on:

• The number of elements forming mineralised subzones in the MRZ. A larger num
ber of elements will cause more element zones and, hence, a wider MRZ

• The amount of mineralising elements: a higher amount of mineralising element will
occupy more space, producing a wider MRZ. Older systems are likely to contain
more of each mineralising element and, hence, have a wider MRZ

• Capacity of host rock to accommodate mineralising elements: lower maximum
concentrations of mineralising elements will cause a wider MRZ

• The significance of diffusive element transport allowing some transport of dissolved
redox reaction products back against the direction of advective transport, leading to
the development of a wider URZ
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Figure 4: The four modes of redox front formation

The sharpness of redox fronts is a measure of the degree of attainment of local equili
brium between solid and aqueous phases. Where equilibrium is not attained,
precipitating phases (e.g. Fe hydroxides) may coexist with dissolving phases (e.g.
pyrite). In such situations wide, blurred redox fronts may form. The degree of local
equilibrium and the resulting sharpness of redox fronts depends on:

• Rate of fluid flow (or diffusivity)

• Surface area of solid materials involved in redox reactions

• Reaction kinetics.

The rate of advancement of redox fronts depends on:

• Rate of fluid flow (flux of material) or diffusivity

• Redox capacity of dissolved and solid redox-active materials.

1.4 Natural oxidants and origin of oxidised fluids and rocks

1.4.1 Oxidising fluids

The most obvious oxidising fluids on earth are surface waters in equilibrium with the
atmosphere, containing free oxygen (possibly in metastable equilibrium with hydrogen
peroxide, SATO 1960). Besides dissolved O2 (about 10 ppm at sea level, 15°C), sur
face waters commonly contain the oxidising agents nitrate and sulphate. Due to the
kinetically inert nature of sulphate, sulphate reduction only occurs at temperatures well
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above 100°C or in the presence of sulphate-reducing bacteria. Infiltration of reduced
rocks by oxidising fluids results in the development of redox fronts. CO2 plays a role as
oxidant during microbial methanogenesis. Under conditions of very low pH, realised in
natural systems only in unbuffered oxidising sulphide-rich rocks, the ferric ion (Fe3+) is
an important oxidant playing a key role in, e.g., pyrite oxidation. Dissolved trace ele
ments may become important oxidants at redox fronts, most notably U(VI) and V(V).
Table 2 shows a summary of important oxidants with their respective redox capacities.
A compendium of redox reactions potentially occurring in nature is given in Table 3.
This list is not meant to be complete but gives realistic bulk reactions for most geoche
mically important and analogue-relevant elements.

Table 2: Redox capacity of common geological materials

formula density redox electrons redox

weight g/cm3 per formula capacity
unit equ/drrr'

Reductants

graphite C 12.01 2.26 +4 +752.6

pyrite FeS2 119.98 5.01 +15 +626.8

oil, "organic matter" approx. CH2 14.03 ===1 +8 +570.3

iron metal Fe 55.85 7.87 +3 +423.0

siderite FeC03 115.86 3.96 +1 +34.2

olivine FoO.85FaO.15 MgO.85FeO.15Si04 73.13 3.40 +0.15 +7.0

Oxidants

hematite Fe203 159.70 5.26 -1 -33

anhydrite CaS04 136.14 2.96 -8 -174

red bed with 4wt.% hematite 2.40 -0.60

air 0.8N2/0.202 -0.0360

air-saturated water, ambient ===10mg Oil H2O -0.0013
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(B) : Biologically mediated reactions

Oxidation reactions involving free oxygen/hydrogen peroxide

302 + 4Fe (iron metal) + 2H20 -> 4FeOOH

02 + 4Cu -> 2 CU20 (cuprite)
2-

02 + 2Pd + 8CN- -> 2Pd(CN)4 + 2 H20
2- +

1502 + 4FeS2 (pyrite) + 10 H20 = 4 FeOOH + 8S04 + 16 H
2- +

702 + 4FeS2 + 6 H20 = 4 FeOOH + 4 S203 + 8 H
3+ 2- +

1502 + 4FeS2 + 2 H20 = 4 Fe + 8S04 + 4 H
2- +

502 + 2SnS + 2 H20 = 2 Sn02 + 2 S04 + 4 H

902 + 4FeS (troilite, pyrrhotite)+ 6H20 -> 4FeOOH + 4S04
2-

+ 8H+
. 2+ 2- +

1702 + 4CuFeS2 (chalcopynte) + 6H20 -> 4FeOOH + 4Cu + 8S04 + 8H

02 + 2MnC03 + 2H20 -> 2Mn02 + 2HC03- + 2H+

02 + 4FeC03 + 6H20 -> 4FeOOH + 4HC03- + 4H+

202 + HC03- + ZnS (sphalerite) + -> ZnC03 + SO/- + H+

02 + 2U02 (uraninite) + 4H20 =2 U03,2H20 (schoepite)
2- 2- +

902+2MoS2+6H20->2Mo04 +4S04 +12H

302 + NiAs2 + 2H20 _> Ni2+ + 2As043
- + 4H+

902 + 6CH2 ("organic matter") -> 6C02 + 6H20
2+ +

H202 + 2Fe + 2H20 -> 2FeOOH + 4H

Oxidation reactions involving oxyanions as oxidants
2- +

3S04 + 4CH2 + 6H = 3H2S + 4C02 + 4H20 (B)
2- +

S04 + 4H2 + 2H =H2S+ 4H20 (B)
2- + h -

Se04 + CH2+ H =Se + HC03 + H20 (B)
2- +

3Se04 + 4CH2+ 6H =3H2Se+ 4C02 + 4H20
2- 2-

2Se04 + FeS2= FeSe2 + 2S04
2- + 0 2+ 2-

7Se04 + 3FeS2+ 8H =7Se + 3Fe + 6S04 + 4H20
2- + 2- 2+

3Se03 + 2FeS2+ 6H = 3Se + 2S203 + 2Fe + 3H20

3N03- + 4CH2 + 6H+ -> 3NH4++ 4C02 + H20 (B, denitrification)
& & ~ +

7U02 + FeS2+ 8H20 =7U02 + Fe + 2S04 + 16H
2+ 2+ 2-

3U02 + FeS2+ 3H20 =3U02 + Fe + S203 + 6H+
2+

3 U02 + CH2=3 U02 + C02 + H20 (B)
2+ 2- +

4 U02 + H2S+ 4H20 = 4 U02 + S04 + 10H
2- + 2- 2+

7 M004 + 9FeS2+ 24H = 4S04 + 7MoS2 + 9Fe + 12H20
2- + 2_ 2+

2 M004 + 4FeS2 + 10H = 2MoS2 + S203 + 2S+ 4Fe + 5H20
~ + ~

4 M004 + 9 H2S+ 6 H =4 MOS2 + S04 + 12 H20

2 AS04
3

- + Ni
2+

+ 2 CH2 + 4H+ = NiAs2+ 2C02 + 4 H20
3- 2+ 2-

7 V04 + FeS2= VOOH + Fe + 2S04
~ + ~

4 V04 + H2S+ 10 H = 4 VOOH + S04 + 4 H20
2-

Cr04 + 2FeC03 -> FeOOH + CrOOH + 2HC03-
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Metal ions as oxidants
2+ 0 +

3 Pd + CH2+ 2 H20 -> 3 Pd + C02 + 6 H
2+ + +

2 Cu + H202 -> 2 Cu + 2 H + 02
~ . ~

Cu + CUFeS2 (chalcopynte) + -> 2CuS + Fe
2+ 2+ 0

Cu + CuFeS2.> CU2S + Fe + S
2+. 2+ 2- +

14Cu + 5 FeS2(pyrite) + 12 H20 -> 7CU2S + 5Fe + 3S04 + 24H
3+. 2+ 2- +

14Fe + FeS2 (pynte) + 8 H20 -> 15Fe + 2S04 + 16H
+. 0 2+ 2- +

14Ag + FeS2(pynte) + 8 H20 -> 14Ag + Fe + 2S04 + 16H
3+ 2+ 2+ 2- +

16Fe + CuFeS2 +8 H20 -> 17Fe + Cu + 2804 + 16H
4+ 2+ 2-

6V + FeS2+ 15H20 = 6VOOH + Fe + 8203 + 24H+

Water / C02 as oxidant
2+ -

Fe + 2H20 -> Fe +20H + H2

3 Fe + 4 H20 -> Fe304 + 4 H2

6(Mg1.sFeo.s)Si04 (olivine) + 7H20 -> 3Mg3(OH)4Si20S (serpentine)+ Fe304 (magnetite)+ H2

C02 + H20 -> CH20 + 02 (8, photosynthesis)

4H2+ C02 -> CH4+ 2 H20 (8)

Solid oxides as oxidants
. + 2+ 2-

4 Fe203 (hernatite) + H2S+ 14H -> 8 Fe + S04 + 8 H20

Fe203 (hematite) + 4 H28 -> 2 FeS2+ 3 H20 + H2

3 Fe203 (hematite) + CH2+ 12H+-> 6 Fe
2+

+ C02 + 7 H20

3 Mn02 (pyrolusite) + CH2+ 6 H+-> 3 Mn
2+

+ C02 + 4 H20
3- + 2+ 3-

Mn02 (pyrolusite) + AS03 + 2 H -> Mn + AS04 + H20

Disproportionation (fermentation) reactions
2- 2-

7 8203 + H20 =S04 + H28 (8)

2- 2+ 2- +
7 S203 + 4 Fe + 3 H20 =4 Fe82 + 6 804 + 6 H

2 CH2 + 2 H20 -> CH4+C02 (8)
3- 2+ 3-

6 AS03 + Ni = NiAs2+ 4 AS04 + 2 H20
2- + 0 2- +

3 8e03 + 2 H = 8e + 2 8e04 + 6H
2- +

4 8 + 4 H20 -> 3 H2S+ 804 + 2H (8)

CH3COOH -> CH4+ C02 (8)
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The oxygen content of the atmosphere has experienced large changes over geological
time. While the atmosphere was reducing and nearly free of oxygen until 2000 Ma ago
(KASTING 1993), higher oxygen levels of up to 35% were apparently present during
the Carboniferous (BERNER & CANFIELD 1989). The oxidising power of the at
mosphere and the rate of the development of redox fronts may therefore have been
significantly different in the late Palaeozoic. Significant development of redox fronts
started about 2000 Ma ago.

1.4.2 Oxidants in rocks

Rocks in equilibrium with the atmosphere can be deeply buried without losing a high
oxidation potential in the form of Fe(III)- and Mn(IV)-oxides and sulphate. Sedimentary
rocks containing ferric oxides are commonly referred to as red beds due to their red
colour, caused by an abundance of hematite and the absence of organic matter and
reactive ferrous minerals. At some stage of burial, red beds will usually be cut off from
redox equilibration with the atmosphere. Red beds usually lack active redox buffers
except hematite. Redox conditions in deeply buried red beds are possibly controlled by
equilibrium between Fe(ll) in silicates or carbonates and hematite. Due to the inert
behaviour of sulphate, sulphate-rich rocks within reduced sequences (e.g. anhydrite in
contact with organic-rich shales) usually do not cause oxidation effects below about
100°C.

Redox disproportionation of H20 and CO2 (solid solution) and oxide ions in oxide and
silicate minerals to organic compounds and peroxide has recently been shown to occur
in MgO, olivine and pyroxenes (FREUND et al. 1994) and is invoked as a possible
mechanism to explain organic phases in mantle minerals and oxidation of the Mars
soil.

1.4.3 Oxidising conditions due to radiolysis

Uranium-rich ores usually represent a reduced environment. Porewaters can be sub
jected to radiolysis, however, generating free H20 2 and O2 as well as oxidising radicals,
leading to localised oxidation effects within and near U-rich ores, e.g. at Cigar Lake
(CHRISTENSEN 1994) and Oklo (CURTIS & GANCARZ 1983, SAVARY & PAGEL
1997).

Natural low-level radioactivity causing radiolysis of porewaters may be a factor provo
king the generation of strongly oxidising conditions in red bed porewaters during
advanced diagenesis (HOFMANN 1992a).

1.5 Natural reductants and the origin of reduced rocks and fluids

1.5.1 Reducing fluids

Natural reductants in fluids comprise oil and gas (free and dissolved methane), dissol
ved organic compounds, free hydrogen and reduced species of various elements: H2S,

Fe(II), Mn(II), As(~III).
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Common natural solid reductants (in decreasing order of abundance) are ferrous mine
rals (silicates, siderite, pyrite), sulphides, organic matter (graphite, kerogen, coal),
compounds of other reduced elements and native elements. The reactivity of different
types of organic matter is highly variable. An overview of important reductants is given
in Table 2. Considering the high reducing capacity, abundance and reactivity, pyrite is
likely to be the most important reductant in near-surface redox reactions. Besides the
high stability, it is important to note that sulphur is formally present in pyrite as S(-I).
Pyrite formation from sulphide is therefore associated with the transfer of one electron
per formula unit to an electron acceptor (e.g. H+), or it involves sulphur of intermediate
valence. Possible pyrite-forming reactions are:

FeS + H2S -> FeS2 + H2

FeC03+ 2 H2S -> FeS2 + HC03- + H+ + H2

Fe203 + 4 H2S -> 2 FeS2 + 3 H20 + H2

7 S2032- + 4 Fe2+ + 3 H20 = 4 FeS2 + 6 S042- + 6H+

Iron-rich clay minerals have also been proposed as sources of molecular hydrogen
(BURT 1989) resulting from reactions such as:

Fe2+ + OH- (both in clay) -> Fe3+ + 0 2- (both in clay) + 1/2 H2

1.6 Occurrence of natural redox fronts

Redox fronts are very common near the earth's surface. A continuous, but chemically
and physically highly variable redox front separates the outermost crust, which is in
contact with the atmosphere, from reducing sediments and rocks which are generally in
disequilibrium with the atmosphere and constitute the bulk of the earth (Fig. 5). With
few exceptions, all redox fronts are sections of this global redox front. The thickness of
the oxidised zone varies globally from a weathering zone of some mm to several km in
the case of some major red bed sediment basins.
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ATMOSPHERE
oxidised: O2

I
oxidised: Fe (Ill)
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CRUST -----------..

MANTLE
reduced: Fe (11)

Figure 5: Schematic representation of major global redox realms. Vertical scale
exaggerated for crust
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Table 4: Redox front types

oxidants reductants catalyst TOC solute
involved elements

migration

I Marine redox fronts

Redoxclines in the
la free water column 02, S04 Corg, H2S microbes 10±10 CD>M U, Mo, Re, V, Se,

(includes black shales) Ni, Ag, PGE

Ib
Redox fronts at freshwater-

02. S04 microbes
CD>M

seawater contacts

Ic Sediment-water interface
02, S04,

Corg microbes 10±10 CD-DO
Mn, Fe, U, Mo, Re,

N03 V, Se, Ni, Ag, PGE

Id
Reducing turbidites in oxic

02 Corg microbes 2±2 DO
U, Mo, Re, V, Se,

deep sea sediments Ni, Ag, PGE, I

le
Seawater infiltration into

02 Fe(lI) 0-400 AO
oceanic crust U (Mo, Re, V?)

I f
Submarine oxidation of

02 sulfide microbes 10±10
DO,AO,

hydrothermal sulphides M U (Mo, Re, V?)

Ig Cold seep environments 02 Fe(lI) microbes 0-400 M U (Mo, Re, V?)

II Continental redox fronts

II a
Continental weathering of

02 Fe(II), py microbes 20±20 AO,DO
unmineralised rocks

lib
Continental weathering of

02, Fe(llI) Fe(II), py microbes 20±20 AO,DO
U, Fe, S, Mo,

sulphide-rich rocks Zn,Cd

II c
Roll-front deposits in

02 Corg, PY microbes? 20±20 AO
U, V, Mo, Se,

sandstones Re, Fe,Sc

Infiltration of organic U, V, Mo, Se, Cu,
lid sediments 02 Corg 20±20 AO

Pb, As, REE, Sc
(coal, black shales)

lie
Continental weathering of

02 H2S microbes 20±20 DO S
native iron and meteorites

11 f
Redox fronts in recent

02 Fe, Fe-Ni 20±20 DO Fe, Ni, Co, PGE, S
freshwater sediments

II 9 Basal type uranium deposits 02, S04 Corg microbes 20±20 AO,DO Fe,S

II h Redox fronts in solfatara fields 02 py 20±20 AO Fe, U,S

lIi Karst environments 02 Fe, Cu, Pb 20±20 DO Fe, Cu, Sn, Pb, Ag

III Deep redox fronts

Sandstone-hosted uranium V, Cr, Fe, Cu,
ilia deposits U..,S04 C microbes 40±20 AO,DO Se, Mo, Ag, Re,

(tabular, channel-bound) Pb,U,REE

Breccia-pipe uranium V, Cr, Fe, Co,
IIlb deposits in sediments U..,S04 C 100±50 AO Ni, Cu, As,Mo, Ag,

(N Arizona type) Sb, Pb,U

Reduction spots in red bed V, Co, Ni, Cu,
IIlc

sediments
U..,S04 H2, CH4"?? microbes? 60±40 CD As, Se, Ag, REE,

PGE, Au, Pb, U

IlId
Organic debris in oxidised

U..,S04 C 60±40 DO V,Cu,U
sediments

IlIe
Fossil meteorites in oxidised

U..,S04 FeS, Fe 60±40 DO
V, Co, Cu, Zn, As,

sediments Mo, Ba, Re, Pb, U

IIlf Fault-related redox fronts DO
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oxidants reductants catalyst TOC solute
involved elements

migration

III Deep redox fronts

Infiltration of oil and oil field
IlIg fluids (including gas) into Fe203,"S04 C (oil) 60±40 OR Fe

red beds

Redox processes in
IIlh hypogenic caves and salt 02, S04 H2S, "CH4 60±40 M

dome caprocks

Redox processes in near- Fe, Co, Ni, Cu, Zn,
IIlk surface hydrothermal U..,S04 H2S, 'Fe(lI) 150±50 M As, Se, Ba, REE,

environments W, Au, Pb, Bi, U

Redox processes in deeply
1111 buried oxidised U..,S04 Fe(II), py 100±50 AO Fe, U, Au, PGE

ores (hematite)

IIlm
Redox processes near

02, H202
A-DO,

radioactive minerals A-OR

IIln
Serpentinisation of

H2O DO Fe, Ni, Co, As
ultramafic rocks

IV Redox fronts induced by human activity

IV a
Weathering in

02
Corg, py,

20±20 AO Fe,U,S
man-made tunnels Fe(lI)

IV b Weathering of mine waste 02
Fe(ll), py,

20±20 DO
Fe, U, S, As,

Corg Pb, Cu,

IVc
Weathering of archaeological

02
Fe, CuSn,

20±20 DO Fe, CuSn, Cu, Pb,
artefacts and slags Pb

IVd
Deep seawater injection into

02, S04 C (oil), py microbes? 80±40 AO Fe, S (U, Mo?)
oil fields

Corg =organic carbon; py =pyrite
(and minor amounts of other sulphides)

* AO: advective oxidation
DO: diffusive oxidation
AR: advective reduction
OR: diffusive reduction
M: mixing
CD: counterdiffusion

An overview of the main types of redox fronts and their classification are presented in
Table 4. The classification is based on the general geological environment of redox
fronts: I marine (near-surface), 11 continental (near-surface) and III deep (diagenetic)
settings. Figure 6 shows these three main environments of redox front formation. The
different types of redox fronts are discussed in detail in chapter 2.
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Oxidised rocks and sediments (OZ)

Bleached rocks and sediments
due to Fe (Ill) dissolution (URZ)

Reduced rocks and sediments (PRZ)

Oxidising seawater

Reducing seawater

-------i:> Flow of oxidised fluid

----1~~ Flow of reduced fluid

Diffusion

Figure 6: Marine (I), continental (11) and deep (Ill) redox front settings

Redox fronts in deep environments differ from near-surface types by the absence of a
direct relation to the oxidation potential of the earth's atmosphere-hydrosphere system.
Oxidants in the majority of late diagenetic/epigenetic redox fronts are derived from red
bed sediments. These red, ferric iron-rich sediments are the only rocks deposited close
to redox equilibrium with the earth's atmosphere. Large volumes of red beds, even
when deeply buried and covered by reduced rocks, provide an oxidising geochemical
environment inside the earth's crust. Even though redox conditions are probably buffe
red by hematite-ferrous iron mineral pairs, porewater radiolysis may have an influence
on the redox state of the porewaters (HOFMANN 1992a).
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2 DESCRIPTION OF REDOX FRONT TYPES IN DIFFERENT
GEOLOGICAL SETTINGS

2.1 Marine redox fronts

2.1.1 Redoxclines in the free water column (euxinic conditions, black shale
formation): Type I a

While the main body of seawater is oxidising due to the presence of dissolved oxygen,
oxygen can be used up within stagnant bodies of water or under high influx of reduc
tants (organic particles from high productivity zones). Sedimentation under oxygen
deprived conditions (euxinic environments) mainly occurs in two situations: in closed
basins with limited deep water circulation (Black Sea Type) and on continental shelfs in
areas of high bioproductivity due to upwelling of nutrient-rich deep waters (e.g. off the
west coast of South America). The redoxcline is within the water body. Combined with
a low rate of sediment accumulation, such situations lead to the formation of organic
rich sediments (black shales). Black shales (shales with >0.5% Corg) are characterised
by elevated (relative to average shale) concentrations of U, Mo, V, Ni, Cu, S, Re (VINE
& TOURTELOT 1970, COVENEY & MARTIN 1983, PAGEL & PIRONON 1986,
COVENEY et al. 1987, RIPLEY et al. 1990, PASAVA 1991, HATCH & LEVENTHAL
1992, SCHULTZ & COVENEY 1992, PIPER 1994). Typically, elements concentrated in
black shales are relatively abundant in seawater (high seawater/crust partitioning) and
a seawater source is therefore likely. Very similar sediments may form under conditions
of high organic productivity in fully oxygenated water. Here, the redoxcline is within the
sediment close to the surface and only limited oxidation of organic matter takes place.
Sedimentation under fully euxinic and under high productivity, oxygenated conditions is
difficult to distinguish but can account for different geochemical characteristics
(LEVENTHAL 1991, CALVERT & PEDERSEN 1993).

Contrary to thermodynamic predictions, the redox-sensitive elements Mo, U and V
appear not to be removed by free H2S in euxinic milieux, even where waters are very
reducing, but only at the water-sediment interface and within the sediment (FLEISHER
et al. 1988, ANDERSON et al. 1988, BARNES & COCHRAN 1988, 1993, COLODNER
et al. 1993). This behaviour indicates that reduction is catalysed by solids, either sedi
ment particles or particle-bound bacteria, and is in accordance with experimental
evidence indicating very slow reduction of U by H2S at geologically realistic concentra
tions (GOLDHABER et al. 1987).

The presence of platinum group elements (PGE) in several occurrences of black sha
les is quite surprising. In the case of the Kupferschiefer, PGE mineralisation is
diagenetic and the source is saline red bed brines (KUCHA 1982, 1984). Stratiform
enrichments of PGE (China, Canada) may be explained by a possible hydrothermal
input (GRAUCH et al. 1991, COVENEY et al. 1992).

Bacterial reduction of sulphate with marine Corg, producing sulphide as active reduc
tant, is the dominant redox process in euxinic environments. Inhibition of bacterial
sulphate reduction by group VI anions may be important in this context (BANAT &
NEDWELL 1984).
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Examples of important black shale formations, in order of decreasing geological age,
are:

• Precambrian Kainuu schist belt, Finland (Outukumpu area): Up to 2300 Ma old,
metamorphosed black shale sequence. Strongly enriched in Ni (2600 ppm), Cu
(1400 ppm), Zn (5300 ppm), V (630 ppm), Co (200 ppm), Mo (102 ppm), Ag (2.6
ppm). Au, Pt, Pd are also enriched (LOUKOLA-RUSKEENIEMI et al. 1991,
LOUKOLA-RUSKEENIEMI 1991). This formation apparently indicates marine
transport of redox-sensitive elements 2300 Ma ago, at a time when oceans are
generally believed to have been reducing (KASTING 1993).

• Bohemian Massif, Czech Republic: Upper Proterozoic (Barrandian) age, partly
sulphide mineralisation associated with volcanites, occurrence of Zn, Ni, Cu, Mo,
Cr. Ni-Cu-sulphide minerals (PASAVA 1991).

• South China: Latest Precambrian to earliest Cambrian Niutitang Formation. Best
investigated Zunyi Mine, Guizhou, but also known from nine other provinces in S
China. Stratiform sulphide-rich beds in black shales (a few cm thick) with >2% Mo,
Ni; anomalous Au, PGE, Zn, Ag, Se. Dominant minerals are pyrite, phosphorite,
jordisite, vaesite, gersdorffite, polydymite, millerite, sphalerite, pentlandite, violarite.
An extraterrestrial source of elements has been proposed (FAN & LUI 1992) but is
rather unlikely based on PGE ratios (COVENEY et al. 1992, GRAUCH et al. 1991,
HORAN et al. 1994).

• Swedish Alum shale: Middle Cambrian to Early Ordovician, relatively shallow water
deposition, very low sedimentation rate of 1-5 mm/1000a. Contains organic-rich
lenses Ckolm") with 0.3-0.6% U. Enrichment of U, Mo, V, Ni, Zn, Cu; Ba is region
ally enriched in areas affected by Caledonian metamorphism (ANDERSSON et al.
1983, ANDERSSON et al. 1985, LEVENTHAL 1991).

• Nick Property, Selwyn Basin, NWT, Canada: Middle to Upper Devonian turbiditic
black shale strongly enriched in Ni, Mo, PGE. Similar type of occurrence as South
China. Sulphide bed averaging 3 cm in thickness, traced over 80 km2 with 5.3% Ni,
0.73% Zn, 770 ppb PGE+Au, up to 61 ppm Re, 1400 to 2900 ppm Mo, 0.1-0.2 ppm
Os, 0.34-0.44 ppm Pt (GRAUCH et al. 1991, HULBERT et al. 1992, COVENEY et
al. 1992, HORAN et al. 1994).

• Devonian to Lower Carboniferous (Mississippian) of the Central U.S.: The Palaeo
zoic of the Central United states (Oklahoma, Ohio, Indiana, Pennsylvania,
Kentucky) contains extensive areas of black shale deposition, many of which are
enriched in redox sensitive elements. Examples are Mecca Quarry Shale, Logan
Quarry Shale, New Albany Shale, Devonian Ohio Shale (USGS Standard SDO-1).
These shales contain enrichments of Hg, As, Cu, Co, Mo, U, Ni, V, Zn, Cd, Pb, Cr.
Locally anomalous PGE are present. COVENEY & MARTIN (1983), COVENEY et
al. (1987, 1992), RIPLEY et al. (1990), LEVENTHAL (1991), HATCH &
LEVENTHAL (1992), SCHULTZ & COVENEY (1992).

• Permian Kupferschiefer of Central Europe: Central Germany, Poland, North Sea,
Eastern England. The Kupferschiefer, a dm- to m-thick black shale at the base of
the Zechstein, conformably overlies Rotliegendes red beds in most areas, locally it
unconformably overlies Devonian Sediments. Redox fronts between red beds and
black shale were active from times of sedimentation to late diagenesis. Regionally,
areas rich in Cu, Pb, Zn as well as barren oxidised zones ("Rote Faule") are distin
guished (RENTZSCH 1974). In the Kupferschiefer, it is particularly difficult to
distinguish synsedimentary and late diagenetic element enrichments. Economic Cu



21 NAGRA NTB 99-05

ores as well as PGE enrichments in Poland are definitely late diagenetic in origin
(KUCHA 1982, 1984).

• Liassic Posidonia Shale of North Central Europe: One of the most extensive black
shale formations of Central Europe, the Liassic Posidonia Shale is not strongly en
riched in redox-sensitive elements. Multi-element analyses (ICP-MS) by PUCHELT
& NOLTNER (1990) indicate enrichment of Mo, Se, As, Cd, Re and TI relative to
average shale.

Relevance of Type I a to redox processes in HLW repositories

Black shales represent the MRZ of a low-T redox front involving a large number of
redox-sensitive elements from a well defined source (seawater). Black shale formation
can be observed in situ. Black shales and recent anoxic sediments provide unambi
guous evidence that many redox-sensitive elements can be precipitated from dilute
(seawater) concentrations under reducing conditions. Unfortunately, it may be impossi
ble in many cases to distinguish synsedimentary from late diagenetic element
enrichments.

2.1.2 Redox fronts at freshwater-seawater contacts: Type I b

A special case of redoxclines within bodies of water are density-stratified seawater
freshwater contacts. High densities of sulphide-oxidising and sulphate-reducing bacte
ria are found in such environments (sulphuretums). Sulphuretums mainly develop at
contacts between freshwater (rich in nutrients) and denser, sulphate-rich seawater.
Sulphate-reducing bacteria may thrive at the contact zone leading to the development
of a reduced water layer both over- and underlain by oxidising water. The resulting
reducing water layer is sandwiched between oxidising fresh water (top) and oxidising
bottom water (bottom). Such situations may occur in sinkholes in low-lying carbonate
platforms near the sea (WILSON & MORRIS 1994, Fig. 7). No detailed geochemical
investigations including trace elements are available. A preservation of element an
omalies in sediments in unlikely.

Relevance of Type I b to redox processes in HLW repositories

This type of redox front may be suitable for the study of microbial activity at redox
fronts and for investigations of the binding of redox-sensitive elements from seawater
to microbial biomass.
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Figure 7: Density-stratified water column in Cenote Verde sinkhole, Yucatan Penin
sula, Mexico (redox front Type I b). Layer 1 is oxygenated and inhabited by
catfish. Reducing conditions due to bacterial sulphate reduction are bound
to layers 2 to 6, with H2S increasing with depth. The halocline is located
between layer 5 (1015 ppm Cr) and layer 6 (18500 ppm er, >25 ppm H2S).
Layer 7 is oxygenated, clear seawater with cave fish. From WILSON &
MORRIS (1994)

2.1.3 Sediment-water interface: Type I c

Probably the most widespread type of redox fronts in the marine environment occurs
within the top mm to dm of soft sediments (including microbial mats) containing organic
matter. Sediments are reduced below a thin oxidised surface layer. This surface layer
ranges from a few mm to <10 cm on continental margins to several dm in the open
ocean. The thickness of the oxidised layer (oxidised zone, Ol) corresponds to the
oxygen penetration depth and depends on the bottom water oxygen concentration,
oxygen diffusivity in the sediment, organic matter concentration and organic matter
reactivity (CAI & SAYLES 1996). Bacterial sulphate reduction close to the sediment
surface results in a very reducing sediment porewater. The strong redox gradient close
to the sediment surface leads to diffusive transport of uranium and other redox
sensitive elements from the seawater into the sediment where they are fixed by ad
sorption and/or reduction. With ongoing sedimentation, the redox front stays at a
constant distance from the sediment surface, being a basically steady system. This
type of redox front represents the largest marine sink of uranium, responsible for the
removal of 2.8E+7 moles/yr (6600 tlyr) of U from the oceans (KLlNKHAMMER &
PALMER 1991 , SHAW, SHOLKOVITl & KLlNKHAMMER 1994, YAMADA &
TSUNOGAI 1984). The elements Mo and Re show a similar behaviour. As a result of
the reductive dissolution of Fe- and Mn oxides and -hydroxides carrying adsorbed
uranium, U can also be lost from sediments to the water column under mildly reducing
conditions (BARNES & COCHRAN 1993). TERASHIMA et al. (1993) report accumula
tion of PGE in reducing sediments under oxidising bottom water conditions.
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A special case of a redox front between sulphidic sediments and low-O, bottom water
occurs along the Pacific coast off Chile and Peru, where the mat-forming sulphur bac
terium Thioploca oxidises sulphide using bottom water nitrate as oxidant (FOSSING et
al. 1995).

Relevance of Type I c to redox processes in HLW repositories

Sediment-open water interfaces are low-T redox fronts with a chemically well defined
oxidising side (seawater). Sampling of solids, open water and porewaters is relatively
easy and redox processes are actively ongoing. Unfortunately, solid phases incorpora
ting redox-sensitive elements are extremely fine-grained, making identification very
difficult.

2.1.4 Reducing turbidites in oxic deep sea sediments: Type I d

Redox fronts may develop in recent deep sea sediments as a result of redox reactions
between reduced, organic-rich, rapidly deposited sediments (turbidites, sapropels) and
oxidised pore- and seawater. In contrast to Type I c, these redox fronts do not repre
sent steady systems but form after episodic turbidite deposition. Redox fronts develop
both at tops and bottoms of reduced turbidites, resulting in the bleaching of Fe-Mn
oxide-rich pelagic sediments due to dissolution of Mn/Fe oxides (reduction haloes
reaching a thickness of 22 cm). Examples of redox fronts of this type have been re
ported from the Atlantic Ocean (WllSON et al. 1986, THOMSON et al. 1987, 1989,
1990, 1993, WAllACE et. al. 1988, COllEY et al. 1984, 1989, COllEY & THOMSON
1990, JARVIS et al. 1987, COlODNER et al. 1992, COWIE et al. 1995, ROSENTHAl
et al. 1995) and the eastern Mediterranean (PRUYSERS et al. 1991, 1993). Redox
sensitive elements are enriched in the reduced zone in most cases, although DEAN et
al. (1989) report selective enrichment of Mo, Ni and Co in Mn oxides in oxidised layers
in the North Pacific.

The detailed investigation of a redox front affecting the top of a thick turbidite (0.7%
Corg) in the Madeira Abyssal Plain (25°40'N 3005TW, depth 6050 m) is described by
THOMSON et al. (1993) and COlODNER et al. (1992). The turbidite was oxidised to a
depth of 64 cm within the last 250 ka. Uranium accumulation is evidenced to a depth of
125 cm from the top of the turbidite. The following zonation of peak concentrations of
redox sensitive elements was observed from oxidising to reducing: Mn-I-Fe-Se, Pt
CU,Pb-V-Zn,Sb-U. Most elements are derived from redistribution in the partially oxidi
sed turbidite, U and V are additionally supplied from seawater. The accumulation of U
over 50 cm of reduced sediment indicates that uranium reduction is a relatively slow
process, allowing diffusive penetration of dissolved uranyl over such a distance. Figu
res 8 - 12 show examples of concentration profiles across redox fronts from the
Madeira Abyssal Plain.

The reduction of Mn- and Fe oxides in reduction haloes is thought to be a bacterial
process (THOMSON et al. 1989).

U series investigations (COllEY & THOMSON 1990) indicated an apparent diffusivity
Da <5'E-13 (crrr's') for 234U and 230Th and D, = 1E-9 to 1E-1 0 for 226Ra.

The mineralogy of the enriched elements is largely unknown, due to the extremely fine
grained nature and relatively low abundance of newly formed phases.
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Relevance of Type I d to redox processes in HLW repositories

Redox fronts on reduced deep sea turbidites are formed under well definded, low-T
conditions, with many elements involved from a seawater source. Processes are acti
vely ongoing and geochemical data are relatively abundant. This type of redox front
has already been used to examine radionuclide diffusivities. A drawback for the under
standing of redox processes is the very small grain size and low abundance of solid
phases, hindering a mineralogical characterisation.

2.1.5 Seawater infiltration into oceanic crust: Type I e

Oxidising seawater infiltrates oceanic crust near mid-ocean ridges as part of large
scale seawater circulation systems leading to the formation of so-called black smokers
(hot, extremely reducing hydrothermal vents) and massive sulphide deposits formed
from such fluids. Between the site of infiltration of oxidising seawater (probably up to a
few km from the vent sites) and the site of high-temperature water-rock interaction, a
redox front must be present. This type of redox front is the only one involving massive
flow of seawater and must be a very important sink for uranium in the oceans
(KLlNKHAMMER & PALMER 1991). Even though oceanic crust has been studied
intensively, redox fronts caused by seawater infiltration have never been described,
possibly due to a lack of sharp development of such boundaries. Detailed trace ele
ment analyses (U, Mo, Re ..) of ophiolites might provide more insight.

Relevance of Type I e to redox processes in HLW repositories

None at present due to a lack of identified sites. Once such sites are identified, they
may be compared with model calculations of water-rock interaction.
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Figure 9: Porewater profiles in a redox front (Type I d) between oxic deep sea clay
and post-oxic turbidite, Northeast Atlantic (core 11805#1K, 25°40'N
3005TE). From THOMSON et al. (1993)
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Figure 10: Element concentration profiles (carbonate free basis) of a redox front (Type
I d) between oxic deep sea clay and post-oxic turbidite, Northeast Atlantic
(core 11805#1 K, 25°40'N 3005TE). From THOMSON et al. (1993)
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Figure 11: PGE concentration profiles (carbonate free basis) of a redox front (Type I d)
between oxic deep sea clay and post-oxic turbidite, Northeast Atlantic (core
11805, 25°401N 3005TE). From COLODNER et al. (1992)

2.1.6 Submarine oxidation of hydrothermal sulphides: Type I f

Sulphide deposits on the sea floor are a widespread phenomenon associated with the
discharge of hot hydrothermal fluids, particularly near mid-ocean ridges, back-arc
spreading centres and close to island arcs. In the geological past, such subaquatic
hydrothermal activity (exhalative ore formation) led to the formation of important metal
deposits, some of which are not represented in the recent oceans (e.g. sediment
hosted massive sulphides similar to Rammelsberg and Meggen, Germany).

Redox reactions between sulphides precipitated from hydrothermal fluids on the sea
floor and oxidising seawater result in significant sulphide oxidation as well as in preci
pitation of redox-sensitive elements from seawater. Precipitation of uranium from
seawater by hydrothermal sulphides and associated iron hydroxides has been demon
strated in the Red Sea (KU 1969), at the mid-Atlantic ridge (MILLS et al. 1994) and on
the East Pacific Rise (COOK & STAKES 1995). Reductive precipitation from seawater
by sulphides is also a likely explanation of U-(Mo)-enrichments in Kuroko-type exhalati
ve sulphide deposits in Japan (with locally up to 2300 ppm U, HAYASHI 1969,
HASHIMOTO 1977) and in the metamorphosed Lengenbach sulphide deposit, Swit
zerland (HOFMANN & KNILL 1996). A seawater source of U is highly likely in all these
cases, taking into account the reduced state of exhaling hydrothermal fluids and relati
vely high seawater U concentrations.

The formation of submarine, gold-rich gossans (near-surface, oxidised zones OZ, see
2.2.2.) on oxidised sulphide deposits, composed of goethite, amorphous silica and
jarosite, in the Troodos ophiolite (Cyprus) was described by HERZIG et al. (1991).
There is evidence of gold redistribution during sulphide oxidation.

Relevance of Type I f to redox processes in HLW repositories

Oxidising sulphides provide clear evidence of U reduction in seawater under ambient
conditions. Low accessibility and highly irregular temperature distribution limit the
potential of these deposits for analogue studies.
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Figure 12: Concentration profiles of Pt, I, Cu and V (carbonate free basis) of a redox
front (Type I d) between oxic deep sea clay and post-oxic turbidite, North
east Atlantic (cores 11805; 11334). From COLODNER et al. (1992)

2.1.7 Cold seep environments: Type I g

Discharge of cool basinal fluids with high concentrations of hydrocarbons (mainly
methane) and/or H2S on the sea floor (cold seeps, in contrast to hydrothermal hot
vents) produces strong local redox gradients that are used by methane- and sulphide
oxidising chemoautotrophs which support an extensive chain of higher heterotrophs.
Fossil cold seeps are characterised by 13C-depleted carbonate mounds and an unusual
fauna including tube worms, clams and brachiopods (ALPER 1990, CAMPBELL 1995,
CAMPBELL & BanJER 1995a,b, PAULL et al. 1995). No trace element geochemical
investigations of such sites are presently available. Cold seeps centred above serpen
tine diapirs (CAMPBELL & BanJER 1995b) appear to contain less 13C-depleted
carbonates, possibly indicating involvement of molecular hydrogen as an additional
source of energy.

Relevance of Type I g to redox processes in HLW repositories

Unclear due to lack of detailed geochemical data. Cold seeps might be interesting sites
for microbiological analogue studies.

2.2 Continental redox fronts

2.2.1 Continental weathering of unmineralised rocks: Type 11 a

Continental weathering of unmineralised rocks represents the most extensive type of
redox front in near-surface continental environments. The literature on rock weathering
is extensive and cannot be fully reviewed here. A good summary of the geochemistry
of continental rock weathering is given by LELONG et al. (1976). Weathering zones on
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many ordinary rocks containing reducing minerals (Fe(II) silicates, siderite, sulphides,
organic matter) display redox fronts. In general, the redox capacity of ordinary rocks is
mainly based on their Fe(ll) contents. Mafic rocks therefore have a higher redox capa
city than granitic rocks.

The weathering behaviour of elements in the Carboniferous weathering surface of the
Boulder granodiorite (Colorado, U.S.A.) was studied by PLlLER & ADAMS (1962) for
U, Th and by CONDIE et al. (1995) for REE and some other elements. No U/Th frac
tionation was observed in this profile. Immobile elements (including U in this case)
show enrichment in the regolith. Losses of Sr, Eu, Ta, Nb, P and Ba were observed.
This example shows that element behaviour in weathering profiles is strongly depen
dent on factors such as primary mineralogy, weathering conditions and diagenesis of
the soil profile.

In ultramafic rocks, intense weathering leads to the formation of lateritic weathering
zones with enrichments of Ni and Co. Ni accumulates both in Fe hydroxides (goethite)
and in silicates, Co mainly in Mn oxides as C03+(SCHELLMANN 1978). Ni-containing
silicates are much more stable than their Mg analogues, due to crystal field effects.
Redox reactions seem not to be important in the zones of Ni enrichment. Platinum
group elements show significant mobilisation during weathering (e.g. KOLDAYEV
1989).

Although there are numerous studies of rock weathering, the behaviour of redox
sensitive trace elements is rarely discussed in detail. Depletions (e.g. of U) are repor
ted, but details of reaccumulation in reduced zones are generally missing.

Relevance of Type 11 a to redox processes in HLW repositories

Little information concerning redox processes in rock weathering can be extracted from
the literature. Soil processes, commonly associated with rock weathering, are biologi
cally complex and quite different (higher plants) from conditions expected in HLW
repositories.

2.2.2 Continental weathering of sulphide-rich rocks: Type 11 b

The presence of extensively developed redox fronts is a common feature of near
surface mineral deposits containing sulphides and other minerals of redox-sensitive
elements. Redox zonations were known to, and used by, early miners. Gossans are
near-surface, oxidised zones (Ol) underlain by the secondary enrichment zone (MRl).
Secondary enrichment zones often contain the richest ore in many mineral deposits.
Reviews of redox zonations in such environments are given by L1NDGREN (1933),
GUILBERT & PARK (1986) and BRIMHALL et al. (1985). Commonly, the development
of a secondary enrichment zone is ascribed to stagnant groundwater conditions below
the water table, while the oxidised zone is thought to reside fully in the unsaturated
zone. Geochemical modelling of the development of redox zones on porphyry-type
copper ores (L1CHTNER & BIINO 1992) showed that this assumption is unnecessary
and the classic sequence of oxidised zone and secondary enrichment zone (MRl) can
also develop under saturated conditions.

Oxidation of orebodies, in some cases, results in features very similar to roll-fronts
forming in primarily unmineralised sandstones. Such secondary roll-type element redi-
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stribution has been observed in vein-type deposits (CATHELlNEAU 1982) and in ta
bular sandstone hosted U-V deposits (HANSLEY 1988).

At Pocos de Caldas (Minas Gerais, Brazil), weathering-related redox fronts (Fig. 13,
14) developed in a hydrothermally altered phonolite showing a primary pyrite-uranium
mineralisation were studied. These redox fronts are strongly enriched in U and were
intensely studied in the Osamu Utsumi U mine as part of a natural analogue project
between 1986 and 1992 (CHAPMAN et al. 1993 and papers therein).
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Figure 13: Fracture-controlled redox front development in the weathering zone of a
uraniferous hydrothermally altered phonolite (Type 11 b), Osamu Utsumi
Mine, Pocos de Caldas, Brazil. From MacKENZIE et al. (1992)

The mineralogy of Osamu Utsumi redox fronts is relatively simple. Redox sensitive
elements occur as pitchblende, pyrite, sphalerite, greenockite and jordisite. Crandallite
group minerals are dominant REE-carriers in the oxidised zone (WABER et al. 1992).

Detailed geochemical data for Pocos de Caldas redox fronts are presented by WABER
et al. (1 991, 1992) and by MacKENZIE et al. (1 991, 1992). Although Pocos de Caldas
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is one of the few examples where multi-element data for redox front transsects are
available, the ICP-MS data presented by MacKENZIE et al. (1991) and used by
McKINLEY et al. (1992) in many cases differ significantly from XRF data presented by
WABER et al. (1991). For this reason, three redox front samples have been reanalysed
by INAA and fire assay-DCP during the present study to check for elevated concentra
tions of e.g. Cs, Ag and Pd (MacKENZIE et al. 1991; McKINLEY et al. 1992; NAGRA
1993; see discussion in McKINLEY & ALEXANDER 1996). Results are presented in
Table 5 together with XRF data obtained on the same sample (WABER et al. 1991).
From these new data, there is no indication of a significant enrichment of Pd (and other
PGE) up to ppm-concentrations and Cs at the redox front as previously indicated by
MacKENZIE et al. (1991). Based on combined XRF, ICP-OES, INAA and fire-assay
DCP data, only the elements U, Fe, Mo, S, As and Se can be shown to be enriched at
these redox fronts.

Micro-organisms, including SRB, have been identified in all subsurface samples of
redox fronts (WEST et al. 1992).

The Osamu Utsumi redox fronts have been used to test numerical models of redox
front migration (CROSS et al. 1991, L1CHTNER & WABER 1992). These studies
showed that the relative position of different redox zones can be correctly reproduced
in the model, at least in mineralogically simple systems.

Relevance of Type 11 b to redox processes in HLW repositories

Many elements can be found as enrichments in secondary enrichment zones of sulphi
de deposits. The abundant literature information can be used to define important
solubility-limiting phases in such situations. However, redox fronts are very heteroge
neous.

Distinction between primary phases and formations due to secondary enrichment may
be difficult.

The Osamu Utsumi Mine, Brazil, has the advantage of being a very well characterised
system. The redox fronts are relatively poor in redox sensitive and analogue-relevant
elements, however, probably due to low background values and resulting low degree of
mobilisation. Therefore, no information about the redox behaviour of the PA-relevant
elements Pd, Cs and Sn can presently be deduced from this site. See also the discus
sion in McKINLEY & ALEXANDER (1996)



33 NAGRA NTB 99-05

PRESENT SURFACE

F

H20H20

}
PITCHBLENDE
NODULE ZONE

C FRONT
HYDROLYTI

}
LARGE NODULAR
PITCHBLENDE

ZONE OF SUPERGENE
+-- PITCHBLENDE MINERALISATION

H20H20

REDUCED
HOST ROCK

OXIDISED
HOST ROCK

LATERITIC
WEATHERING
ZONE

oxic boundary

boundary of PRZ
F
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Table 5: Analytical data for bulk samples of different zones in a redox front, Osamu
Utsumi Mine, Pocos de Caldas, Brazil

Redox zone Oxidised (Ol) Mineralised (MRl) Unaltered (PRl)
Sample RFI5A RFI-4b RFIII Cred
Element unit -A- -8- -A- -8- -A- -8-

Na ppm 600 70 640 70 3900 5100
K % 11.3 11.7 11.3 11.7 10.1 10.7

Ca ppm <6400 70 <31000 70 <12000 70
Se ppm 3.1 0.8 2.2 6
Cr ppm <1.2 5 <21 <3 <1.6 <3
Fe % 0.92 0.94 0.63 0.63 1.03 1.04
Co ppm 0.89 6 1.2 <3 0.87 <3
Ni ppm <29 20 <43 9 <61 <3
In ppm 212 354 181 158 167 125
Ga ppm 17 23 36 34 60
As ppm 76 24 12
Se ppm <2.2 <6.5 <3.1
8r ppm <1.2 <1.5 <1.7
Rb ppm 272 258 276 320 260 250
Sr ppm 931 834 539 488 1160 1046
lr ppm 832 678 <4500 153 1870 1030
Mo ppm 236 1250 312
Ag ppm <2.4 <3.9 <2.8

Pd (-C-) ppb <1 <1
Cd ppm <10 <20 <1.7
Sn ppm <86 <170 <110
Sb ppm 2.46 2.3 1.06
Cs ppm <0.48 <0.5 0.77
8a ppm 396 292 <97 114 626 642
La ppm 82.1 76 89 72 370 525
Ce ppm 87.6 90 309 90 591 513
Nd ppm 16 bd <200 16 121 105
Sm ppm <0.05 <100 <0.09
Eu ppm 1.2 1.0 4.9
Tb ppm 2.5 1.0 2.0
Yb ppm 10.5 4.1 5.8
Lu ppm 1.5 <1.4 0.94
Hf ppm 15 15 2.98 4 20.5 14
Ta ppm 5.2 5.5 4.4
Re ppm <0.27 <0.78 <.49
Ir ppb <4 150 10

Pt (-C-) ppb <5 5
Au ppb <10 <20 <17

Au (-C-) ppb 4 2
Th ppm 60 65 147 144 60 51
U ppm 91 204 3710 4880 592 732

A : INAA Delft;
8: XRF, WABER, et al. (1991);
C: Fire assay-DCP data (Bondar Clegg, Ottawa)
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2.2.3 Roll-front deposits in sandstones: Type 11 c
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Reduced sandstones containing organic matter and/or pyrite as reductants often have
a significant porosity and permeability and are subject to the formation of redox fronts
resulting from the infiltration of oxidising near-surface waters. Typically, "ore rolls"
consist of a C-shaped MRZ, the OZ being on the concave and the PRZ on the convex
side (Fig. 15 - 19). Deposits where major reserves are bound to the limbs of the rolls
are also known as solution front limb deposits (KLlNGMULLER 1989).

This type of redox-front related mineralisation is best known from the western U.S.
where it was economically very important between World War 11 and about 1970. This
type also occurs in the former Soviet Union (e.g. SHMARIOVICH et al. 1988), Australia
and SW France (DAHLKAMP 1993). For reviews of the U.S. deposits see SHAWE &
GRANGER (1965) and RACKLEY (1976). These deposits have been investigated very
intensively and the mechanism of mineralisation has been the subject of many deba
tes. In the older literature, the term roll-front is sometimes applied to deposits that are
now considered to belong to another type (e.g. tabular V-U deposits of the Colorado
Plateau).

The light sulphur isotopic signature of pyrite in the MRZ has been interpreted biologi
cally (JENSEN 1958, RACKLEY 1972) as well as non-biologically (WARREN 1971,
1972, CHENEY & TRAMMELL 1973). Isotopically light sulphides may, in principle, be
formed non-biologically (or biologically, BAK & CYPIONKA 1987) through thiosulphate
disproportionation.

Summarising from HOSTETLER & GARRELS (1962), GRANGER & WARREN (1969,
1974), REYNOLDS & GOLDHABER (1978, 1983), GOLDHABER et al. (1978) and
REYNOLDS et al. (1982), the general opinion seems to be that organic matter as a
reductant leads to the development of microbially catalysed roll-front mineralisation,
while pyrite as primary reductant leads to the development of non-biogenic rolls. Clear
arguments for the absence or presence of bacteria are not presented, however, and
recent evidence of microbial activity in roll-like redox fronts at Pocos de Caldas (WEST
et al. 1992) makes non-biological sulphate reduction at low temperatures even more
questionable. The importance of intermediate-valence sulphur species (such as thio
sulphate) is stressed in several papers (GRANGER & WARREN 1969, 1974). A
summary of observed element zonations is presented by HARSHMAN (1974); see also
Figures 15, 16 and 18.

Two main provinces of roll front deposits can be distinguished in the U.S. which have
yielded most of the published information, a third province is characterised by roll-front
type remobilisation of older (tabular) uranium deposits.

The Wyoming Province (including Shirley Basin, Black Hills district, Powder River
Basin, Gas Hills, Crooks Gap, Green Mountain) is hosted by Eocene, nearly unlithified
arkosic sandstones containing plant remains and early diagenetic pyrite (SHAWE et al.
1959). These sandstones were buried under up to 600 m of younger sediments in the
Tertiary. Altered sandstones are light greenish grey and do not contain pyrite; unaltered
sandstone is light grey and contains about 1% pyrite. Ore rolls are up to 6.5 m high and
10 m long. Individual rolls may contain several 100,000 t of ore (SHAWE & GRANGER
1965). The age of mineralisation is Tertiary, with some recent remobilisation (SHAWE
et al. 1959). S isotope and sulphide concentration data for Wyoming roll fronts are in
accordance with non-biological models, but not unequivocally so (WARREN 1971,
1972), and other authors advocate a biological origin (RACKLEY 1972, 1976). While
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the morphology in idealised cross-sections appears rather simple (Fig. 18), roll-front
related redox fronts can be morphologically complex with interconnected redox fronts
extending over stratigraphic thicknesses of up to 1500 m (Green Mountain District,
KLlNGMULLER 1989).

The South Texas Province is hosted by the late Eocene to Pliocene (mostly Oligocene)
Catahoula Formation. General geological descriptions are presented by BUNKER &
MacKALLOR (1973), GALLOWAY (1978) and HENRY et al. (1980). It is estimated that
roll fronts moved from 210 to 1000 m along the strike (REYNOLDS & GOLDHABER
1978). In deposits containing organic matter, both primary and secondary sulphide are
present as pyrite. In deposits devoid of organic matter, the primary sulphide is pyrite
and the secondary is marcasite (REYNOLDS & GOLDHABER 1983). Non-biological
formation of secondary sulphides is likely in the Corg-free rocks, while biogenic
processes are thought to be responsible for sulphide formation in deposits containing
Corg. Non-biologically formed secondary sulphides are light (-25 to -40%0) compared
with pre-ore sulphides (>0%0, GOLDHABER et al. 1978). The occurrence of marcasite
is in accordance with the proposed formation of intermediate valence sulphur species
at the redox fronts (MUROWCHICK & BARNES 1986).

The Felder uranium deposit in Miocene sandstone has been dated by U-Pb at
5.07±0.15 Ma (LUDWIG et al. 1982). Here, ore formation and uranium mobility were
stopped by the intrusion of sour gas (H2S-rich).

Geochemical data for elements in Wyoming-type roll-front deposits are given by
HARSHMAN (1972). Data for South Texas roll-fronts are not available from the litera
ture. Wyoming roll-fronts are enriched in U, Se, Fe, S (as pyrite), Mo, V and traces of
Cu (RACKLEY 1976).

Relevance of Type 11 c to redox processes in HLW repositories:

Favourable: The geochemistry is well known and relatively good information is availa
ble concerning element zonation.

Unfavourable: Closely spaced high quality geochemical data on major analogue
relevant elements are not available. The number of elements involved in roll-front
deposits appears to be limited. The processes occurring at the redox fronts are not fully
understood, especially the degree of involvement of micro-organisms is uncertain.
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2.2.4 Infiltration of organic sediments (coal, black shales): Type 11 d

U deposits of "coal bed infiltration type" are described from Russia without much detail
(BELOVA et al. 1991, MAKSIMOVA & SHMAROVICH 1983).

Black shale infiltration deposits: Near-surface alteration and weathering of black shales
with their typical suite of enriched elements (U, V, Ni, Mo, Se) can lead to a secondary
enrichment of these elements. Examples are the Ronneburg U deposit, Thuringia and
Marsberg, Germany (STRIBRNY & PUCHELT 1991). The calcium oxalate whewellite is
relatively common in the Ronneburg deposit, indicating the production of oxalate during
oxidation of organic matter. Weathering horizons on black shales with anomalous
contents of analogue-relevant elements (e.g. Swedish Alum Shale) would be an inte
resting target for element migration studies.

Relevance of Type II d to redox processes in HLW repositories

This type is of little relevance at the present time because sedimentary organic matter
is the main reductant, and few high quality geochemical data are available.

2.2.5 Continental weathering of native iron and meteorites: Type 11 e

Native iron is a key phase in several radioactive waste disposal concepts as it will be
present in large quantities as canister material. Metallic Fe does not occur in ore depo
sits, but is known from basalts that were reduced during extrusion due to contact with
coal (terrestrial iron; e.g. Disko Island, Greenland; Buhl near Kassel, Germany; Siberia)
and from iron meteorites. An additional source of native iron in the environment are
man-made artefacts (archaeological analogues).

The oxidative alteration of terrestrial iron was studied by HELLMUTH (1994). However,
no details of the alteration mineralogy are given. Microscopic investigations of partially
oxidised man-made metallic Fe showed that common alteration phases include ma
gnetite, maghemite, goethite and lepidocrocite (author's unpublished data).

The terrestrial alteration of meteoritic iron (usually two-phase assemblages of kamacite
«7.5% Ni) and taenite (>25% Ni) has been studied extensively by BUDDHUE (1957),
who found spinel-type phases (magnetite-trevorite-maghemite solid solutions) as main
alteration phases. Uranium accumulation in meteoritic iron oxides and oxyhydroxides
was investigated by HOFMANN (1992b). The geochemistry and mineralogy of the
Hoba (Namibia) iron meteorite oxidation crust was studied by GOLDEN et al. (1995).
These authors found evidence of preferential Ni loss while Co was retained quantitati
vely.

The alteration of meteorites (chondrites and irons) is a potentially interesting field for
analogue studies because of high concentrations of relevant elements such as Ni, Pd
and Se. Other elements such as U, Th, REE and Cs are very scarce in meteorites,
allowing the detection of small increases.

Relevance of Type 11 e to redox processes in HLW repositories

The most suitable case, geochemically very similar to a HLW repository situation,
would be a relatively recently fallen meteorite in unconsolidated oxic marine sediments.
It would be highly desirable to consider analogue-relevant analyses in case of such a
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find. The chances of recovering such a meteorite with adjoining undisturbed sediments
are however low.

2.2.6 Redox fronts in recent freshwater sediments: Type 11 f

Freshwater sediments frequently show enrichments of U and Mo, especially when rich
in c., (JAMET et al. 1993, L1SITSIN et al. 1967, ZIELlNSKI et al. 1987, HOFMANN
1989a). These enrichments are largely due to adsorption/complexation, reduction only
occurring in a second step. Most commonly, U is enriched in peats in areas with high U
background and prolonged contact between water and organics (e.g. beaver ponds).
The Needles Eye and Broubster (both Scotland) analogue studies have been carried
out in settings of this type (MacKENZIE et al. 1989, LEDOUX et al. 1991, JAMET et al.
1993, BALL & MILODOWSKI1991).

Relevance of Type 11 f to redox processes in HLW repositories

The relevance of redox fronts in freshwater sediments is low due to generally low
concentrations of key elements and uncertainty about ongoing processes. Local high
grade sources (weathering ore deposits) may provide interesting sites, but the range of
information obtainable from such sites appears limited.

2.2.7 Basal-type uranium deposits: Type 11 9

Basal type uranium deposits are hosted by reduced (Corg- and sulphide-rich) sediments
overlying fractured, U-enriched crystalline basements with oxygenated groundwater.
These deposits form by the infiltration of oxygenated, upwelling groundwaters into the
overlying reduced sediments. Their near-surface occurrence limits the preservation in
geological record. Basal type deposits are known from Japan (Ningyo-Toge, Tono;
DAHLKAMP 1991, SHIKAZONO & UTADA 1997), British Columbia (BOYLE 1982) and
Washington State. Primary mineralisation comprises reduced assemblages with nin
gyoite precipitated as a result of reduction and uranyl minerals precipitated due to a
decrease in pH associated with the destabilisation of uranyl carbonate complexes
during pyrite oxidation (BOYLE 1982).

Relevance of Type 11 9 to redox processes in HLW repositories

Basal type uranium deposits are sites of uranium accumulation in a hydrological regime
generally similar to HLW repository scenarios and may thus provide suitable sites for
analogue studies. The Tono uranium mine in Japan is a deposit of this type chosen for
extensive natural analogue studies.

2.2.8 Redox fronts in solfatara fields: Type 11 h

Geothermal fields producing steam and reduced gases (mainly H2S) are brown in
surface appearance (Fe hydroxides), but dark grey to black at a depth of a few cm due
to the presence of Fe sulphides (STETTER 1993). Several of these environments have
been proven to be populated by hyperthermophilic micro-organisms (STETTER 1993).
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Relevance of Type 11 h to redox processes in HLW repositories

Redox fronts in solfatara fields bear little relevance to HLW repositories. The relevance
of comparative studies of high-temperature microbiology studies could be evaluated.

2.2.9 Karst environments: Type 11 i

In the weathering environment, karst cavities may reach from oxidising near-surface
environments to deep reducing environments. Internal sediments rich in redox
sensitive elements (most notably Fe) record the redox facies in such karst infills, for
instance pisolithic (concretionary) Fe oxides (OZ), siderite (approx. URZ) and pyrite
marcasite (MRZ). Well exposed examples are present in Jurassic limestones near
Thayngen (N Switzerland, HOFMANN & HOFMANN 1985). In deeper environments,
this type may be transitional to hypogenic caves.

Relevance of Type 11 i to redox processes in HLW repositories

Due to the possibly very long history of fluid flow and redox processes in karst envi
ronments, and the small number of involved elements, this type is of little relevance.

2.3 Deep redox fronts

2.3.1 Sandstone-hosted uranium deposits (tabular, channel-bound): Type III a

Tabular and channel-bound U deposits in sandstones are similar to roll-type U deposits
in terms of host rocks and mineralogy. The depth of formation is somewhat greater,
because these deposits are not related to weathering but are results of diagenetic
processes. The deposits are stratiform or near stratiform. While single orebodies are
small (tens to hundreds of m long, thickness in the m range), many deposits form
provinces that can have large total U contents. The oldest deposits of this type occur in
the Francevillian Basin of Gabon (Lower Proterozoic), but are most common in Meso
zoic sediments of the Western U.S. Several subtypes can be defined (DAHLKAMP
1993):

• Francevillian deposits of Gabon (GAUTHIER-LAFAYE & WEBER 1989). Host rocks
are Lower Proterozoic (2150 Ma) sediments. Uranium mineralisation is related to
faults and former hydrocarbon accumulations related to these faults.

• "Extrinsic carbon type" (Ambrosia Lake District near Grants, New Mexico): Stacked
tabular ore bodies occur in sandstones of the Jurassic Morrison Formation. Ura
nium mineralisation is closely related to extrinsic (epigenetic) organic matter of
probable humic origin within sandstone pores. During weathering, secondary roll
front type redistribution occurs at some places. The genesis probably resulted from
uranium adsorption onto humic organic material originally precipitated at a brine
freshwater interface. Typical examples are shown in Figures 20 and 21.

• Tabular V-U deposits. Geologically and geometrically very similar to the extrinsic
carbon deposits of the Ambrosia Lake District, the main difference is the absence
of extrinsic organic carbon. These deposits are typically rich in V with V/U typically
ranging from 2 to 40 (FINCH 1967). The classic occurrence is in the Salt Wash
Member of the Jurassic Morrison Formation on the Colorado Plateau. Similar de
posits occur in Hungary (Meksek) and France (Coutras). In some areas, ore
geometries intermediate between roll-fronts and tabular types have been de-



45 NAGRA NTB 99-05

scribed, e.g. the Rifle Mine, Colorado (LaPOINT & MARKOS 1977b). The Colorado
Plateau deposits are clearly related to redox fronts between a reducing brine and
oxidising, low-salinity groundwater (Figures 22 to 25).

• Palaeochannel-related V-U deposits, e.g. in the Chinle Formation (Triassic) of the
Colorado Plateau and the Tertiary of South Australia (BRUNT 1978, compare Fig.
26). Redox differences between channel sandstones and conglomerates and over
bank deposits (usually silts and mudstones) resulted in U accumulation in
association with organic material in the channels and at channel-overbank facies
contacts.

The literature on tabular V-U deposits of the Colorado Plateau is voluminous, some of
the more important papers are: FISCHER (1955), WEEKS (1955), SHOEMAKER et al.
(1959), FINCH (1967), ADLER (1974), TURNER-PETERSON (1985), TURNER
PETERSON & FISHMAN (1986, 1988), MEUNIER et al. (1987), BREIT &
GOLDHABER (1989), GOLDHABER et al. (1990), NORTHROP et al. (1990a,b),
WANTY, GOLDHABER & NORTHROP (1990), SANFORD (1990, 1992, 1994a,b),
HANSLEY & SPIRAKIS (1992), BREIT (1995). A good summary, including information
from unpublished reports, is given in DAHLKAMP (1993).

Figure 20: Geometry of humate-type tabular uranium orebodies (Type III a) in the
Jurassic Morrison Formation, Ambrosia Lake District, New Mexico. From
GRANGER et al. (1961). Block length approximately 100 m
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Tabular U-V deposits on the Colorado Plateau were formed 10 to 20 Ma after host rock
sedimentation, at depths of burial of 100 to 300 m, indicating a temperature of forma
tion not significantly above ambient. A formation temperature of 30° C can be assumed
(WANTV et al. 1990). Ores from the Ambrosia Lake District yielded ages of >130 Ma
for the primary ore and 3.3-12.5 Ma for secondary (remobilised roll-type) ore (LUDWIG
et al. 1984). The Tony M orebody (Utah) yielded 115 Ma (WANTV et al. 1990), with a
sedimentation age of 145 Ma. Clay minerals in mineralisations show Tertiary Rb/Sr
model ages of 30 to 45 Ma (BREIT 1995), indicating processes of mineral neoformati
on long after mineralisation. The minerals found in such mineralisations therefore do
not necessarily reflect the primary mineralogy during formation of the redox front.

Channel-bound deposits in the Triassic Chinle Formation (220 Ma sedimentation age)
of the Colorado Plateau yielded a well defined concordant age of 206±2 Ma (LUDWIG
& SIMMONS 1992).

The geochemistry of tabular V-U deposits is characterised by anomalous V, U, Fe, Cr,
Zn, Mn, Ba, Sr, Cd, Co, Ni, Cu, As, V, REE, Pb, Mo, S, Se, Ag and Re.

Ore minerals include uraninite, coffinite, montroseite, U-Ti oxides, V chlorite and rosco
elite. REE have been detected in elevated concentrations in coffinite (HANSLEV &
FITZPATRICK 1989).

The tabular Coutras U deposit (Gironde, France) is located in Lower Tertiary (Lutetian)
sediments and shows anomalous U (coffinite), V, Se (native Se), As and Mo. This
deposit is characterised by strong radioactive disequilibria (MEUNIER et al. 1989,
1992) indicating important recent remobilisation.

Relevance of Type III a to redox processes in HLW repositories:

Tabular V-U deposits are enriched in a number of analogue-relevant elements and the
literature contains abundant information about the mineralogy and geochemistry of U
and Se.

Spatially detailed high quality geochemical data for some relevant elements (PGE, Ni,
REE, Cs) are not published, however. Due to a local decline in U mining, access to
fresh subsurface exposures becomes increasingly difficult.

2.3.2 Breccia-pipe uranium deposits in sediments (N Arizona Type): Type III b

Breccia-pipe uranium deposits occur in Palaeozoic platform sediments of the Grand
Canyon area in Northern Arizona (SHOEMAKER 1955, WEN RICH 1985, GORNITZ et
al. 1987, WEN RICH & SUTPHIN 1989). Breccia pipes were formed by dissolution
collapse and vertically extend over up to 1000 m from the Carboniferous Redwall Li
mestone up into the Triassic Chinle Formation (Fig. 27). Mineralisation is a result of
mixing between formation waters of the different stratigraphic units cut by the pipes.
SANFORD (1992, Fig. 4 therein) assumes that similar brines were involved in the
formation of breccia pipe mineralisation as in the formation of tabular V-U deposits of
similar age on the Colorado Plateau. The temperature of formation is 80 - 170°C, the
age 170 - 260 Ma (U-Pb, LUDWIG & SIMMONS 1992).

Elements accumulated: Ag, As, Ba, Cd, Co, Cr, Cs, Cu, Hg, Mo, Ni, Pb, Sb, Se, Sr, U,
V, Zn and REE (WEN RICH 1985).
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Geochemical data: WENRICH (1985; graphically), WEN RICH & SUTPHIN (1989; nine
samples from different mines).

Relevance of Type III b to redox processes in HLW repositories

Favourable features are a multi element character with reported enrichments of Cs, Se,
U, REE.

Unfavourable: Sample types are not well characterised, element behaviour partly que
stionable (reported enrichments of Be could be due to interference from V?). In case of
a particular interest in Cs behaviour at redox fronts, this type should be reinvestigated.
Access to fresh subsurface exposures is probably difficult.
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Figure 27: Uranium-mineralised breccia pipe (type III b) of the Grand Canyon area,
Arizona, showlnq extensive red bed bleaching and irregular uranium miner
alisation. From DAHLKAMP (1993)
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Figure 28: Typical reduction spot (Ill c) from Permian red bed mudstone, Kaisten
borehole (208.7 m depth) , Northern Switzerland. The dark core (MRZ) con
sists of an outer zone rich in rocoelite (dark green) and an inner zone with
complex mineralogy (mainly uraninite U02, clausthalite PbSe and native
Ag-Au). The light coloured halo (URZ) is strongly depleted in total Fe (from
4.6 to 2.8%) and Pb (from 47 to 18 ppm) relative to the red mudstone host
rock (OZ). Photograph B.A. Hofmann

Figure 29: Planar redox front in Permian red bed sandstone, Riniken borehole (1032.3
m depth), Northern Switzerland. Strongly elongated reduction spot type re
dox front (Type III c). The mineralised green band (MRZ) consists of nearly
pure roscoelite yielding a K-Ar age of 172±2 Ma (HOFMANN 1990) . Photo
graph B.A. Hofmann
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2.3.3 Reduction spots in red bed sediments: Type III c

NAGRA NTB 99-05

Reduction spots, small-scale (1 to 50 mm diameter) spheroidal accumulations of re
dox-sensitive elements (V, U, Ni, Co, As, Cu, Au, Ag, PGE but no Mo, Re) surrounded
by a hematite dissolution halo (Fig. 28), are a common phenomenon in both continen
tal and marine red bed sequences (HOFMANN 1990, 1991) but also occur in bauxites
(DIETRICH et al. 1976) and hematite-bearing altered crystalline rocks (HOFMANN
1990, LORENl 1995). Reduction spots typically have a diameter of 1 to 5 cm and can
be quite abundant, making up several vol.s of the rock. In association with reduction
spots, irregularly shaped redox phenomena of up to several dm in size occur at certain
localities (Fig. 29), with very similar mineralogy. Reduction spot formation is late diage
netic (several 100 m burial depth). Diffusive migration of elements is indicated by the
spheroidal geometry of reduction spots. The exact process of formation is still un
known, especially the nature of reductant(s) involved is unclear. A concomitant supply
of a mobile, kinetically inert reductant to sites of catalytic redox reactions (HOFMANN
1990, 1991, 1992) seems most likely. Different lines of evidence (e.g. fracture bound
occurrences) clearly show that reduction spots typically did not form around detrital
organic matter.

The small size of reduction spots allows the analysis of representative bulk samples of
whole redox zones. Enrichment factors of bulk reduced zones relative to the host rock
can therefore be calculated, allowing estimates of the relative redox-sensitivity of the
involved elements (HOFMANN, in press). Based on detailed analysis of samples from
15 localities, the relative redox-sensitivity (based on enrichment factors only) is esti
mated as Pt>Au>Se>U>V. The geochemistry and mineralogy of reduction spots is
remarkably similar to tabular V-U and unconformity-related U-Ni deposits. Evidence
that the present mineralogy of tabular V-U deposits is a result of recrystallisation
(BREIT 1995) indicates that the present complex mineralogy of reduction spot cores
might not be representative of the mineralogy during initial formation.

Relevance of Type III c to redox processes in HLW repositories

The main relevance of reduction spots to PA is their enrichment in a large range of PA
relevant elements (Se, Ni, REE, Pd, U). Because reduction spots occur in a large
range of geological environments, general trends of the behaviour of these elements
can be obtained that are less influenced by local factors than when studying element
behaviour at a single locality. Further, reduction spots are geometrically well defined
(spherical), diffusion-controlled systems. Multi-element geochemical data are available,
easy sampling in the field and subsampling on specimens is possible. Bulk samples of
Ol, URl and MRl can be analysed.

The unknown mechanism of formation is a drawback, limiting interpretations of element
distributions related to the formation. However, recent remobilisation of elements from
spot cores at point sources can be studied.

2.3.4 Organic debris in oxidised sediments: Type III d

While most red bed formations are devoid of any detrital organic matter, some red
beds retain remnants of organic matter that were not completely oxidised during burial
and early diagenesis. These organic particles provide local reducing sites and can be
enriched in redox-sensitive elements, e.g. in the Cretaceous marine Couches Rouges
of Western Switzerland (MARTINI 1971, BERTRAND & WEIDMANN 1979, MEISSER
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1992) or the Tertiary Lower Freshwater Molasse of Northern Switzerland (HOFMANN
1989b).

Relevance of Type III d to redox processes in HLW repositories

The presence of reduction effects around organic debris in the Lower Freshwater
Molasse of Northern Switzerland offers a possibility to investigate redox-driven element
migration in this formation. A main difficulty will be to date the element mobility in order
to be able to define the PT conditions during redox processes.

2.3.5 Fossil meteorites in oxidised sediments: Type III e

Only a very limited number of well documented fossil meteorites are known. Two of
these were found in oxidised marine limestones (red beds) of Ordovician age in Swe
den (Brunflo and Osterplana), The Brunflo meteorite (H chondrite) was investigated in
detail (NYSTROM et al. 1988, NYSTROM & WICKMAN 1991, HOFMANN et al. in
press). The primary mineralogy is completely altered to an assemblage of calci
te+barite+phyllosilicates+Co-Ni-Cu-sulphides/arsenides. Geochemically, the altered
meteorite shows strong secondary enrichments of the elements Ba, U, V, Co, As, Cu,
Mo and Re. Fe and Ni are strongly depleted. The very different behaviour of Co and Ni
in the Brunflo meteorite is unexplained. Increased mobility of Ni relative to Co is also
noted during near-surface weathering of meteorites, however (GOLDEN et al. 1995).
The association of enriched elements is very similar to reduction spots (with the excep
tion of Mo and Re which are missing in spots). In fossil meteorites, the types and
relative amounts of reductants as well as the primary composition are well known.

Based on an average flux of about 160 meteorites (>20 g mass) per km2 and Ma
(BLAND et al. 1996), sediments with a slow accumulation rate of 1 mm/1000a contain
only 160 meteorites per 106 m", or 1 meteorite per 10,000 m".

Relevance of Type III e to redox processes in HLW repositories

An obvious advantage of fossil meteorites is the well defined starting material with
known relative amounts of reductants (native Fe, FeS, ferrous silicates) and well known
composition. Geochemical data from Brunflo indicate mobility of several analogue
relevant elements. Unfortunately, fossil meteorites in oxic sediments are extremely rare
and, consequently, very limited amounts of samples are available. The timing and PT
conditions of element mobility are uncertain.

2.3.6 Fault-related redox fronts: Type III f

Redox fronts may be present along faults bringing reduced sediments and red beds
into contact. Such a situation was described by GAUPP et al. (1993) from the North
West German basin. Reducing acid fluids from coal-bearing Carboniferous strata infil
trated a Permian (Rotliegendes) red bed sequence. While extensive clay mineral
neoformation took place, no indications of accumulations of redox-sensitive elements
are given, possibly indicating relatively reducing conditions in the red bed at the time of
infiltration. This type of redox front must be quite common.
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Relevance of Type III f to redox processes in HLW repositories

Relevance difficult to assess due to lack of data. New sites of this type might be inte
resting, but a major problem will be the difficulty to constrain timing and fluid sources in
a fault-related environment.

2.3.7 Infiltration of oil and oil field fluids (including gas) into red beds: Type III g

Bleaching due to reductive Fe dissolution is common in red beds overlying oil fields, a
feature most commonly explained by the hydrogen sulphide contained within oil field
brines and gas. Examples of this phenomenon are particularly well known from Monta
na (MOUlTON 1926, 1928, KllGORE & ElMORE 1989) and Oklahoma (FERGUSON
1979, REYNOlDS et al. 1985, KIRKlAND et al. 1995). No detailed geochemical inve
stigations have been performed on this type of redox front, however, and no
enrichments of redox-sensitive trace elements have been reported. In many cases the
main feature is bleaching due to hematite dissolution and iron sulphide precipitation.
Where new phases are formed, the mineralogy is simple and includes the Fe sulphides
pyrite, marcasite and pyrrhotite as well as magnetite, indicating strongly reducing high
pH conditions. Light sulphur isotopes are interpreted as indicating bacterial mediation
of sulphate reduction (but see discussion in section 8.2.2.).

Relevance of Type III g to redox processes in HLW repositories

Involved reductants are dissimilar to those in HlW repositories and the apparent ab
sence of mobility of redox-sensitive trace elements limits the relevance.

2.3.8 Redox processes in hypogenic caves and salt dome caprocks: Type III h

Reduced compounds present in oil and oil field brines (fluid and gaseous hydrocar
bons, hydrogen sulphide) are subject to biological degradation upon interaction with
oxidising near-surface fluids. Such interactions result in the formation of carbonate cap
rocks on evaporite diapirs (SASSEN et al. 1989) and of hypogenic caves in limestones.
The seepage of sour (H2S-rich) gas produces acid conditions in near-surface environ
ments through biological oxidation of H2S and CH4 to sulphuric and carbonic acids
(CUNNINGHAM et al. 1994). Caprocks and hypogenic caves are sites of active che
mosynthetic bacterial activity at redox fronts in the unsaturated zone. Accumulations of
redox-sensitive elements are not known.

Relevance of Type III h to redox processes in HLW repositories

Involved reductants are dissimilar to those in HlW repositories. The microbiology may
be relevant, although the nutritients involved are not.
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Figure 30: Redox zonation in Kupferschiefer deposits, Germany (stratiform redox
front, Type III i). Zonation intersects stratigraphic boundaries at low angle
(note vertical scale!). Rote Faule facies (bottom) corresponds to OZ. From
EVANS (1993), after BROWN (1978)
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Figure 31: Element zonation in PGE-bearing Kupferschiefer deposits (Type III i), SW
Poland (1 = white sandstone; 2 = shale; 3 = dolomite; 4 = noble metal
bearing shale; 5 = thucholite shale; 6 = pitchy shale; 7 = shale with
digenite; 8 =dolomitic shale; 9 =dolomite). From KUCHA (1982)
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Figure 32: Element zonation in PGE-bearing Kupferschiefer deposits (Type III i), SW
Poland (1 = white sandstone; 2 = organogenic limestone with glauconite,
phosphate; 3 = clay dolomite; 4 = dolomite; 5 = limestone). Note unusual
enrichment of Pb (as PbSe and AuPb2) together with Au and PGE under
more oxidised conditions than Cu enrichment. From KUCHA (1982). Sec
tion measures approximately 0.5 m

2.3.9 Stratiform redox fronts: Type III i

Stratigraphic (bedding-parallel, usually synsedimentary) contacts between oxidising
(e.g. red beds) and reducing (e.g. black shales) sediments represent redox boundaries
potentially leading to redox-driven element migration from the time of sedimentation
through all stages of diagenesis. Typically, such redox boundaries are characterised by
accumulations of Cu, Pb, Zn, U, PGE and many other elements. Examples are:

• Kupferschiefer-type mineralisations (Fig. 30 to 32). Stratigraphic contacts between
red beds and overlying black shales are often mineralised with Cu and other redox
sensitive elements and are economically exploited in a number of areas
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(TOURTELOT & VINE 1976). Well known examples are the Kupferschiefer in Ger
many-Poland (Permian); Creta, Oklahoma (Permian); Nonesuch Shale, Michigan
(Proterozoic); Central African Copperbelt (Proterozoic). Kupferschiefer-type miner
alisations are commonly characterised by Cu-Pb-Zn-Fe-(Ni, Co)-sulphides,
indicating that sulphate reduction was the dominant redox process. More complex
element associations including U, Au, PGE and many other elements are known
from the Polish deposits (KUCHA 1982, 1984). In the case of the Kupferschiefer,
the role of organic compounds in reducing sulphate has been demonstrated in sev
eral studies of the organic geochemistry (POTTMANN et al. 1987, POTTMANN et
al. 1989, BECHTEL & POTTMANN 1991, JOWETT 1992, SUN & POTTMANN
1997). Geochemical modelling of Cu sulphide formation due to reduction of red bed
brines in this type of environment was done by SVERJENSKY (1987).

• Coal-red bed-associations. In some coalfields, coal seams occur within red bed
sequences or in an area of facies change from grey/black, Corg-rich beds to red
beds, e.g. in several European Palaeozoic coal fields (STUTZER 1914). Commonly
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Figure 33: The Cigar Lake unconformity-type uranium deposit (ore =MRZ), redox front
type III j) located at the unconformity between underlying Archean/Lower
Proterozoic basement (PRZ) and overlying Proterozoic red bed sandstone
(OZ), Athabasca Basin, Saskatchewan, Canada. Note very large area of
red bed bleaching (URZ). From CRAMER & SMELLlE (1994)
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these coals are enriched in U, sometimes to ore grade. A detailed description of the
oxidation and replacement by dolomite of a coal seam in contact with red beds at
Wirral (SW Liverpool) is given by STRAHAN (1901). This paper does not give any
indication of whether redox sensitive elements are enriched, however, but points to
a possibly interesting area of study. SERGEYEV & SHUMLYANSKYI (1990) report
the enrichment of U, V, Mo, Cu, Pb, Se, As, REE, Sc, Be and Ge in coal seams
and other organic-rich sediments near stratigraphic contacts with red beds.

• Cretaceous-Tertiary boundary sediments: Probably impact-related Cretaceous
Tertiary boundary sediments contain well documented enrichments of typical mete
orite-derived elements (Jr, Os) but also of redox-sensitive elements (Co, Ni, As, Sb,
Se, Cr, U) that were probably accumulated during diagenesis in a redox gradient
(GRAUP & SPETTEL 1992, EBIHARA & MIURA 1992, MARTINEZ RUIZ et al.
1992, NAZAROV et al. 1993, KUNZENDORF et al. 1990).

Relevance of Ty pe III i to redox processes in HLW repositories

The Kupferschiefer of Poland is one of the few cases where PGE concentration profiles
across a redox front are available. Stratiform redox fronts probably show the best
developed element zonations. Generally, the overprinting of synsedimentary and dia
genetic features adds uncertainty to the interpretation of element migration data from
stratiform redox fronts.

Figure 34: Uraninite grains (black) surrounded by hematite haloes in pegmatite.
Hematite haloes are strictly bound to the vicinity of uraninite. Iron oxidation
due to radiolysis is a likely explanation for this effect. Bates Hunter Mine,
Idaho Springs, Colorado (NMBE B6853). Field of view =6 cm. Photograph
P. Vollenweider



NAG RA NTB 99-05 60

2.3.10 Unconformity-related uranium deposits: Type III j

Unconformity-related uranium deposits (Fig. 33) are restricted to the Proterozoic of
Northern Australia (Pine Creek Geosyncline, Northern Territory, comprising the follo
wing uranium fields: Alligator Rivers, South Alligator Valley, Rum Jungle; SOLOMON et
al. 1994, DAHLKAMP 1993) and the Athabasca Basin, Saskatchewan, Canada
(HOEVE & QUIRT 1987). High-grade deposits of uranium are found at or close to the
unconformity between an underlying reduced (graphite-bearing) crystalline basement
and overlying red bed sediments, usually close to basement highs. The deposits are
enriched in U, Ni, Co, Cu, Mo, Fe, Mn, V, Pb, Zn, Ag, Au, As, Se, S, PGE, REE, Bi, Te,
Band Mg (HOEVE & SIBBALD 1978, HOEVE & QUIRT 1987, GRAUCH & MOSIER
1987, WILDE et al. 1989a, MERNAGH et al. 1994, CRAMER & SMELLlE 1994). Th is
not enriched (WRAY et al. 1985). The mineralogy is very complex (DAHLKAMP 1978,
1993). The Athabasca deposits yield primary ages close to 1300 Ma, the Australian
ones are slightly older (close to 1600 Ma). The largest known single uranium deposits
are of unconformity type: Jabiluka/Ranger3 (Australia, 203'000 t U at 0.3%), Cigar Lake
(Canada, 148'000 t U, 9% U) and McArthur River (Canada, 160'000 t U at 13% U)
(source: the Uranium Institute, London).

Graphite in the basement below the deposits is destroyed close to fluid conduits, either
due to oxidation or reaction with radiolytically produced H2 to form CH4 (KYSER et al.
1989). Experimentally, intercalation of sulphate and uranyl in graphite as a possible
initial step of oxidation at temperatures as low as 100°C was reported by MOISSETTE
et al. (1991). Reducing fluids were derived from graphite-bearing basement gneisses,
oxidising fluids from the Athabasca Basin red beds. Uranium deposits were formed in
the zones of intense fluid mixing. Above the deposits, a wide aureole of hematite dis
solution indicates upward movement of reducing fluid from the basement to several
100 m above the deposits. A good summary of data, groundwater flow and heat trans
port modelling is provided by RAFFENSPERGER & GARVEN (1995).

Fluid inclusion data (compiled in HOEVE & SIBBALD 1978) and oxygen isotope stu
dies (KOTZER & KYSER 1993) indicate temperatures of formation of 110 to 240°C.
Reductants causing mineral precipitation most probably were CH4 and H2S.

The Beaverlodge vein-type uranium deposit north west of the Athabasca basin is
geochemically very similar to the unconformity-related deposits and was formed from
similar fluids under the same temperature regime, indicating at least a common source
of involved fluids (KOTZER & KYSER 1993).

One of the largest and best studied deposits is the Cigar Lake U deposit in the Athaba
sea Basin (Fig. 33). This deposit has been studied intensely as a natural analogue for
radioactive waste disposal, the results being summarised in CRAMER & SMELLlE
(1994). Koongarra, an Australian unconformity-related deposit in the Alligator Rivers
field, has also been the site of an analogue study mainly concerned with the near
surface oxidation and remobilisation of U (von MARAVIC & SMELLlE 1993).

Some vein-type hydrothermal deposits hosted by reduced rocks but close to uncon
formably overlying red beds have characteristics similar to unconformity-related U
deposits. Clearly, reduction played a major role in element accumulation. Probably the
most evident example are veins of the so-called Five-element (Ni-Co-As-Ag-Bi) asso
ciation (KISSIN 1993), also known as the Co-Ni-Bi-Ag-U-type. Elements such as As,
Ag, Bi and U are immobilised as a result of reduction. This element suite is very similar
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to the element association in unconformity-related U-Ni-PGE deposits, as well as in
reduction spots in red beds. Analytical data for a composite sample from the Wittichen
deposit (Schwarzwald, SW Germany) are presented in Table 6. Interestingly, tempe
ratures of formation appear to range from >450 to <100 QC in such deposits (KISSIN
1993). Many of these mineralisations are located in areas of elevated heat flow resul
ting from rifting in continental crust, and associated circulation of formation waters
(KISSIN 1993).

Relevance of Type III j to redox processes in HLW repositories

Unconformity-type U deposits are among the best studied redox front-related minerali
sations. High-grade U ore is associated with significant amounts of other analogue
relevant elements (Ni, Se, PGE). In some deposits (e.g. Cigar Lake), the general outli
ne of a HLW repository is mimicked by the U-rich zone surrounded by a clay halo.
Published, representative, high-quality multi-element geochemical data are still lacking.
The high temperature origin reduces the relevance of primary formation events. Recent
groundwater data tend to be disturbed by mining and/or drilling. Due to high U concen
trations, Type III j is especially favourable for studying recent and fossil evidence of
radiolysis (SMELLlE & KARLSSON 1996; compare chapter 9).
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Table 6: Analytical data for a composite ore sample WIC1 from Wittichen, Black
Forest, Germany

INAA, ICP-DES (Bondar Clegg, Ottawa) analyses

Z El unit INAA, FA ICP-OES "best value"(ppm)
3 Li 71 71

11 Na 0;0 <8.2 0.19 0.19
21 Se 10 9 9.5
23 V 104 104
24 Cr <130 7 7
25 Mn 4600 4600
26 Fe 0/0 2.2 2.35 2.28
27 Co 8380 9051 8716
28 Ni 2610 2539 2575
29 Cu 500 500
30 Zn 25 25
31 Ga 51 51
33 As >10000 >10000
35 Br <81
37 Rb 160 160
40 Zr 68 68
41 Nb 22 22
42 Mo 227 308 268
46 Pd ppb 2 2
47 Ag 47 36 42
51 Sb 24.4 24 24
55 Cs 58 58
56 Ba >20000
57 La 15 15 15
62 Sm 76.3 76.3
63 Eu <8
65 Tb 16 16
70 Yb <31
71 Lu <1.6
72 Ht <3
73 Ta 3.9 3.9
78 Pt ppb 10 10
79 Au ppb 96 96
82 Pb 70 70
83 Bi 232 232
90 Th 77.9 77.9
92 U >2000
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2.3.11 Redox processes in near-surface hydrothermal environments: Type III k

Deep hydrothermal fluids are typically reduced and often contain significant amounts of
H2S. Where such fluids ascend to near-surface environments (e.g. in geothermal
fields), mixing of the hot, reduced hydrothermal fluids with cool, oxidised groundwaters
is likely, resulting in redox reactions. In epithermal deposits containing redox sensitive
elements (U, As, Ag, Se), deposition of elements due to mixing must be considered.
Where temperatures in mixing zones are low enough, microbial activity may potentially
be important in mediating redox reactions (HOFMANN 1989a). Possible examples are
Beaverlodge, Saskatchewan (U); Wittichen, Black Forest, Germany (U, Ni, Co, As, Ag,
REE), Menzenschwand, Black Forest, Germany (U, Ba, F, As, Cu, Se).

Relevance of Type III k to redox processes in HLW repositories

The analogue relevance is low due to the many genetic uncertainties.

2.3.12 Redox processes in deeply buried oxidised ores (hematite): Type III I

Deeply buried oxidised ores, most notably massive hematite, represent a major source
of oxidant within generally reduced rocks. Hydrothermal fluids will be buffered at unu
sually high redox states by such formations and may lead to a redistribution of
elements in the vicinity. Pd-rich gold deposits in iron formations (hematite), such as in
the Precambrian banded iron formations of Brazil may be related to redox processes of
this type.

Relevance of Type 1111 to redox processes in HLW repositories

The analogue relevance is difficult to assess because no detailed studies are available.
Should moderate-T (100-300°C) natural analogues for PGE mobility ever be needed,
this type would merit detailed investigation.

2.3.13 Redox processes near radioactive minerals: Type III m

Primary radioactive minerals (uraninite, thorianite etc.) in reduced rocks are syste
matically rimmed by hematite-rich haloes up to a few mm wide (Fig. 34). Such haloes
are common even where the host rocks are reduced in terms of Fe and no other forms
of hematite are present. Hematitic haloes around radioactive minerals are most conspi
cuous in pegmatitic rocks (HEINRICH 1958). The radiolytic processes responsible for
this type of redox effect are discussed in more detail in chapter 9.

Relevance of Type III m to redox processes in HLW repositories

Studies of element behaviour in radiolysis-influenced environments might be performed
in this setting. Drawbacks are the poorly constrained timing of radiolytic oxidation in
geologically old samples, combined with usual lack of temperature information.

2.3.14 Serpentinisation of ultramafic rocks: Type III n

Ultramafic rocks are composed of Mg- and Fe(II)-rich silicate minerals with predomina
ting olivine (Mg, FehSi04 . Hydration of olivine-rich rocks leads to the formation of
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serpentine minerals, most commonly antigorite Mg6(OH)sSi401Q. The serpentinisation of
Fe-containing forsterite may be written as follows:

Fe(ll) does not enter the serpentine structure in appreciable amounts, probably becau
se this substitution increases the misfit between the octahedral C'brucite") and the
tetrahedral layers inherently present in the serpentine structure. Instead, freed Fe(lI) is
partly hydrolysed to Fe(llI) and magnetite is formed. Hydrolysis of olivine (and other
ferrous silicates) produces free hydrogen and, thus, strongly reducing as well as high
pH conditions. Commonly occurring metallic compounds (e.g. Ni3Fe, native Cu, FeCo)
in serpentinites are minerals formed under such conditions. Where fluids containing
oxidants (e.g. sulphate, trace elements like As(V)) are involved, redox reactions will
likely occur, resulting in the formation of secondary sulphides, arsenides etc. The
common occurrence of secondary pyrite in kimberlites (e.g. South Africa) may thus be
explained by microbially mediated sulphate reduction based on H2 liberated during
serpentinisation.

Relevance of Type III n to redox processes in HLW repositories

Serpentinisation is an analogue-relevant process because of the formation of free
hydrogen, similar to that expected in HLW repositories due to Fe corrosion and radioly
sis. A detailed study of the mineral phases forming under the influence of free
hydrogen may thus be worthwhile. Situations with well defined PT conditions would
need to be identified. A drawback are the high-pH conditions, dissimilar to HLW repo
sitories where pH is buffered by bentonite.

2.4 Redox fronts induced by human activity

2.4.1 Weathering in man-made tunnels: Type IV a

Man-made tunnels usually penetrate unweathered, fresh rocks. The redox gradient
present within the rock close to the tunnel surface results in oxidation of iron, uranium
and other redox-senstitive elements in primary minerals. Porewater evaporation can
then result in U accumulation on tunnel walls, e.g. at the Grimsel Test Site (Switzer
land) and nearby tunnels (WALENTA 1972, BAERTSCHI et al. 1991).

Oxidation proceeding from tunnels is a major problem in former and active mining
areas containing pyrite or other oxidisable sulphide-rich rocks. Resulting acid mine
drainage can lead to local to regional stream pollution with heavy metals.

Relevance of Type IV a to redox processes in HLW repositories

Oxidation of rocks on the walls of man-made tunnels is a situation that will also occur
during operation of a HLW repository. After the end of the operational phase, an oxidi
sed rim will persist in the tunnel wall adjacent to the clay backfill. Such oxidised rims
have reduced reduction capacity and may ease the penetration of an oxidising front
from the backfill into the host-rock. Apart from this HLW situation, the study of tunnel
wall oxidation in any situation with reduced rocks may be useful where the time of
exposure to air must be well known. Redox fronts of known and variable age may thus
be studied in accessible tunnels of different age.
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2.4.2 Weathering of mine waste: Type IV b
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Waste dumps from ore mining activities often contain reduced minerals, especially
pyrite. Redox fronts develop in waste heaps as a result of rain infiltration and oxygen
diffusion and may lead to significant and even economic redistributions of elements,
e.g. of Au. Such sites may provide suitable analogue study situations due to the homo
geneity of the substrate (a result of production quality control during mining), known
age and simple hydrology. Potential targets are mill waste dumps from gold mines in
the Witwatersrand area, South Africa, or the Blind River District, Canada, where pyrite
is associated with elevated concentrations of analogue-relevant elements such as U,
Th and REE in the waste material. Redox front penetration in South African gold mine
waste dumps can reach several dm at least (author's observations, 1995). Similar
waste dumps exist in many mining areas of the world. Fine-grained waste dumps
(milled ore) would be a more promising target than coarse, unmilled waste due to a
finer grain size (high specific surface) and better homogeneity.

Relevance of Type IV b to redox processes in HLW repositories

Mine waste dumps may be one of the most promising targets for studies of redox front
development. The material is usually homogeneous (milled ore), has a high porosity,
the deposit is of known age and available compositions vary widely with generally high
concentrations of many elements. Ores with high sulphide content and low pH buffer
capacity (Iow in carbonates) will produce acidic fluids, a situation dissimilar to that in
HLW repositories, where target rocks with low sulphide concentrations will be chosen.

2.4.3 Weathering of archaeological artefacts and slags: Type IV c

Metallic archaeological artefacts represent reduced materials and often occur in the
oxidised zones of soils and near-surface sediments. The oxidation and mobilisation of
elements contained in these artefacts may therefore be studied. Metals occurring as
archaeological artefacts particularly include Fe, Cu, Cu-Sn (bronze), Ag, Pb. In terms of
redox behaviour of relevant elements, archaeological artefacts may be particularly
useful for the study of Sn oxidation behaviour (ORGAN & MANDARINO 1971,
MATZKO et al. 1985), especially because thermodynamic data are very poor for low-T
Sn phases.

Besides pure metal artefacts, Roman age to recent slag deposits produced during
metal production may contain relevant elements (Sn, Se, U, Th). Many otherwise un
common "mineral" phases have been described from voids in such slags, mostly in
amateur mineralogy journals (e.g. CERUTTI & PREITE 1995). Most of these phases
appear to be low-temperature alteration products.

An obvious application of archaeological artefacts are analogue studies of metal (Fe,
CuSn) oxidation. A summary of two analogue studies involving archaeological artefacts
is given in MILLER et al. (1994).

Relevance of Type IV c to redox processes in HLW repositories

Careful study of archaeological artefacts (MURPHY et al. 1997) and especially slags
may provide useful information concerning environments enriched in rare elements
otherwise present only as highly insoluble minerals such as cassiterite Sn02. The
range of "mineral" phases formed in voids of ancient slags during low-temperature
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alteration yield information about the range of phases forming in these environments.
Redox gradients in slag heaps will tend to be extremely irregular due to very heteroge
neous porosity and permeability. Element dispersion haloes around artefacts and slag
heaps may prove useful as well. An advantage of archaeological artefacts is the often
well known age.

2.4.4 Deep seawater injection into oil fields: Type IV d

Injection of seawater into deep oil bearing strata is a common practice used to enhance
oil recoveries. Daily injection of >100,000 m3 is routinely done. Considering the fact that
seawater usually is oxidising, and the environment being injected reducing, the deve
lopment of redox fronts within the reservoir rocks can be anticipated. Microbial activity
in such systems is documented (STETTER et al. 1993). A daily injection of 127'000 m3

(an upper limit stated by STETTER et al. 1993 for single reservoirs) may result in the
deposition of up to 160 kg uranium per year in the reservoir rocks due to reductive
precipitation from seawater.

Relevance of Type IV d to redox processes in HLW repositories

Injection of seawater into oil fields may represent an interesting natural analogue be
cause this is the only situation where actively forming, deep redox fronts involving a
well characterised oxidising fluid (seawater) may be studied in situ. Obviously, sam
pling would be restricted to drillcores intersecting zones of previous fluid injection.
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3 AVAILABILITY OF GEOCHEMICAL DATA FROM REDOX FRONTS

3.1 Solid samples

Reliable geochemical data for analogue-relevant and other important redox-sensitive
elements (at least U, Th, Ni, Pd, Pt, Pb, Se, REE, Cs, Fe, Mn) in solid samples across
redox boundaries are very scarce and apparently even lacking for major analogue
study sites. The most extensive data available are for black shales and reduction spots
in red beds. Sets of typical analyses are presented in Table 7 as enrichment values
normalised with the most suitable unmineralised samples in order to make the very
different concentrations more comparable. For the sake of comparison, several of the
data sets represent averages. It is obvious that, for most types of redox fronts, multi
element data including all analogue-relevant elements are sparse.

3.2 Natural waters

Anomalous concentrations of redox-sensitive elements in natural near-surface waters
have been reported from several areas, e.g. Argentina (NICOLLI et al. 1989: As, Sb,
Mo, Se, U, V). Usually, these anomalies seem to be related to enhanced background
concentrations in the aquifer rocks or to stages of diagenetic evolution associated with
trace element release (e.g. alteration of volcanic glass, maturation of Fe hydroxides).

In the U.S., anomalous concentrations of redox-sensitive elements in groundwaters are
known from Texas (WANTY et al. 1987, LANGMUIR & CHATHAM 1980) and Oklaho
ma (PARKHURST et al. 1989, BREIT et al. 1992, SCHLOTTMANN & BREIT 1992).

High-quality groundwater data including redox-sensitive elements are also available for
the P090S de Caldas natural analogue study (NORDSTROM et al. 1992). Most con
centrations reported are not unusually high, however.

Uranium is one of the most common redox-sensitive elements in groundwaters, with
many data available. For Switzerland, the study of BAERTSCHI & KEIL (1992) is the
most comprehensive.



Black Deep Pocos de RolI- Sandstone- Breccia Reduction Brunflo Midwest Wittichen
Black Shales shale sea Caldas front U-V pipes Spots in fossil uncon- vein-type SUMMARY OF INDIVIDUAL DATA SETS

average sedim. U red beds meteorite formity-type

Redox front type la la la la la la la Id lib lib IIc ilia ilia Ilia IIlb IIlc IIle IlIj 1111

Reference 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Normalisation AS AS AS AS AS AS HR HR HR HR HR HR HR UC HR* OC UC UC n average G mean min max

3 Li 0.4 1.0 0.7 1.5 1.4 4.1 3.6 Li 4 2.4 1.9 0.7 4.1

4 Be 1.1 0.5 0.8 10.3 2.0 2 1.4 11.1 Be 5 3.4 2.1 0.8 11.1

5 B 1.3 0.1 0.7 3.6 1.0 B 2 0.8 0.8 0.7 1.0

16 S 13.0 22.3 11.0 0.0 11.6 1.1 S 2 6.3 3.6 1.1 11.6

23 V 2.2 5.8 19.1 1.2 11.5 0.0 6.6 1.3 1.5 11.9 490 80 2.6 23.0 184 7.7 30.0 1.7 V 11 76 15.9 1.3 490

24 Cr 0.4 5.2 0.7 4.9 1.7 2.6 17.0 2.6 2.4 1.1 4.7 1.1 4.3 0.2 Cr 8 2.4 1.7 0.2 4.7

25 Mn 0.4 0.3 0.2 0.4 0.2 0.7 0.4 0.9 1.4 2.0 1.6 1.0 0.3 7.7 Mn 7 2.0 1.2 0.3 7.7

26 Fe 0.3 0.7 1.5 0.8 0.8 1.4 0.6 3.8 1.3 1.4 2.7 0.6 0.0 0.9 0.7 Fe 10 1.3 0.8 0.0 3.8

27 Co 1.3 1.2 2.5 1.6 1.7 14.4 1.4 24.0 17.5 7.2 9.9 5.9 260 872 Co 9 133 16.5 1.4 872

28 Ni 1.6 2.9 6.9 1.5 4.5 3.0 3.4 16.8 12.3 11.3 6.7 8.3 0.2 1270 129 Ni 8 180 13.1 0.2 1270

29 Cu 2.3 2.4 5.2 1.3 2.2 2.4 2.6 1.6 18.7 1.2 4.0 5.3 14.5 1.3 1280 16.0 2.5 68.0 20.0 Cu 12 118 8.5 1.2 1280

30 Zn 1.0 1.4 24.2 0.7 17.3 2.2 7.8 1.1 1.5 0.6 20.0 16.0 1.6 23.5 2.0 1.9 25.4 0.4 Zn 11 9.1 3.7 0.4 25.4

31 Ga 0.8 0.9 0.5 0.7 1.1 1.0 3.0 Ga 4 1.5 1.3 0.7 3.0

32 Ge 0.8 0.8 1.1 0.4 Ge 3 0.8 0.7 0.4 1.1

33 As 2.4 8.5 2.9 5.3 10.2 5.8 3.3 2.0 8.0 14.2 14.0 1.5 1820 60 6789 30870 13300 As 11 4808 99 1.5 30870

34 Se 10.0 383 8.2 143 35.8 116 5.4 17.<: 208 47 34 7.8 1540 178 3.0 200 Se 10 234 55 3.0 1540

38 Sr 0.3 7.1 3.7 1.0 0.5 1.0 830 Sr 4 209 6.1 0.5 830

39 Y 1.6 0.7 1.1 6.4 7.0 2.4 2.3 8.0 4.8 Y 6 4.3 3.5 1.1 8.0

40 Zr 1.0 0.4 0.7 0.9 0.1 1.1 0.6 0.4 Zr 5 0.6 0.4 0.1 1.1

41 Nb 1.0 0.3 0.7 1.0 0.4 2.4 2.6 0.9 Nb 5 1.4 1.1 0.4 3

42 Mo 18 131 709 52 109 12.7 172 15.3 4.0 67 117 4.4 166 3.5 1235 407 179 Mo 10 235 64 3.5 1235

46 Pd 13.2 377 3.1 4.0 Pd 3 128 16.7 3.1 377

47 Ag 1.9 62.9 8.2 24.3 7.6 16.7 5.0 892 230 59 476 840 Ag 8 318 100 5.0 892

48 Cd 313 17 260 12.9 151 32.0 420 2.3 198 Cd 4 193 73 2.3 420

50 Sn 0.5 0.3 0.4 2.8 0.9 1.2 15.8 Sn 4 4.6 1.6 0.4 15.8

51 Sb 39.3 3.0 10.3 17.5 3.1 7.5 2.2 1.5 3.0 195 2.9 338 515 121 Sb 10 120 19.1 1.5 515

53 I 4.8 I 1 4.8 4.8 4.8 4.8

55 Cs 0.8 1.4 2.4 1.5 6.0 4.7 1.1 19.6 15.7 Cs 5 8.5 4.8 1.1 19.6

56 Ba 0.9 0.5 0.7 0.3 0.6 0.7 0.2 2.3 1.5 1.0 1.4 1.5 85269 Ba 8 10660 4.0 0.2 85269

57 La 0.4 0.4 0.7 0.5 0.9 0.2 1.1 1.2 9.4 0.5 La 6 2.1 0.9 0.2 9.4

58 Ce 0.9 1.3 0.6 1.0 0.4 0.4 1.3 1.5 13.4 Ce 5 3.5 1.6 0.4 13.4

60 Nd 1.5 1.5 0.7 1.3 1.3 0.1 2.9 Nd 3 1 0.8 0.1 2.9

62 Sm 1.1 1.2 0.7 1.0 1.5 7.7 18.1 17.0 Sm 4 10.9 7.0 1.0 18.1

63 Eu 1.5 1.6 1.0 1.4 1.8 0.2 11.1 9.7 Eu 4 5.6 2.3 0.2 11.1

64 Gd 1.1 1.0 1.1 1.1 1.5 14.6 Gd 2 7.8 3.9 1.1 14.6
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4 SUMMARY OF THE BEHAVIOUR OF THE ELEMENTS AT REDOX FRONTS

4.1 Alkali elements: Li, Na, K, Rb, Cs

The alkali elements are univalent and do not undergo redox reactions in geological
environments. Nevertheless, the enrichment of alkali elements at redox fronts is possi
ble due to the formation of minerals containing alkalis as companion elements, e.g. the
V-mica roscoelite. For the safety-relevant element Cs, there is no clear evidence of
retardation at redox fronts. Enrichments of Cs reported at a redox front from Pocos de
Caldas, Brazil, (MacKENZIE et al. 1991) were based on semiquantitative ICP-MS data
and could not be reproduced by INAA (this report, Tab. 5, 7). Systematic Cs enrich
ments were reported from breccia-pipe Cu-U mineralisations in Arizona (WENRICH
1985) and are indicated in a single sample of the fossil meteorite Brunflo (HOFMANN
et al. in prep.). Although none of these data sets allows the clear conclusion that Cs is
retarded at redox fronts, there are indications for such behaviour (HOFMANN &
KRAHENBUHL, in prep.). No Cs enrichment was found in reduction spots, even though
many analysed samples were from unusually Cs-rich bulk rocks indicating a high
availability of Cs (HOFMANN & KRAHENBUHL in prep).

In oxidising U-rich environments, Cs can be retarded due to the formation of the Cs
uranyl-vanadate margaritasite, the Cs analogue of carnotite (WENRICH et al. 1982).
The formation of this mineral might be responsible for Cs enrichments during superge
ne weathering of U, V-rich deposits ( e.g. Arizona breccia pipes ).

4.2 Alkaline earths: Be, Mg, Ca, Sr, Ba, Ra

The alkaline earths are bivalent and not redox reactive in geological milieux. However,
their geochemistry depends on pH and anion concentrations, factors that may correlate
with redox changes. Sulphates of Sr, Ba and Ra have low solubilities and may form as
a result of sulphate generation by sulphide oxidation. These elements are therefore
indirectly redox-sensitive. The formation of Ba sulphate (barite) in the Brunflo fossil
chondrite is so far unexplained and not due to sulphide oxidation based on its sulphur
isotopic composition. Ra2

+ is geochemically similar to Ba2
+ and Pb2

+ and for this reason
is strongly enriched in some recent barites (CECILE et al. 1984), anglesites (NMBE
sample B8414 from Morocco) and hollandites (NMBE sample 30950 from Hillside
springs, Yellowstone National Park). Ra-rich minerals are most likely to form by mixing
of sulphate-poor waters (e.g. due to bacterial sulphate reduction) with sulphate-rich
water, or due to oxidation of sulphide-containing reducing water.

Enrichments of Be are reported from several redox-related mineralisations, e.g. up to
100-fold in Arizona breccia pipes (WENRICH 1985) and tabular V-U orebodies
(SPIRAKIS et al. 1981). Be is usually detected by optical emission spectroscopy where
it severely interferes with V, a typical redox sensitive element. It seems probable, there
fore, that reports of Be enrichments are partially based on analytical problems related
to V interference.



4.3 Transition elements, Group 1118

4.3.1 Scandium
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Sc-enrichments (about 2 times background) have been described by SHMAROVICH et
al. (1988), SERGEYEV & SHUMLYANSKYI (1989), L1SITSIN et al. (1991) from Rus
sian roll-type, coal-bed infiltration and stratiform contact deposits. Transport of Sc
appears to occur in Iow-pH, oxidised fluids. Deposition at redox fronts is a result of a
pH increase.

4.3.2 Yttrium

Y enrichments are known from many redox-related, usually U-rich deposits. In many
cases Y is directly bound to uranium phases, preferentially to coffinite which is isomor
phous with the Y phosphate xenotime. The existence of a coffinite-xenotime solid
solution series has been suggested (HANSLEY & FITZPATRICK 1989).

4.3.3 Rare earth elements (REE)

REE are commonly enriched in redox-related U-rich mineralisations; in many cases the
intermediate to heavy REE are most strongly enriched together with Y in uranium
phases. The transport and enrichment of Y and the REE is most likely a result of ligand
or pH changes at the redox fronts. Transport may occur as complexes with carbonate,
phosphate and possibly arsenate. Ce and Eu are redox-sensitive elements. Ce(IV) is
much less soluble than Ce(III), resulting in selective removal of Ce from waters under
oxidising conditions. However, stabilisation of Ce(IV) complexes in alkaline lake water
has been reported by MOLLER & BAU (1993). Hydrothermal Eu transport mainly oc
curs as Eu(lI) in reduced fluids. Other important REE phases in redox-boundary related
mineralisations are phosphate-arsenate minerals of the goyazite-florencite-crandallite
series, as observed at Oklo (DYMKOV et al. 1997).

4.3.4 Uranium

Uranium is very strongly redox-sensitive. Under oxidising conditions the element is
characterised by a high mobility as the uranyl ion and its complexes with carbonate,
phosphate and other ligands (LANGMUIR 1978). Reduced U(IV) rapidly hydrolyses
and forms insoluble phases, the most important ones being uraninite U02, coffinite
USi04 and mixed Ti-U oxides ranging from brannerite UTi206 to uraniferous anatase
Ti02(±U).

In low-temperature redox fronts, U may be removed from solution due to either adsorp
tion or reduction of the uranyl ion. Reduction may also occur in a second step after
adsorption as the uranyl ion. U reduction involving sulphate reducing bacteria and H2S

has been discussed by MOHAGHEGHI (1985) and MOHAGHEGHI et al. (1985). Direct
biological reduction of uranium has been clearly demonstrated by LOVLEY et al. (1991,
1993).

There is a large body of evidence indicating that uranium is effectively precipitated at
redox fronts even from very dilute solutions such as seawater (e.g. KU 1969, MILLS et
a1.1994) containing 3 ppb U. Experimental results (MOHAGHEGHI 1985,
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GOLDHABER et al. 1987, WERSIN et al. 1994) indicate that uranium is reduced by
dissolved sulphide and sulphide minerals.

Contrary to the abundant evidence of rapid U reduction at redox fronts, U apparently is
not removed from large bodies of reducing (H2S-rich) waters such as in the Black Sea
(ANDERSON et al. 1988), indicating that uranium reduction occurs only in the pre
sence of particles, perhaps after adsorption, under the given natural conditions.

The natural existence of pentavalent uranium U(V) is heavily disputed and, if existing,
this oxidation state has limited geochemical importance. Its possible role as a transitio
nal state in marine environments has been discussed by KNIEWALD & BRANCIA
(1988).

U is a key element in the recognition of redox processes in nature. The presence of a U
anomaly formed at low temperature with high UlTh (»5) is unequivocal evidence of
the involvement of an oxidising fluid.

Uranium minerals: Even though the IMA only accepts one pure dominantly reduced
uranium oxide mineral (uraninite, U02) , the natural existence of a significant number of
mixed-valence oxide phases is likely based, e.g., on reports of anisotropy
(ZVEZDINSKAYA & DUBROVINSKIY 1993) and detailed redox state studies, e.g. at
Cigar Lake (CRAMER & SMELLlE 1994). An overview of the U-O system is given by
SMITH et al. (1982).

Under oxidising conditions, uranium occurs as a large number of uranyl minerals (hy
droxides, carbonates, phosphates, vanadates, arsenates, silicates and others). With
few exceptions, these minerals form as a result of the oxidation of primary (U(IV))
minerals.

4.3.5 Thorium

Thorium is generally considered as extremely immobile in its only natural tetravalent
redox state (LANGMUIR & HERMAN 1980). Consistent with this, uranium minerals
from low-temperature redox fronts usually have very low Th concentrations
(HOFMANN & FREI 1996). Th concentrations in U phases can be explained by eo
precipitation from solutions containing in the order of 0.01 ppb Th.

Small but significant enrichments of Th in low temperature U minerals (HOFMANN
1991 b) as well as some occurrences of Th-bearing hydrothermal mineralisations,
generally thorite (ThSi04) associated with typical hydrothermal minerals (barite,
quartz), are known from Fremont and Custer Counties, central Colorado, and the Lem
hi Pass District, Idaho/Montana (HEINRICH 1958, STAATZ 1979,
ARMBRUSTMACHER 1988). Significant nondetrital Th concentrations (up to 0.3 ppm)
in calcites from the Jumbo Mine, Kansas, a MVT-base metal deposit (BRANNON et al.
1996), also indicate hydrothermal Th transport.

These occurrences may be taken as evidence that Th is almost certainly mobilised
under certain diagenetic to hydrothermal conditions, possibly due to the presence of
complexants (organics?) or colloids of yet undefined nature.

Th-enriched hydrocarbons in sandstones are described from Colorado (HOUSTON &
MURPHY 1970) and Wales (PARNELL & EAKIN 1989). These occurrences of Th



73 NAG RA NTB 99-05

minerals within accumulations of organic matter need further investigation to clarify
whether Th was indeed mobilised during diagenesis or whether these occurrences
represent alteration products of detrital Th phases.

In summary, there is little evidence of Th mobility in redox fronts. However, some unre
solved occurrences with elevated Th contents do exist.

4.4 Transition elements, group IVB: Ti, Zr, Hf

4.4.1 Titanium

Ti is predominantly tetravalent in geological environments and forms mixed oxides with
uranium in many redox related low-temperature mineralisations. This indicates a limited
mobility at least at the micron scale. Based on bulk rock geochemistry, no significant
long distance (cm to dm) mobility of Ti has been detected in reduction spots. Redistri
bution of Ti from detrital precursor minerals into secondary phases such as anatase,
brannerite and "U-leucoxene" probably therefore occurs only over very short distances.

4.4.2 Zirconium

Zr enrichments have been described in diagenetic and low-temperature hydrothermal
uranium phases, e.g. in vein-type pitchblende of the Central City District and the
Schwartzwalder Mine, both Colorado (CARPENTER et al. 1979), Oklo (JANECZEK &
EWING 1995) and Niger (POTY, oral presentation, U.S. Geol. Survey, Denver, 1989).
Zr enrichment is not discernible from bulk rock analyses of reduction spots or other
redox-related mineralisations.

4.4.3 Hafnium

Bulk samples of reduction spots indicate no mobility (HOFMANN & KRAHENBUHL in
prep.). Based on a generally similar geochemical behaviour, Hf can be expected to be
enriched together with Zr.

4.5 Transition elements, group VB: V, Nb, Ta

4.5.1 Vanadium

V is a very characteristic element in low-temperature redox fronts due to its relatively
high abundance and mobility under oxidising conditions as V(V) or V(IV) (WANTY et al.
1990, BREIT & WANTY 1991, WANTY & GOLDHABER 1992). Experimental studies of
V(IV) reduction by H2S showed that this reaction is very slow under simulated diagene
tic conditions, but may still be geologically relevant (WANTY & GOLDHABER 1992). In
reduced settings, V has a low solubility and is present as montroseite (VOOH), roscoe
lite (V-mica), V-chlorite and bound to organic compounds. High concentrations of V are
characteristic of various redox front types such as tabular-type V-U deposits, reduction
spots in red beds, breccia pipe U deposits and black shale sedimentation.

In marine reducing sediments, V enrichment from seawater occurs by removal from
porewater within the sediment and diffusive supply from the water column (EMERSON
& HUESTED 1991), a behaviour similar to that of Mo and U, indicating particle-related
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catalysis of reduction. In the ocean, V has almost conservative behaviour and is enri
ched relative to continental runoff. Contrasting behaviour of enhanced V solubility
under reducing conditions was noted by AMRHEIN et al. (1993) in evaporation pond
soils (San Joaquin Valley, California). This unusual behaviour was attributed to desorp
tion during Mn hydroxide dissolution and complexation by organics.

In oxidised environments, e.g. weathered ore deposits, V forms some characteristic low
solubility vanadates of U, Pb, Cu, Ba, Bi and Cs that are responsible for V accumulati
on in the weathering zone of otherwise V-poor deposits (e.g. Pb sulphide deposits).
Vanadate mineral formation in the weathering zone of V-poor deposits indicates a
significant influx of V with groundwater.

4.5.2 Niobium

Nb is slightly enriched in reduction spots (HOFMANN & KRAHENBUHL in prep.), but
no other reports of redox-related enrichments were found in the literature. The
geochemical separation of otherwise closely related Nb and Ta has been reported by
TENYAKOV (1993). This author reports NbfTa ratios showing strong deviations from
the crustal average (10) in Mn nodules (up to 200) and acid bauxites (0.1), reflecting
significant selective enrichment and leaching of Nb.

4.5.3 Tantalum

No significant mobility of Ta in redox fronts or related environments has been reported.

4.6 Transition elements, group VIS: Cr, Mo, W

4.6.1 Chromium

Cr is a characteristic element of low-temperature redox fronts where it is usually asso
ciated with V. Compared with V, Cr is immobilised by reduction under less reducing
conditions, resulting in a decrease of the CrN ratio from less to more reduced parts of
the MRZ. Subsequent zones rich in er and V in an increasingly reducing environment
are commonly observed in Colorado Plateau tabular V-U deposits (BREIT &
GOLDHABER 1989, BREIT 1995). CrN ratios are highly variable, ranging from 0.01 to
>100. Cr appears to be restricted to clay minerals. Cr is a common pollutant in aqui
fers; its reduction behaviour was studied by ANDERSON et al. (1992). Cr hydroxide
phases are present in reduced zones of contaminated aquifers in Switzerland (N.
Waber, pers. comm. 1996). The occurrence of the Cr analogue of jarosite as a solubi
lity-limiting phase has been proposed by BARON & PALMER (1996). Chromium
mobility in recent red beds has been investigated by BREIT et al. (1992).

"Merumite", an assemblage of several Cr-(hydr)oxide phases (mainly eskolaite Cr203
and guyanaite CrOOH), is present in a local placer occurrence in Guyana (MILTON et
al. 1976). While the origin is unresolved, the occurrence of this assemblage in a tropi
cal surface environment as unaltered "nuggets" indicates that the contained Cr(lIl)
minerals are not easily oxidised.

The occurrence of chromate minerals such as crocoite PbCr04 indicates a significant
mobility of chromate in the weathering environment.
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Experiments on the reduction kinetics of Cr(VI) with H2S were carried out by PETTINE
et al. (1994). They determined half-times of reduction of a few hours to nearly one year,
depending on H2S concentrations (1 mM to 1 ~M).

4.6.2 Molybdenum

Mo is strongly enriched in redox-related mineralisations characterised by very reducing
conditions (black shales, roll-fronts, tabular V-U), usually in environments rich in orga
nic carbon or pyrite. Reduction spots in red beds are not enriched in Mo. The
mechanism of Mo deposition in anoxic waters was studied by BERTINE (1972). Radio
tracer experiments indicated that eo-precipitation of Mo(VI) with iron sulphide is an
important removal process, followed by reduction to Mo(IV) and adsorption. A more
recent study (EMERSON & HUESTED 1991) indicates that Mo(VI) is removed from
seawater by diffusion through the open water-sediment interface and reduction to
Mo(IV) within the sediment (similar to V and U). A recent EXAFS study (HELZ et al.
1996) provided evidence that Mo removal from seawater is a complex process invol
ving sulphidation of molybdate to oxythiomolybdates which are more easily reduced
and/or sorbed by transition metal compounds and organic molecules.

AMRHEIN et al. (1993) found in experiments with evaporation pond soils that Mo was
reduced within 1 to 10 days under reducing conditions, and reoxidised within 1 day
after re-aeration. Mo is an important biological key trace element in many enzymes
(STIEFEL 1996).

4.6.3 Tungsten

No enrichments of W in redox-related mineralisations in sediments are reported. The
hydrothermal vein-type U deposit of Menzenschwand, Germany, contains high W
concentrations in U02 indicating significant W transport (as tungstate) associated with
U mobility (HOFMANN 1989). During pitchblende oxidation, uranyl tungstate minerals
such as uranotungstite are formed. Significant concentrations of W in U phases indica
ting concomitant transport were also reported by GEFFROY & SARCIA (1960) and
PARNELL (1988). In some thermophilic micro-organisms, W replaces Mo as a key
element in important enzymes (STIEFEL 1996).

4.7 Transition elements, group VIIS: Mn, Tc, Re

4.7.1 Manganese

Mn is strongly redox-sensitive. Under reducing conditions, Mn is quite soluble in the
absence of high sulphide and carbonate concentrations (main Mn(lI) phases: MnS,
MnS2, MnC03) . Under oxidising conditions, Mn(lIl) and Mn(IV) oxides of very low solu
bility predominate. Possible evidence of the natural occurrence of higher valence states
(e.g. permanganate) comes from the occurrence of a Mn-Au oxide phase in relatively
reduced microenvironments of reduction spots in the Paradox Valley, Colorado
(HOFMANN & KRAHENBUHL in prep.), indicating a relatively mobile behaviour under
oxidising conditions in the red bed and immobilisation due to reduction.
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4.7.2 Technetium
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Tc only occurs in minute trace amounts in nature (FABRYKA-MARTIN & CURTIS
1994). The geochemical behaviour of fissiogenic 99Tc in the Oklo reactor can be traced
by investigating the ratio of 99Ru (a daughter product of 99Tc) relative to 101+102Ru, also
fissiogenic isotopes. LOSS et al. (1989) report an enrichment of 99Ru (indicating a
former 99Tc enrichment) in a zone peripheral to reactor zones, a behaviour similar to
that of fissiogenic Mo (LOSS et al. 1989).

4.7.3 Rhenium

Re is a strongly redox-sensitive element with a geochemical behaviour similar to Mo.
Re is highly mobile under oxidising conditions as indicated by a high seawater/crust
partition coefficient of 2.8E-2 (Tab. 1), but is also enriched in several redox-related
mineralisations such as black shales, redox fronts in recent sediments due to reduction
and sulphide formation (COLODNER et al. 1993), infiltration-type U deposits
(MAKSIMOVA & SHMAROVICH 1983, SHMAROVICH et al. 1988) and sandstone
hosted U deposits (PETERSEN et al. 1959, MYERS et al. 1960). In contrast to Mo, Re
appears to precipitate from the water column in anoxic basins (COLODNER et al.
1995), indicating easier reduction by H2S than in the case of U and Mo. However,
groundwater concentrations in the southern Great Basin (USA) indicate conservative
behaviour (HODGE et al. 1996). A detailed discussion of the geochemistry of rhenium
is provided by IVANOV et al. (1969).

4.8 Transition elements, group VIIIB: Fe, Co, Ni, platinum group elements
(PGE)

4.8.1 Iron

Fe is the most abundant redox-sensitive element. Together with C and S, Fe determi
nes the bulk redox capacity of major redox systems. Fe is relatively soluble in bivalent
(ferrous) form, with the major solubility limiting phases being pyrite FeS2 and siderite
FeC03 . The solubility of ferrous iron is limited, therefore, in sulphide-rich and carbona
te-rich environments. In Cl-rich environments, hydroxychloride minerals such as
hibbingite (SAINI-EIDUKAT et al. 1994) may be important.

Fe is extremely insoluble in the trivalent (ferric) form. Major solubility-limiting Fe(III)
phases are oxides, hydroxides and hydroxysulphates (hematite, maghemite, goethite,
lepidocrocite, ferrihydrite, jarosite, schwertmannite). The red to brown colour of ferric
iron minerals is a common characteristic of oxidised rocks and oxidised zones of redox
fronts. The dissolution of ferric iron is possible by highly specific biogenic chelators
(siderophores) that are produced by a number of organisms as a means to facilitate Fe
uptake in oxidised environments.

Unmineralised reduced zones (URZs) are characterised by bleaching due to dissoluti
on of Fe(lIl) pigment phases. Where such zones are located near abundant reductants
or near faults, reductive dissolution of Fe(llI) can be assumed. In cases where reduc
tants are scarce or unidentified (e.g. reduction spots), dissolution of Fe(lll) phases due
to complexation by siderophores appears to be a viable possibility.
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Co occurs in bi- and trivalent form in nature. This redox change is not manifested in
redox fronts, however, as Co is transported in bivalent form under oxidising conditions,
the trivalent form being restricted to mineral phases. Co is passively redox-sensitive
due to its precipitation by reduced sulphur and arsenic. In oxidised zones of lateritic
profiles, Co is entirely bound to Mn oxide minerals and hence separated from Ni
(SCHELLMANN 1978). Co uptake rather than loss is observed in the fossil meteorite
Brunflo (HOFMANN et al. in prep.). During surficial weathering of meteorites, Co is
retained in Fe (hydr)oxides (GOLDEN et al. 1995).

4.8.3 Nickel

With the exception of Ni metal and alloys, Ni is normally restricted to its bivalent form in
nature. Similar to Co, Ni is passively redox-sensitive due to the formation of low
solubility phases with reduced sulphur and arsenic. In the oxide zone of lateritic Ni ore,
goethite is the main Ni carrier (SCHELLMANN 1978). In the silicate zone, incompletely
defined Ni silicates Cgarnierite") are the main Ni carriers. In the fossil meteorite Brunflo
(HOFMANN et al. in prep.), a large fraction of Ni was lost during alteration. During
surficial weathering of meteorites, Ni may be partially lost (GOLDEN et al. 1995).

4.8.4 Platinum group elements (PGE): Ru, Rh, Pd, Os, Ir, Pt

PGE are often regarded as very immobile under low-temperature conditions. However,
efficient mobilisation under oxidising and immobilisation under reducing conditions of
PGE (and Au) is well documented and includes marine (HODGE et al. 1985, JACINTO
& VAN DEN BERG 1989, GOLDBERG & KOIDE 1990, COLODNER et al. 1992,
TERASHIMA et al. 1993) as well as diagenetic environments (FUCHS & ROSE 1974,
KUCHA 1982, 1984, BOWLES 1986, WALLACE et al. 1988, BENEDETTI & BOULEGE
1991, VAN DER FLlER-KELLER 1991, SCHMITZ 1992, WANG et al. 1992, 1993,
COVENEY et al. 1992, HOFMANN & KRAHENBOHL 1994, HORAN et al. 1994).

The most common and intense enrichment of PGE at redox fronts occurs where highly
oxidising, chloride-rich fluids (e.g. red bed basinal brines) are involved. PGE enrich
ments are known, e.g., from the Permian Kupferschiefer of Poland (KUCHA 1982,
1984) and reduction spots in red beds (HOFMANN & KRAHENBOHL 1994). Evidence
for the mobility of PGE in low-temperature hydrothermal fluids comes from PGE
enrichments in unconformity-related U-deposits (WILDE et al. 1989, MERNAGH et al.
1994) and in some hydrothermal Cu ores (e.g. New Rambler Mine, Wyoming,
McCALLUM et al. 1976).

The behaviour of Pt in seawater is discussed by HODGE et al. (1985), JACINTO &
VAN DEN BERG (1989), GOLDEBRG & KOIDE (1990) and ANBAR et al. (1996).
According to these authors, dissolved Pt is present mainly as Pt(IV) in seawater (0.2
1.6 pM). Pt(IV) is strongly enriched in ferromanganese nodules relative to the other
(divalent) PGE (PtlPd in seawater 4.5, in Mn nodules 50-1000). The marine chemistry
of Rh is treated by BERTINE et al. (1993). Ir marine chemistry (ANBAR et al. 1996)
indicates that reductive transfer from seawater (3-6E+8 atoms Ir/kg) to sediments is not
important, but scavenging by Mn-Fe hydroxides is a major sink.

In the weathering environment, the mobility of PGE has been documented in several
studies, demonstrating that Pd is significantly more mobile than Pt, e.g. in the Stillwater
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Complex, Montana (FUCHS & ROSE 1974). In the New Rambler Mine (Wyoming) Pt
and Rh are relatively immobile compared to Pd and Ag, which have been extensively
mobilised during weathering (McCALLUM et al. 1976). The same relationship of higher
mobility of Pd compared with Pt has been observed in soils in Sierra Leone (BOWLES
et al. 1994). The low-temperature neoformation of PGE minerals in laterites has been
described by BOWLES (1986).

The aqueous geochemistry (solubility constraints) of Pt is discussed by JAIRETH
(1992) and WOOD et al. (1992). Generally, strongly oxidising conditions (> hematite
magnetite buffer conditions) are invoked for significant PGE transport.

4.9 Transition elements, group 18: Cu, Ag, Au

4.9.1 Copper

Cu occurs in nature as native Cu and minerals of Cu(l) and Cu(II). Cu(l) is present in
sulphides, halides and in some oxides. In solution, Cu is present almost completely in
bivalent form. The most common sulphides, carbonates, sulphates, phosphates and
arsenates are all minerals of Cu(II). Native Cu and Cu(l) as sulphides and as the oxide
(Cu20 , cuprite) are abundant in the secondary enrichment zone (MRZ) of weathered
sulphide deposits. The immobilisation of Cu at redox fronts occurs both by reduction
and due to sulphide precipitation, and in the case of Cu(l) sulphides, by a combination
of both processes.

In the oxidised zone of Cu sulphide deposits, Cu(lI) forms a multitude of secondary
minerals including hydroxychlorides, hydroxycarbonates, hydroxysulphates, phospha
tes, arsenates and silicates.

4.9.2 Silver

Silver has a similar geochemistry to Cu but only occurs as native Ag and Ag(I). Ag is
often strongly concentrated in redox fronts as native Ag or as a sulphide mineral which
comprise the vast majority of silver minerals. In the oxidised zone, Ag forms low
solubility halides and rare compounds where it shows a similar behaviour to K in Ag-Mn
oxides (aurorite) and in the Ag-Fe sulphate argentojarosite.

4.9.3 Gold

Similar to the PGE, Au is often considered as immobile. Many occurrences of Au en
richments in weathering-influenced environments clearly show that significant
mobilisation as Au(l) and Au(llI) occurs in nature. Au mobility in redox gradients is
common, e.g. in reduction spots (HOFMANN & KRAHENBUHL 1994 in prep.). The
relatively common mobilisation of Au in pyrite-rich weathering environments indicates
that thiosulphate (a product of pyrite oxidation) may be an important complexant.

Au enrichment near the sediment-water interface in organic-rich pelagic sediments was
interpreted as evidence of Au mobilisation as an organic complex (TERASHIMA et al.
(1995).

Native Au and intermetallic compounds of Au with Ag, Cu and Pb are the only common
Au phases reported from redox fronts. An unusual Au-rich Mn oxide mineral possibly
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related to aurorite occurs in reduction spots of western Colorado (HOFMANN &
KRAHENBUHL 1994, HOFMANN & KRAHENBUHL in prep.).

4.10 Transition elements, group liB: Zn, Cd, Hg

4.10.1 Zinc

Zn is restricted to its bivalent form in redox fronts. Due to the relatively low solubility of
ZnS (as cubic sphalerite or hexagonal wurtzite), Zn is enriched in redox fronts where
sulphide is available.

4.10.2 Cadmium

Cd shows a similar behaviour to Zn, but the lower solubility of CdS (greenockite) com
pared with ZnS favours a stronger enrichment in the MRZ of redox fronts. Cd is
significantly enriched in redox fronts from variable settings, e.g. recent deep sea sedi
ment redox fronts (ROSENTHAL et al. 1995), black shales, weathering-related redox
fronts (P090S de Caldas, WABER et al. 1991, 1992) and reduction spots (Tab. 7). Cd
enrichments are present in environments very low in H2S (suboxic).

4.10.3 Mercury

Hg occurs as HgO, Hg(I), Hg(ll) and the mercurous ion (Hg2)2+. Under oxidising conditi
ons transport is probably in bivalent form. Immobilisation at redox fronts may occur by
reduction followed by formation of intermetallic compounds (e.g. amalgams) or by
precipitation as HgS with very low solubility.

Hg is volatile as elementary Hg as well as in form of several organic compounds.

4.11 Group iliA elements: B, AI, Ga, In, TI

4.11.1 Boron

B is not redox-sensitive, the mobility being controlled by adsorption to illitic clay mine
rals.

4.11.2 Aluminium

AI is not redox-sensitive. The generally high AI background in rocks masks effects of
minor AI mobility. In the centres (MRZ) of reduction spots from radiolarian cherts, AI
enrichments were detected, probably resulting from the formation of the V(III)-rich mica
mineral roscoelite (HOFMANN 1990).

4.11.3 Gallium

Ga is not redox sensitive, but as a chalcophile element it may be associated with easily
oxidising sulphide minerals such as sphalerite ZnS and gallite CuGaS2' In the oxidised
zone, Ga appears to be concentrated in jarosite: in the Apex Mine (Utah) jarosite con
tains 1100-3500 ppm Ga and is the main Ga carrier (DUTRIZAC et al. 1986).
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4.11.4 Indium
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In exists in mono- and trivalent form, only the trivalent form being geochemically signifi
cant. In reduced environments, In is bound to sulphides. Sulphide oxidation results in
the formation of In hydroxides. No enrichments in low-temperature redox fronts are
reported.

4.11.5 Thallium

TI occurs in mono- and trivalent form in nature. In sulphides, TI is monovalent while the
trivalent form is present in the minerals avicennite Tb03 and monsmedite
HsK2Tb(S04)s·11 H20, indicating a change of valence from reduced to oxidised envi
ronments. There are few data on TI behaviour at redox fronts. TI shows a systematic
slight enrichment in reduction spots. In oceanic basalts, TI is a sensitive indicator of
hydrothermal alteration (McGOLDRICK et al. 1979).

4.12 Group IVA elements: C, Si, Ge, Sn, Pb

4.12.1 Carbon

The complex geochemistry of C is not a subject of this review. However, the most
important solid phases of reduced and oxidised carbon relevant to redox fronts are
briefly listed.

Solid reduced carbon (C(O) to C(III) formal valence) occurs in non-mineral form ("solid
organic matter") as well as in mineral form (graphite, organic salts, crystallised hydro
carbons).

Solid oxidised carbon is only present as carbonate. Apart from pure carbonate mine
rals, carbonate ions may be present in mixed borates, sulphates, phosphates and
silicates.

4.12.2 Silicon

Si is not redox-sensitive. Due to its high abundance, a small degree of passively redox
sensitive behaviour would be difficult to detect.

4.12.3 Germanium

Ge is not redox-sensitive and only occurs in tetravalent form. Ge is a biophile element
and enrichments of Ge have been reported from Russian coalbed infiltration deposits.
As a chalcophile element, Ge is commonly present as trace in sulphides, most abun
dantly in the hydrothermal Cu sulphide ores of the Tsumeb Mine (Namibia). Primary
Ge-containing sulphides are replaced by oxides and silicates in the weathering zone. In
weathered sulphide ores of the Apex Mine (Utah), Ge is present in goethite (up to
1.09wt%

, DUTRIZAC et al. 1986).
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Sn occurs as Sn° (native Sn, intermetallic compounds), Sn(II) and Sn(IV). By far the
majority of tin minerals, even from reduced environments, contain Sn(IV). A number of
complex sulphide minerals with formally bivalent Sn are known from hydrothermal tin
deposits. By far the most common Sn mineral in deposits of a very wide range of tem
peratures is cassiterite Sn02, which is very stable under weathering conditions.
Cassiterite commonly forms macroscopic crystals, but in some low-T deposits it occurs
in collomorphous and powdery aggregates, partly resulting from the oxidation of Sn
sulphides.

Very little is known about the low-temperature redox behaviour of Sn. The low
temperature tin oxidation "minerals" romarchite SnO and hydromarchite Sn302(OHh
were detected on man-made tin artefacts (dating from 1801-1821) from Ontario, Cana
da (ORGAN & MANDARINO 1971). Abhurite Sn30(OHhCb formed on tin ingots in a
shipwreck (sunk around 1885) in the Red Sea under similar, but marine, conditions
(MATZKO et al. 1985). In both occurrences, the oxidation of Sn metal under near
surface conditions proceeded to Sn(II) only.

Sn enrichments in redox-related mineralisations are only reported from the Midwest
unconformity-type uranium deposit, Athabasca Basin, Canada (WRAY et al. 1985),
based on a single(?) analysis. However, native tin has been reported from the geneti
cally linked Nesbitt LaBine uranium mines, Beaverlodge uranium district, Canada
(SILMAN 1956). These possibly related occurrences indicate that some tin transport
occurred during formation of certain redox-related uranium mineralisations. There is no
indication of tin mobility in reduction spots (HOFMANN & KRAHENBUHL in prep.). Tin
forms volatile organic compounds (DONARD & WEBER 1988).

During supergene weathering of tin sulphide ores with both Sn(II) and Sn(IV), e.g. in
Bolivia and Cornwall, tin appears to be transformed into powdery aggregates of cassi
terite Sn02 without significant mobilisation (L1NDGREN 1933). The oxidation of
sulphidic tin deposits and of archaeological Sn artefacts (MURPHY et al. 1997) may be
the most interesting prospect for future studies on low-temperature Sn redox geoche
mistry.

4.12.5 Lead

Pb occurs as Pb" (native Pb, intermetallic compounds), Pb(II) and Pb(IV). Most natural
compounds contain Pb(II) both in reduced and oxidised environments. Pb(IV) minerals
only form in extremely oxidised weathering environments. The accumulation of Pb at
redox fronts is usually not related to redox changes of Pb but results from precipitation
as insoluble sulphides, selenides and tellurides. Only in the case of the Polish Kupfer
schiefer is Pb accumulation partly a result of Pb reduction and formation of native Pb
and intermetallic compounds. Oxidation of metallic Pb from natural occurrences as well
as shooting ranges (L1 N et al. 1995) under near-surface conditions results in the for
mation of hydrocerussite Pb3(C03h(OHh, cerussite and anglesite.

In the oxidised zone of Pb ores, Pb(II) forms a multitude of secondary minerals of
generally low solubility. Minerals containing Pb(IV), such as minium Pb304 and plattne
rite Pb02, only occur sporadically. The reason for the formation of these phases is
unknown.
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Minium Pb30 4 has been reported from Oklo, Gabon (SAVARY & PAGEL 1997) where it
was formed from radiogenic Pb released from uraninite during criticality, probably as a
result of strongly oxidising conditions induced by radiolysis in a reactor free of organic
carbon.

4.13 Group VA elements: N, P, As, Sb, Si

4.13.1 Nitrogen

N is a redox sensitive element but is not commonly found in mineralised form in redox
fronts. The ammonium ion readily substitutes for a range of ions in silicate minerals. No
N enrichments were detected in reduction spots (HOFMANN 1991).

4.13.2 Phosphorus

P is almost only present as the phosphate ion in low-temperature geochemical envi
ronments and is one of the most characteristic elements of living systems. P
enrichments are commonly found in the oxidised zone of weathered ore deposits as a
result of the formation of low-solubility phosphates with oxidised ore constituents such
as Fe, Co, Ni, Cu, Zn, Pb, and U(VI) (HOFMANN 1989a).

Phosphine PH3 may form as a result of microbial activity in recent sediments (DEVAI et
al. (1988).

4.13.3 Arsenic

As occurs in various redox states in nature (-Ill, 0, Ill, V) and many of the transforma
tions are biologically mediated (WOOD 1974, 1975). At redox fronts, As appears to be
reduced from a dominantly tri- or pentavalent state in the oxidised zone to a zerovalent
or negatively charged form, resulting in the formation of native As and
(sulph)arsenides. The most common primary As mineral is arsenopyrite FeAsS, con
taining formally zerovalent As. In oxidised surface waters, As(V) is the most abundant
redox state, with a strong tendency to be transferred to sediments due to adsorption on
Fe and Mn hydroxides and organic materials. Reductive dissolution and diagenesis of
carrier phases results in diagenetic release of As and an increase in porewater con
centrations (SULLlVAN & ALLER 1996).

As reduction kinetics are briefly discussed by SCHAUFELBERGER (1988, 1994) ba
sed on unpublished results from IPATIEW (1930-1931) and from industrial arsenide
ore treatment. This author concludes that inorganic As reduction in unlikely below
100°C.

In the oxidised zone, pentavalent As forms many low-solubility minerals, partially as
solid solutions with phosphate- and vanadate analogues.

As is commonly present in elevated concentrations in thermal waters and hydrother
mally overprinted rocks. The mineralogy of As can serve as a good indicator of redox
conditions in such environments.

As may be liberated from sediments and soils by microbial volatilisation as monome
thylarsonic acid, dimethylarsinic acid, methylarsines or arsine (BOWELL et al. 1994).
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Sb has similar redox behaviour to As with oxidation states ranging from -Ill to +V. In
redox fronts, Sb is much less abundant than As. This may partly be due to the gene
rally lower crustal abundance of Sb. In addition, Sb seems to be less easily mobilised
under low-temperature conditions. This is reflected by seawater/upper crust concentra
tion ratios of 9.4E-4 and 7.5E-4 for As and Sb, respectively.

4.13.5 Bismuth

Si is zero- or trivalent in natural environments. In low-temperature redox fronts, both
sulphides (selenides, tellurides) of trivalent Si as well as native Si and intermetallic
compounds occur. Therefore, Si immobilisation results from active or passive redox
sensitive behaviour.

4.14 Group VIA elements: 0, S, Se, Po (chalcogenides)

4.14.1 Oxygen

o is an element of prime importance in redox geochemistry and is the most important
oxidant under near-surface conditions. Its behaviour is well known and will not be
discussed here.

4.14.2 Sulphur

Sulphur is an element with a complex redox geochemistry. Valences range from -11 to
+VI in natural environments, with sulphide (-11) and sulphate (+VI) being the stable
redox states under reducing and oxidising conditions, respectively. S of intermediate
valence may be important as transient species in rapid geochemical processes such as
sulphide oxidation, but may also be preserved in mineral species (KUCHA & VIAENE
1993, KUCHA et al. 1996). Some intermediate-valence sulphur species may be im
portant as complexants (e.g. thiosulphate).

Oxidation of reduced sulphur species can proceed non-biologically under low
temperature conditions, but is most commonly biologically mediated. While the ther
mochemical reduction of sulphate sulphur (TSR) is exceedingly slow at low
temperature «100°C approx.), microbial sulphate reduction is efficient. Low tempera
ture sulphate formation at pyrite oxidation fronts may also result from either non
biological (GRANGER & WARREN 1969) or biological (SAK & CYPIONKA 1987)
dispropotionation of intermediate sulphur species such as thiosulphate.

4.14.3 Selenium

Se occurs in oxidation states of -11 to +VI. Selenides of Pb, Cu, Fe and some other
elements occur in redox-related mineralisations and form as a result of selenium re
duction in the presence of other elements. Native Se is most common as an
intermediate product during oxidation of selenides. Selenites and selenates form
through oxidation of reduced Se compounds.

Under oxidising conditions, the selenite ion shows a strong tendency to adsorb on ferric
hydroxides while the selenate ion is mobile (HOWARD III 1977).
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Se is an element of low abundance (Tab. 1, Fig.1); higher concentrations are present in
sulphide ores and meteorites (DREIBUS et al. 1995).

The geochemistry of Se is of concern both as a pollutant and an essential trace ele
ment. High Se areas exist e.g. in California (DEVEREL et al. 1984, PRESSER &
BARNES 1984) and Wyoming (NAFZ & SEE 1993).

Bacterial reduction of Se has been investigated by HOLLlBAUGH & OREMLAND
(1988) and OREMLAND et al. (1988, 1990) and is probably geochemically important.

4.15 Group VIIA elements: F, Cl, Br, I (halogenides)

4.15.1 Fluorine and chlorine

F and Cl are not redox-sensitive and only occur as the fluoride F- and chloride CI- ions,
respectively, in low-temperature geochemical environments.

4.15.2 Bromine

Naturally occurring valence states include bromide Br(-I) and bromate Br(V). The ac
cumulation of Br at a deep sea redox front has been reported by THOMSON et al.
(1993). Redox remobilisation in marine systems was reported by UPSTILL-GODDARD
& ELDERFELD (1988). In minerals, only bromide occurs, usually in solid solution with
chloride.

Br is a biophile element and shows a strong tendency for accumulation in biological
materials such as coal (FUGE 1974) and (marine) organic matter.

4.15.3 Iodine

Naturally occurring valence states include iodide 1(-1) and iodate I(V).

I is the only halogen forming minerals in the reduced (6 known iodide minerals) as well
as oxidised state (7 iodate minerals).

Similar to Br, I is a biophile element showing strong enrichments in marine biota and
has been shown to be involved in the marine redox cycle (UPSTILL-GODDARD &
ELDERFELD 1988).

4.16 Identification of redox-sensitive elements: a summary

Based on Table 7 and reports from redox fronts described under 2., the following ele
ments can be identified as actively redox sensitive, exhibiting very different mobilities
under oxidising and reducing conditions:

Ce, Eu, U, V, Nb, Cr, Mo, Mn, Tc, Re, Fe, PGE, Cu, Ag, Au, Hg, TI, C, Sn, Pb, N, P,
As, Sb, Bi, 0, S, Se, Te, Po, Br, I.

A number of other elements can be identified as passively redox-sensitive. These
elements may be fixed or released at redox fronts due to valence changes of associa-
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ted element(s) in dissolved or solid form. Most elements can show passive redox sen
sitive behaviour under certain conditions, but most commonly this behaviour is shown
by the following elements:

Y, REE, W, Co, Ni, Cu, Zn, Cd, Hg, TI, Pb, Bi

The redox characteristics of all naturally occurring elements are briefly summarised in
Table 8. Figures 35 and 36 summarise enrichment factors at redox fronts and the
relative mobility, based on seawater/crust partitioning factors for relevant elements.
The positive correlation between the two values shows that those elements most
strongly enriched in redox fronts are the most mobile ones (U, Se and Mo). The virtual
absence of Th, Sn and Ce enrichments at redox fronts is in agreement with the very
low mobility of these elements based on seawater/crust ratios, even though Sn and Ce
do occur in two different valence states.
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Table 8: A summary of element behaviour at redox fronts
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6 C,m 0, +IV x x carbonates Corg, graphite, carbonates

15 P -Ill, +V x x x apatite and other phosphates apatite

16 S -11 ..+VI barite, celestite, anglesite
sulfides, phosphides

x x x x x
(extreme conditions only)

17 Cl -11 x x NaCI NaCI

21 Sc +111 x adsorption adsorption

22 Ti +1I1,IV x Ti02 Ti02, Ti-U-Oxides

23 V +111, IV, V
Pb-, Cu-, uranyl-vanadates, VOOH, V(III)-silicates

x x adsorption (replacing AI)

24 Cr +1I1,IV,V,VI x adsorption, PbCr04 CrOOH(?), Cr(III)-silicates

25 Mn 11,1I1,IV,VI,V (x) x x x Mn02 and other (hydr)oxides MnC03, MnS

26 Fe +11, I1I Fe-(hydr)oxides, jarosite
FeC03, FeS2, magnetite,

x x x
Fe(II)-silicates

27 Co +11, III x Mn-Co-(hydr)oxides Co-sulfides, arsenides

28 Ni +11 x x Ni-silicates, Fe-hydroxides Ni-sulfides, arsenides

29 Cu 0,+1,+11
carbonates, silicates, phosphates,

native Cu, sulfidesx x adsorption

30 Zn +11 x x carbonates, silicates, adsorption ZnS

31 Ga +111 x AI-substitution AI-substitution, sulfides

32 Ge +IV x x x Si-substitution, oxides Si-substitution, sulfides

33 As -1I1,O,+III,V x x x heavy metal arsenates, adsorption native As, (sulf)arsenides

34 Se -II,O,+IV,VI x x x x adsorption, selenites, selenates native Se, selenides

35 Br -I,+V x x adsorption (organics) AgBr, sorption

38 Sr +11 x SrS04 (Ca,Sr)C03

39 Y +111 x YP04 YP04

40 Zr +IV x adsorption, ZrSi04 adsorption, ZrSi04, (U,Zr) 02

41 Nb +V x adsorption adsorption

42 Mo +IV,VI
adsorption, ferrimolybdite,

MoS2x x wulfenite

44 Ru +IV,VI,VII x adsorption Ru

45 Rh +1I,1I1,IV,V x adsorption Rh

46 Pd +11 x x adsorption Pd, Pd-S-Se-Te-Bi

47 Ag +1 x Ag-halogenides, adsorption Ag, Ag-sulfides

48 Cd +11 x CdC03 in CaC03, adsorption CdS

49 In +111
adsorption, In(OH)3, In203

adsorption, sulfidesx
(rare)

50 Sn +II,IV Sn02, adsorption
Sn(lI, IV)-sulfides, sn(II)-oxides,

x x x
adsorption

51 Sb 0, +111, V x x hydroxycarbonates sulfides, native Sb, antimonides

52 Te -11,O,+III,V x x x tellurates, adsorption tellurides, Te
53 I -I,+V x iodates, adsorption AgJ

55 Cs +1
Cs-uranyl-vanadates, silicates, silicates, adsorption,

x
adsorption complex TI-sulfides

56 Ba +11
BaS04, Ba-AI-phosphate BaC03, Ba-silicates,

x
(gorceixite) gorceixite
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57 La +111 x
adsorption, phosphates, adsorption, phosphates,

arsenates U(IV)-phases

58 Ce +111 x
Ce02, adsorption, phosphates, adsorption, phosphates,

arsenates U(IV)-phases

59 Pr +111 x
adsorption, phosphates, adsorption, phosphates,

arsenates U(IV)-phases

60 Nd +111 x
adsorption, phosphates, adsorption, phosphates,

arsenates U(IV)-phases

62 Sm +111 x
adsorption, phosphates, adsorption, phosphates,

arsenates U(IV)-phases

63 Eu +111 x
adsorption, phosphates,

Ca-phases, adsorption
arsenates

64 Gd +111 x
adsorption, phosphates, adsorption, phosphates,

arsenates U(IV)-phases

65 Tb +111 x
adsorption, phosphates, adsorption, phosphates,

arsenates U(IV)-phases

66 Dy +111 x
adsorption, phosphates, adsorption, phosphates,

arsenates U(IV)-phases

67 Ho +111 x
adsorption, phosphates, adsorption, phosphates,

arsenates U(IV)-phases

68 Er +111 x
adsorption, phosphates, adsorption, phosphates,

arsenates U(IV)-phases

69 Tm +111 x
adsorption, phosphates, adsorption, phosphates,

arsenates U(IV)-phases

70 Yb +111 x
adsorption, phosphates, adsorption, phosphates,

arsenates U(IV)-phases

71 Lu +111 x
adsorption, phosphates, adsorption, phosphates,

arsenates U(IV)-phases

72 Hf +IV x Zr-silicates, adsorption Zr-silicates, adsorption

73 Ta +V x oxides, adsorption oxides, adsorption

74 W +IV,VI x tungstates, adsorption CaW04, WS2

75 Re 0, +11 to +VII x adsorption Mo-sulfides, ReS2

76 Os 0, +IV,VI,VII x adsorption Os, +....
77 Ir 0, +1I1,IV,VI x adsorption to Fe, Mn-hydroxides Ir, IrAsS, +....

78 Pt 0, +1I,1I1,IV x
Pt(IV) adsorption to Fe,

Mn-hydroxides Pt, PtS, +....

79 Au 0, +1,111 x adsorption, Au-Mn-oxides Au, Au-Ag, +....

80 Hg 0,+1,11 x x x x adsorption HgS,Hg

81 TI +1,11,111 x x x
TI203 (avicennite), K-minerals,

sulfides, K-minerals
adsorption

82 Pb +II,IV x x
Pb02, Pb304, PbS04, PbMo04,

PbS, PbSe, native Pb
PbC03

83 Bi 0,+111 x Bi203, adsorption, hydroxides Bi, Bi-Te-S

90 Th +IV x adsorption, Th02 adsorption, Th02, ThSi04

92 U +IV,VI x x
uranyl-minerals (various),

U02,USi04, phosphates
adsorption, trace in Ca-phases
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Figure 35: Enrichment factors of individual redox front types (small symbols) and
geometric means (squares) of relevant elements (data from Tab.7)
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5 ELEMENT ZONATION IN REDOX FRONTS
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The distribution of elements is often zoned in the mineralised reduced zone (MRZ) of
redox fronts. Element zonations are known from recent pelagic sediments (THOMSON
et al. 1993, 1995), roll-front deposits (HARSHMAN 1974), continental weathering of
sulphide-rich rocks (Pocos de Caldas, WABER et al. 1992), tabular U-V deposits
(LaPOINT & MARKOS 1977a,b, BREIT & GOLDHABER 1989), Kupferschiefer depo
sits (RENTZSCH 1974, KUCHA 1982) and reduction spots (HOFMANN 1990, 1991a).
Some examples of element zonations are given in Table 9 and Fig. 10, 11, 12, 16, 18,
24, 30, 31, 32. While a comparison of element zonation in different redox front types
definitely shows systematic trends, it is difficult to derive a simple sequence because of
the variations in geochemical inventory, mineralogy and possibly reaction kinetics. Pb,
for instance, is present as PbSe and PbTe under more oxidising conditions than for
PbS. The relative position of elements in different redox front types is not entirely con
stant. In Table 9 an attempt was made to summarise the relative positions of the
elements in a redox gradient, mainly based on the positions relative to uranium. In the
literature, some inconsistencies exist regarding the redox zonation of elements. The
zonation reported by LaPOINT & MARKOS (1977a,b, see Fig. 24) is consistent with
other reports only if their reducing and oxidising sides of the front are interchanged, a
situation more consistent with field evidence (G. BREIT, pers. comm. 1995).



NAGRA NTB 99-05 90

Table 9: Element zonations in redox fronts

Id Redox fronts in oxic pelagic sediments xxxxxxxx oxic sediment

COLODNER et al. (1992) xxxxx ferric oxides dissolved

THOMSON et al. (1993) xxx Iodine-enrichment

xxx Pt-enrichment

x Pb-enrichment

xx Cu-enrichment

xx V-enrichment

xxxxxxx Zn-enrichment

xxxxxxx Sb-enrichment

xxxxxxxxxxx U-enrichment

xxxxxxxxxxx Re-enrichment

xXXXXXXXXXlC
Unaffected reduced
sediment

lib Weathering of pyritic rocks xxxxxxxx ferric oxides

Osamu Utsumi Mine, P090Sde Caldas, xxxxxxxx crandallite group

Brazil xxxx ferric oxides dissolved

WABER, SCHORSCHER & PETERS (1991,1993) xx U02

xxxx pyrite, secondary

xxxxxx Mo-sulfide

xxxxxxxxxxxxxxx fluorite CaF2

xxxx sphalerite ZnS

xx greenockite CdS

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx pyrite, primary

lie Roll fronts xxxxxxxx ferric oxides

HARSHMAN (1974) xxxxx ferric oxides dissolved

xx ferroselite FeSe2

xxxxx native Se

xxxxxxxxxxxxxx pyrite FeS2, primary

xxxxxxx pyrite FeS2, secondary

xxxxxxxxxxxxxx uraninite

xxxx V-oxides

xxxxxxxxxxx Se-enrichment

xxxxxxxx Re-mineralization

xxxXXXXXXXXlC Mo-sulfide

unaltered reduced rock

Ilia Sandstone-hosted U-V-deposits xxxxxxxx ferric oxides

BREIT & GOLDHABER (1989), BREIT (1995) xxxxx ferric oxides dissolved

xxx Cr-silicates

xxx V-silicates

x Pb(Se,S)

xx U

xxxxx reduced sandstone
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IIle Reduction spots in red bed sediments xxxxxxxx ferric oxides

HOFMANN (1990) xxxxx ferric oxides dissolved

xxxxxxx V-silicate (roscoelite)

xxxxx uranium phases

multielement
xx

association

IIle Fossil meteorites in oxidized sediments xxxxxxxx ferric oxides

Brunflo, Sweden, Meteorite xxxxx ferric oxides dissolved

NYSTROM & WICKMAN (1991), xxxxxxx V-silicate (roseoelite)

HOFMANN, NYSTROM & KRAHENBOHL, in prep. xxxxx U, Pb, Ba

xxx Mo

IIli Stratiform redox fronts xxxxxxxx ferric oxides

Kupferschiefer, Poland xxxxx ferric oxides dissolved

RENTZSCH (1974), KUCHA (1982,1984), xxx Au

xxxx PGE

xxxxxxx PbSe PbTe

xxxxxxx U-phases

xxxxxxxx Cu-sulfides

xxxxxxx PbS

xxxxxxx ZnS

Generalized element zonation xxxxxxxx ferric oxides

xxxxxxxx ferric oxides dissolved

xxxxxxx Cr

xxxxx V

x PGE

x Au

x
Pb (elementary,
selenides, tellurides)

xxx Se

xxx Cu-sulfides

xxx U

xxx pyrite (secondary)

x Cd

xxx Pb-sulfide

xxx Zn-sulfide

xxxxxxxxxxxxx
No signs of
redox reactions

Legend:
The central column shows relative positions of characteristic redox front minerals in a
gradient ranging from oxidised (left) to reduced (right).
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6 ORGANIC GEOCHEMISTRV OF REDOX FRONTS

Solid and dissolved organic compounds in rocks and formation waters are potential
reductants. However, the nature of organic matter and its reactivity can be highly varia
ble depending on the type(s) of compound(s) present, generally dependent on the
origin and degree of maturation of the organic matter. The most common types of
geologically relevant organic (and related) substances are summarised here:

• Kerogen and coal. Solid organic polymers of sedimentary origin with H/C ratios of
0.5 to 1.5, insoluble in organic solvents with low but significant 0 content, the de
gree of aromaticity may be highly variable depending on the origin of the source
material (continental kerogen is more aromatic than marine kerogen)

• Humic material (O-rich, large molecules, soluble in alkaline aqueous solutions).
Results from degradation of biota and oxidation of other organic compounds

• Hydrocarbons (C-H compounds), ranging from methane and oil to solid polymers
(highly aliphatic, "migrabitumens"). Thermal or bacterial breakdown products of
kerogen and coal.

• Dissolved organic acids (e.g. acetic, propionic, oxalic) and their salts (minerals
such as whewellite CaC20 4·H20 ). Result from thermal breakdown of kerogen or
oxidation of other organic compounds.

• Graphite. May be of biogenic (metamorphosed organic matter) or non-biogenic
origin (e.g. in pegmatites, metamorphogenic veins). Graphite usually is considered
as inert to low-temperature oxidation and occurs as inert flakes in redbeds (author
observations). Oxidation of graphite at temperatures as low as 200°C, e.g. in
unconformity-type U deposits, may proceed through formation of intercalation com
pounds with sulphate and the uranyl ion, however (MOISSETTE et al. 1991).

With the exception of graphite and graphitic material, all types of organic matter under
go (usually microbially mediated) destruction under oxic conditions.

In redox fronts, the commonly present organic materials are kerogenlcoal, humic mat
ter and hydrocarbons.

The effects of organic matter oxidation have been studied in detail at the base of the
Kupferschiefer in Poland (PUTTMANN et al. 1987, PUTTMANN et al. 1989,
SAWLOWICZ 1991). Oxidation is especially pronounced in the soluble (dichlorometha
ne) organic fraction with a decrease of saturated hydrocarbons and a relative increase
of aromatic and heterocyclic compounds rich in sulphur and oxygen, and an increase of
fluorescence intensity. The ratio phenantrenelsum of methylphenantrenes was found to
be positively correlated with oxidation.

Oxalate minerals, particularly whewellite CaC20 4·H20 , are most abundant in deposits
where oxidation of organic matter occurred, either in a weathering-related environment
or during deeper burial. Examples are black shale-hosted vein-type U deposits of
Saxony, black shale infiltration deposits (Ronneburg, Thuringia) and sandstone-hosted
U deposits (Radon Mine, Utah). A summary of natural oxalate occurrences is given by
HOFMANN & BERNASCONI (1998).

All described types of natural organic material, including graphite, can undergo oxidati
on as a result of interactions with oxidants and may act as potential reductants in redox
fronts.
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7 MINERALS AND OTHER HOSTS FOR REDOX-SENSITIVE ELEMENTS AT
REDOX FRONTS

7.1 Introduction to redox boundary mineralogy

The mineralised reduced zone of redox boundaries (MRZ) is the site of formation of a
large number of otherwise extremely rare minerals. Complex mineral assemblages are
reported from unconformity-related deposits, reduction spots, infiltration type deposits,
breccia pipes and stratiform redox fronts. An overview of the mineralogy of different
types of redox fronts is given in Table 10.

Recent redox fronts active at ambient temperatures are mineralogically very poorly
characterised. In most cases, the phases (if any) hosting accumulated minerals are
unknown, indicating that time and temperature are important factors in the formation
and coarsening of mineral phases through processes such as Ostwald ripening. Recry
stallisation and neoformation of mineral phases long after the initial accumulation of
redox-sensitive elements is indicated, e.g. by Tertiary Rb/Sr ages of clay in the Juras
sic Morrison Formation of Colorado (BREIT 1995). Redox-state controlled adsorption of
minerals may account for anomalous concentrations of some elements in recent redox
fronts.
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Table 10: Mineralogy of redox fronts (mineral formed on reduced side, some oxidised
minerals in italics)
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mineral

oraanic carbon C x x x x x x x x x x x x x x x
oranhite C x x
apatite (F) P x x x
native sulfur S x x x x
sulfides S x x x x x x x x x x x x x x x x x x x
avpsum, anhvdrite S x x x x x
roscoelite, V-rich c1avs V x x x x
V-oxides V x x x
Cr-rich clay minerals Cr x x
Mn-oxide-phases(-other el) Mn x
rhodochrosite MnC03 Mn x x
pyrite, marcasite FeS2 Fe x x x x x x x x x x x x x
ovrrhotite FeS Fe x
maqnetite Fe304 Fe x
ferroselite FeSe2 Fe x x
arsenopyrite FeAsS Fe x x
siderite FeC03 Fe x x x x
Co-t sulnarsenides Co x x x x x
Co-sulfides Co x x x x
NHsulf)arsenides Ni x x x x x
brelthauotite NiSb Ni x
Ni-sulfides Ni x x x x x
Ni-tellurides Ni x
native Cu Cu x x x x x
Cu-jFe)-sulfides Cu x x x x x x x x x x x
Cu-selenides Cu x
Cu-arsenides Cu x x x
Cu-sulfarsenides Cu-As-S Cu x x x x x
cuprite Cu20 Cu x x x x
sphalerite, wurtzite ZnS Zn x x x x x x x x x
native As As x x x
(sultlarsenides of Fe,Co,Ni,Cu As x x x x x x
realaar AsS As x
native Se Se x x x
ferroselite FeSe2 Se x
Fe(S,Se)2 (pvrlte, marcasite) Se x x
clausthalite PbSe Se x x x x x x x
selenides of Ac Se x x
selenides of Cu Se x x
xenotime YP04 Y x
Zr-containina U-phases Zr x
molvbdenite, "iordisite" MoS2 Mo x x x x x x x
Pd-Bi-phases Pd x x
Pd-Sb-ohase Pd x
Pd-Te-phases Pd x
native Ao Aq x x x x x
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mineral
Ac-He-chases AQ x x
akanthite AQ2S AQ x
proustite AQ3AsS3 AQ x
bohdanowiczit AQBiSe2 AQ x
strorneverite CuAQS AQ x x
kutinaite Cu-AQ-As AQ x
oreenockite, hawlweyite CdS Cd x x x
native Sn Sn x
Sn oxvhvdroxides Sn
stibnite Sb2S3 Sb x
breithauptite NiSb Sb x
altaite PbTe Te x
tellurides of Ni Te x
barite BaS04 Ba x x x x x x x x x
monazite REEP04 REE x
REE in uraninite (U,REE)02 REE x
REE in coffinite (U,REE)Si04 REE x
REE in xenotime (Y,REE)p04 REE
W-rich uraninite W x x
dhezkazqhanite CuReS Re x
Re-rich Mo-sulfides Re x x x x
Pt-phases Pt x x
native Au Au x x x x x x
electrum AuAQ Au x x x x x
tetraauricupride Cu3Au Au x x
unnamed Mn-Au-oxide Au x
cinnabar HgS Hg x
schachnerite Ag1.1HgO.9 Hg x
Hg -containing Ag Hg x x
crookesite Cu7TISe4 TI x
calenite PbS Pb x x x x x x x x
clausthalite PbSe Pb x x x x x x x
altaite PbTe Pb x x x
native Bi Bi x x x
bismuthinite Bi2S3 Bi x
Bi-(Ag)-selenides Bi x
Bi-tellurides Bi x
uraninite U x x x x x x x x x x
noncubic U oxides U x
coffinite U x x x x x x x x x
unnamed U-As-oxide U x
u-bearmo Ti-oxides U x x x x x
ninqvoite U-P04 U x x
U-bearinQ apatite U x
U-organic complexes U x x x
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7.2 Mineral hosts to redox-sensitive elements

The most important mineral hosts for active and passive redox-sensitive elements are
listed in Table 10 for all mineralogically well characterised types of redox fronts. It is
obvious that the complexity of mineral assemblages varies widely in different types of
redox fronts. The reported complexity depends both on the thoroughness and mode of
investigation (e.g. there is no modern systematic mineralogical investigation of the
tabular V-U deposits of the Colorado Plateau), and on natural factors such as the
temperature of formation. Generally, pyrite-rich redox fronts seem to be paragenetically
less complex than pyrite-free deposits, possibly indicating that reduction in a generally
very oxidising environment at relatively high temperature produces the most complex
assemblages.

7.3 Mineral formation in redox fronts

Minerals of redox-sensitive elements in redox fronts typically are very fine-grained (mm
sized grains) and xenomorphic. Microscopic textures are indicative of growth by repla
cement of host rock minerals. Compared with other minerals, pyrite forms exceptionally
well shaped idioblastic crystals by replacement of gangue minerals even in low
temperature settings.

The commonly very small size of most other minerals must be due to homogeneous
nucleation resulting from one of the following possible conditions:

• Minerals formed by sequential adsorption-reduction-nucleation as postulated for
coffinite formation (GOLDHABER et al. 1987)

• Mineral formation directly induced by microbial activity (precipitation on cell walls)
will likely result in mineral grains with a shape and distribution similar to that of mi
cro-organisms

• Minerals may form as a consequence of reduction catalysed by mineral surfaces
(e.g. clay minerals). The shape and distribution of minerals will be controlled by
catalyst morphology and distribution.

7.4 Mineral dissolution in redox fronts

Mineral dissolution in redox fronts occurs in the secondary reduced zone where prima
ry reduced minerals (pyrite, graphite) are dissolved, as well as in the oxidised zone
where oxidised minerals such as hematite may be dissolved. Based on microscopic
evidence, mineral dissolution in most cases appears to be congruent and results in
highly irregular, corroded mineral grains.

7.5 Kinetics of non-biogenic reduction processes

Although thermodynamically unstable, oxyanions of several redox-sensitive elements
can persist in strongly reducing (e.g. sulphidic) environments for significant periods of
time. A good example is the conservative behaviour of U, V and Mo in euxinic water
columns (e.g. Black Sea). U and V are very slowly reduced chemically by H2S in con
centrations occurring in nature as is indicated by experimental evidence
(MOHAGHEGHI 1985, WANTY & GOLDHABER 1992). Low-temperature reduction
processes obviously are strongly facilitated by the presence of solid catalysts.
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Thermodynamically unstable complexes such as V(IV)-oxalate have been suggested to
be responsible for transport of elements with deposition occurring due to complex
destabilisation by microbial activity at the redox front (WANTY & GOLDHABER 1992).

The reduction of U(VI) and other elements by sedimentary organic matter is also a
controversial subject. Adsorption of uranyl followed by slow reduction during burial has
been found experimentally (NAKASHIMA et al. 1984, NAKASHIMA 1992) and is favou
red by some authors (MEUNIER 1991), while direct reduction leading to rapid uranium
removal from solutions is postulated by LEDOUX et al. (1991). NAKASHIMA (1991)
concludes that the rate-determining step for U reduction is oxygen diffusion through U
oxides.

Information about the reduction kinetics of U relative to other elements comes from the
element concentration profiles in deep sea redox fronts (THOMSON et al. 1993). Rapid
reduction of U in deep sea redox fronts would result in sharp concentration peaks.
Wide peaks of U as observed by THOMSON et al. (1993) indicate that significant
penetration of U(VI) from the seawater into the reduced sediment occurred prior to
reduction, corroborating results of laboratory studies by MOHAGHEGHI (1985). The
reduction kinetics of Pt by lignite were studied by BARANGER et al. (1991).

Redox fronts are commonly associated with dissolution of ferric oxide minerals (hema
tite, goethite). The detailed mechanism of dissolution of these minerals is unclear.
Reductive dissolution appears to be much more likely than ferric iron complexation.
The type of reductant is uncertain in most cases. Goethite dissolution by phenolic
compounds appears to be insignificant at pH 6 and higher (LaKIND & STONE 1989).
Hydrogen sulphide is a probable reductant in many cases, but microbial Fe reduction is
another possibility (LOVLEY et al. 1990).

7.6 Non-mineral hosts of redox-sensitive elements

Redox-sensitive elements may be present in non-mineral forms at redox fronts, most
obviously in adsorbed form. Adsorption may play an important role in the oxidised
source area of redox sensitive elements, e.g. red beds (ROSE & BIANCHI
MOSQUERA 1993) as well as in the mineralised reduced zone of redox fronts. The
non-mineral forms are:

• Adsorption to mineral surfaces, organic material (U humics, SZALAY 1964)

• Chemical bonding to organic material (e.g. V porphyrins in black shales)
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8 ROLE OF MICROBES IN LOW-TEMPERATURE REDOX FRONTS

8.1 Introduction to the microbiology of redox fronts

The microbial mediation of redox reactions is established from the freezing point of
seawater to temperatures up to at least 114°C (J0RGENSEN et al. 1992). Bacteria
have been isolated from several deep subsurface environments under conditions
where contamination can be ruled out (STEVENS & BOONE 1993). Most studies of
such microbially mediated reactions deal with near-surface (cm to dm) natural or labo
ratory environments. It has been clearly shown that microbes can actively reduce or
oxidise a large suite of elements. Cell walls of living or dead bacteria have the ability to
fix metals due to their anionic nature (BEVERIDGE & FYFE 1985).

Some microbially catalysed redox reactions are associated with characteristic levels of
dissolved H2 (LOVLEY et al. 1994).

8.2 Microbial transformation of redox-sensitive elements

Biological transformation plays a crucial role in the transformation of redox-sensitive
elements by either direct (enzymatic) or indirect (through biogenic H2S) alteration of the
redox state of elements. Such transformations are best known from near-surface envi
ronments such as recent sediments, but the activity of microbes to depths of > 1 km
must be considered likely based on recent results from carefully sampled boreholes
(STEVENS & BOONE 1993).

8.2.1 Oxidation

Microbial oxidation of sulphide-rich ores by Thiobacillus ferrooxidans is a well known
and industrially applied process (MOFFAT 1994). Mn and Fe oxidation by microbial
activity is well documented (NEALSON 1983).

8.2.2 Reduction

Microbial (enzymatic) uranium reduction can be accomplished by iron-reducing
(LOVLEY et al. 1991) and sulphate-reducing micro-organisms (LOVLEY et al. 1993).
Indirect reduction by adsorption and later reduction by biogenic H2S may also be im
portant for uranium reduction (MOHAGHEGHI 1985, MOHAGHEGHI et al. 1985,
GOLDHABER et al. 1987).

Microbial reduction of Mn and Fe is reviewed by NEALSON (1983).

Microbial iron reduction is sometimes coupled with the oxidation of aromatic organics
(LOVLEY et al. 1989) and acetate as electron acceptors (LOVLEY et al. 1990). Besi
des indirectly reducing iron with H2S, certain sulphate reducers are also able to reduce
iron enzymatically (COLEMAN et al. 1993). Fe reducing bacteria have been reported
from deeply buried sediments (20 to 250 m) in South Carolina (LOVLEY et al. 1990).

Microbially mediated sulphate reduction is an important geochemical process. The
temperature regimes of TSR and BSR are still debated (MACHEL & BURTON 1991,
TRUDINGER et al. 1985), but low-temperature «80°C) sulphate reduction may be
taken as strong evidence of biogenic activity. Recently it has been demonstrated that
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microbial sulphate reduction can proceed in deep reservoirs by microbial oxidation of
hydrocarbons in crude oil (RUETER et al. 1994), a process that had been questioned
earlier.

8.2.3 Biological volatilisation of elements

Microbes have developed strategies for detoxifying habitats enriched in toxic elements
by transforming these elements into organic or inorganic volatile compounds that are
subsequently lost from near-surface sedimentary environments (WOOD 1974, 1975,
WONG et al. 1975, RIDLEY et al. 1977, DONARD & WEBER 1988, DEVAI et al. 1988,
WEVER 1991). Volatilisation has been demonstrated for a number of elements inclu
ding S, As, P, Sb, Ge, TI, Te, Se, Pb, Cd, Sn, Hg, Cl, Br, I and Si. Because many of
these elements are actively or passively redox-sensitive, biological volatilisation may
be important at redox fronts in near-surface sediments, but is likely to be biologically
useless or even counteractive in closed deep environments where removal of volatile
compounds is not possible.

8.3 Evidence of microbial transformations at active redox fronts

Evidence of microbial activity in deep (several 100 to >1000 m) environments is availa
ble from a number of recent investigations: Taylorsville Basin (Triassic), Eastern
Virginia USA: microbes at up to 2800 m and 70°C (WHITE et al. 1993, STEVENS &
BOONE 1993); SE US coastal plain, depth >1000 m (FLlERMANS et al. 1993). In
addition to these recent reports, microbial activity in oil reservoirs has been known for
many years, but contamination is likely in these cases (STETTER et al. 1993). No
evidence of recent microbial activity in deep redox fronts is available, however.

Evidence of recent microbial activity in near-surface redox fronts is available from the
Osamu Utsumi Mine, Pocos de Caldas, Brazil (WEST et al. 1992) and from Needle's
Eye, southwest Scotland (MILODOWSKI et al. 1990).

8.4 Evidence of microbial transformations at fossil redox fronts

Geochemical or morphological (microfossil) evidence of microbial involvement in for
mer redox processes is scarce in non-active redox fronts from shallow as well as deep
environments.

Geochemical evidence for microbial involvement in redox reactions is largely based on
sulphate reduction. Evidence of sulphate reduction at temperatures <80°C is a clear
indication of microbial mediation. Typically, microbial sulphate reduction is associated
with a sulphur isotope fractionation in the order of 40 permil.

Clear morphological evidence of microbial activity in redox fronts is rare and often
ambiguous. Examples include filamentous structures in low-temperature hydrothermal
veins (HOFMANN 1989a), masses of reduced minerals made up of uniformly mm
sized mineral grains ("Blasenzellen" of RAMDOHR 1975), and uniformly shaped "nan
nobacteria" in massive chalcocite from supergene enrichment zones (SILLlTOE et al.
1996).
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9 RADIATION-INDUCED REDOX REACTIONS

9.1 Introduction

In concepts for long-term disposal of high-level radioactive waste (HLW) and spent fuel
in geological formations, the effects of high dose rates of a-, ~- and Y-radiation on the

performance of engineered and geological barriers must be considered. Radiolysis,
used here as a general term for radiation-induced chemical transformations, will prima
rily affect groundwater, but trace organics and gaseous H20 may also be influenced.
Radiolytic processes involving mobile phases in the near-field of a HLW repository and
in relevant natural analogues are reviewed here. An attempt is made to identify radioly
sis-relevant natural analogues that may help to fill gaps in current knowledge. Data
from radiolysis experiments in pure systems are abundant but it is difficult to extrapo
late these findings to long-term effects in complex rock-groundwater systems.
Therefore studies of radiolytical processes in natural analogue situations and experi
ments using components of natural systems are needed. Previous reviews of radiolysis
analogues were presented by CHAPMAN, et al. (1984), VOVK (1987), BRANDBERG
et al. (1993) and MILLER et al. (1994). VOVK (1987) presented an extensive list of
radiolytical effects in nature. Based on stringent guidelines, most of these lines of
evidence must be classified as uncertain, however, because natural processes other
than radiolysis may well be responsible for the reported effects.

Radiolysis of water produces reactive radicals (e-aq , H', OH', H02') and molecular
products (H202, O2, H2). Radiolysis efficiency is highest for a-, intermediate for ~- and
lowest for Y-radiation. Molecular hydrogen is less reactive than the simultaneously

generated oxidising species and may rapidly diffuse away from sites of generation. As
a result of the different kinetics of oxidising and reducing species, radiolysis of water
may produce net oxidising conditions. The efficiency of water radiolysis (expressed as
G value: number of species produced/destroyed by 100 eV absorbed energy) is stron
gly dependent on solutes and bonding of water to surfaces. G(-H20) in pure water is
close to 2.7 (CHRISTENSEN & BERGBAKKE 1982), but values up to 15 were cited by
VOVK (1987) for brines. The highest yields from radiolysis probably occur in micropo
rous, highly saline water-rock systems where a large proportion of the water molecules
is present as hydration layers on ions and mineral surfaces (VOVK 1987). In such
systems, average crustal concentrations of U, Th and K may result in geochemically
significant water radiolysis (HOFMANN 1992). Radiolysis of porewater in U ores may
be several orders of magnitude more important, but is also strongly dependent on grain
size, porosity and water chemistry. Radiolysis may also produce thermodynamically
unstable species of elements such as C, Nand S and thus influence the migration
behaviour of redox sensitive elements. Solid, fluid (gas, oil) and dissolved organic
matter is very susceptible to radiolysis.

9.2 Effects of radiolysis in HLW repositories

Radioactive material must be in direct contact with water to cause significant radiolysis
because radiolysis mainly results from low range a- and ~- radiation. In HLW reposito
ries, such a situation will occur only after canisters are breached. The most significant
consequence of radiolysis in the near-field of a HLW repository is the creation of net
oxidising conditions (qualitatively defined by the presence of O2, H202) in the absence
of active or radiolytically activated reductants, such as organic matter. Oxidising condi
tions are most likely to be created in close proximity to highly radioactive waste
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material and result in possible enhanced mobility of redox-sensitive elements such as
U, Ni, Se, Pd and Tc. Uranium oxide in spent fuel may be radiolytically oxidised
(SUNDER et al. 1989). Although the oxidation effect of radiolysis is expected to be
largely buffered by steel containers (McKINLEY 1985), the buffering capacity may be
diminished by the formation of oxide coatings on steel.

If radiolysis creates oxidising conditions near containers, the development of a redox
front in the surrounding bentonite (with trace organics and pyrite as reductants) is likely
and retardation of radionuclides due to reduction, sorption and co-precipitation will be
important. The development of redox fronts around a HLW repository may retard the
migration of many potentially hazardous radionuclides.

Quantitative estimates of radiolysis (CHRISTENSEN & BJERGBAKKE 1982) and
radiolysis-related redox front movement (ROMERO et al. 1992) are very dependent on
a number of parameters that are poorly known for real systems, e.g. the influence of
salinity on the rate and products of radiolysis. Realistic estimates seem to indicate that
the oxidation front is unlikely to extend out of the clay barrier (ROMERO et al. 1992).
The extent of radiolysis is very different for vitrified HLW and for spent fuel due to the
much higher inventory of alpha emitters in the latter.

The radiolytic generation of oxidants is a potentially important factor for microbial acti
vity. According to McKINLEY & HAGENLOCHER (1993), radiolytically generated
species (H202) are likely to represent only a minor fraction of available electron accep
tors in the case of vitrified HLW. More abundant electron acceptors (e.g. sulphate) are
energetically less favourable, however, making microbial interactions with radiolytically
produced oxidants potentially important, especially in the case of spent fuel.

Due to its inertness, hydrogen will diffuse out from the zone directly adjacent to the
waste and through the clay barrier into the country rock, leaving behind a net oxidised
area. Hydrogen of radiolytic origin will migrate together with hydrogen produced by
container corrosion and is a potential carrier of volatile compounds. Several critical
waste elements (Se, Sn) can form volatile hydrides (RIDLEY et al. 1977, DONARD &
WEBER 1988) and may thus be preferentially transported in a gas carrier phase. Ca
talytic activation of the reducing capacity of H2 in the near-field would be advantageous
because the development of oxidising conditions might be avoided.

The geometry of the water-HLW interface and the accessibility of water will critically
influence the efficiency of radiolysis. NERETNIEKS & FAGHIHI (1991) consider two
effects reducing radiolysis: limited availability of H20 at sites of radiolysis due to H2

evolution and reduction of porespace by alteration products. Alternatively, radiolysis
efficiency might be increased by small-scale redistribution of radionuclides resulting in
a larger radioactive surface area causing radiolysis.

Radiolysis of organics is of limited importance because of their likely limited availability
in HLW repositories. Nevertheless, possible sources are mobile organics from host
rocks (e.g. marine shales), backfill bentonite and microbial biomass. Radiolytic polyme
risation of organic matter leads to highly aromatic, insoluble polymers with
semigraphitic units (e.g. LEVENTHAL et al. 1986, LEWAN & BUCHARDT 1989, NAGY
et al. 1991, 1993, LANDAIS 1993, MOSSMAN et al. 1993). Direct polymerisation of
mobile organic matter on waste material surfaces in a manner similar to that observed
on radioactive trace minerals in oil reservoirs (RASMUSSEN et al. 1989, 1993) may
form protective surface layers that may retard dissolution, an effect also reported from
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Oklo (NAGY et al. 1991). Besides insoluble polymers, radiolysis of organic matter will
also produce H2 (DUBESSY et al. 1988). Radiolytic oxidation of organic matter and
radiolysis of dissolved inorganic carbon species may lead to the formation of potential
organic complexants, e.g. oxalate (HASSELSTROM & HENRY 1956).

Radiolytic alteration of mobile or immobile organic matter may induce strongly reducing
porewater conditions. Oxidising radicals are scavenged by organics and radiolysis of
organics will create reducing organic radicals. Such effects may be responsible for the
reducing conditions prevailing in the Oklo reactors (CURTIS & GANCARZ 1983), con
firmed by the absence of O2 in fluid inclusions from Oklo (DUBESSY et al. 1988). A
redox buffering capacity of organic matter in areas of active radiolysis is further sup
ported by the fact that hematite of probable radiolytic origin, usually common near
radioactive minerals, does not occur in the presence of organic matter.

In HLW repositories, several partly competing effects of radiolysis are tentatively identi
fied. Their importance needs to be more thoroughly evaluated theoretically and tested
in the laboratory and in natural analogue studies:

• Quantification of the oxidising effects of radiolysis under repository conditions

• Characterisation of the fate of radiolytically produced H2

• Investigation of possible radiolytic formation of metastable species that may influ
ence the mobility of critical elements due to complexation or volatilisation

• Study of the effects of radiolysis of organic matter (generation of reducing condi
tions, "sealinq" of waste, production of organic complexants)

9.3 Radiolysis in nature: general aspects

Geochemical effects of natural radiolytic processes associated with anomalous con
centrations of U, Th and K are little known and not generally recognised by the
geochemical community. Evidence of radiolytic processes has been found in a variety
of natural environments, characterised by very different radiation dose rates. The ef
fects of water radiolysis over geological time periods can be inferred from
manifestations such as oxidation effects in the proximity of U and Th minerals which
most commonly produce ferric iron oxides such as hematite (Fe203)' Although hematite
is commonly associated with radioactive minerals, the precipitation of this mineral may
be unrelated to radiolysis. Where hematite is secondary in origin and solely confined to
the immediate proximity of radioactive minerals in otherwise reduced (in terms of Fe)
rocks, an origin due to radiolytic oxidation of ferrous iron appears likely. An example is
the common rimming of accessory radioactive minerals by hematite (HEINRICH 1958)
and the hematite staining near uranium-rich areas in hydrothermal veins.

9.4 Radiolysis in nature: specific sites

9.4.1 Oklo, Gabon

A natural analogue study focusing on radiolysis was performed at Oklo by CURTIS &
GANCARZ (1983). Contrary to predictions based on water radiolysis, evidence was
found of iron reduction in the reactor zones which was used to calculate the minimum
amount of H2 produced. Other redox-sensitive elements (U, Mo, Tc) were found to be
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partly mobilised, however. The precise mechanisms of concomitant Fe reduction and
U, Mo, Tc oxidation remains unclear.

Radiolysis of water in the Oklo reactor zones 7-9 is indicated by the presence of H2

bearing fluid inclusions in quartz as observed by Raman spectroscopy (DUBESSY et
al. 1988, SAVARY et al. 1993). Radiolysis of water prior to trapping is assumed by
these authors. In contrast to other high-grade uranium deposits, no oxygen was de
tected in the Oklo inclusions. This was attributed to the presence of organic matter
(DUBESSY et al. 1988). The fact that hydrogen may leak from fluid inclusions in quartz
at elevated temperature (MAVROGENES & BODNAR 1994) casts some doubt on the
proposition that H2 and O2 were enclosed during fluid inclusion trapping (DUBESSY et
al. 1988). This fluid inclusion study supports the conclusion of CURTIS & GANCARZ
(1983) that reducing conditions prevailed in the reaction zones. Considering the im
portant role played by organic matter in the genesis of the Oklo deposit (GAUTHIER
LAFAYE & WEBER 1989, 1993, NAGY 1993, NAGY et al. 1991, 1993), the most likely
explanation for reducing conditions in the reaction zone is redox buffering by organic
matter, probably aided by organic matter radiolysis.

9.4.2 Cigar Lake, Saskatchewan, Canada

The Proterozoic (1.3 Ga) Cigar Lake deposit in the Athabasca Basin is one of the
richest uranium ore bodies known (275,000 m3 averaging 12% U). This deposit is the
most thoroughly studied in terms of radiolysis (L1U et al. 1993, CHRISTENSEN 1994
and, in most detail, SMELLlE & KARLSSON 1996). Radiolysis products were found in
solids and groundwaters. In groundwater, terminal products of radiolysis were inter
preted to be H2 and SO/- (resulting from sulphide oxidation). Release rates (equal to
production rate if steady state is assumed) of 2.3.10- 12 and 1.7.10-12 equlvalentsm's',
respectively, were determined (L1U et al. 1993). Apparently, these results are based on
analytical results from one borehole only. The possible influence from steel and sulphi
de oxidation during drilling on the groundwater chemistry are not discussed. Hence,
further confirmation of the Cigar Lake results is needed. Applying the radiolysis model
of HOFMANN (1992) for homogeneous systems to Cigar Lake, the H2 production rate
of 2.3.10- 12 eq-rnvs' can be reproduced with the (reasonable) assumption that radioly
sis efficiency is 1% of the theoretical maximum in a homogeneous microporous
system.

In the solids, limited surface oxidation of uraninite and, possibly, the formation of he
matite in the clay surrounding the deposit may be due to radiolysis (CHRISTENSEN
1994). The limited extent of uraninite oxidation is probably due to the scavenging of
oxidants by ferrous iron and sulphides.

DUBESSY et al. (1988) reported the occurrence of fluid inclusions with free O2 and H2

from the Cluff Lake and Rabbit Lake unconformity deposits (closely related to Cigar
Lake). The findings were interpreted as resulting from primary trapping of a fluid in the
ore with high concentrations of free O2 and H2. These findings are not yet comparable
with hydrogen levels observed in present-day groundwaters (L1U et al. 1993). The
coexistence over geological time periods of O2 and H2 in fluid inclusions demonstrates
that molecular hydrogen and oxygen do not necessarily recombine at relatively low
temperature and in the absence of catalysts.
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9.4.3 Influence of radiolysis on mineral formation

The only known natural peroxides are the minerals studtite U04-4H20 (or
U03·H202·3H20) and metastudtite U04·2H20 (WALENTA 1974, FINCH & EWING
1989). Studtite is identical to synthetic uranium(VI) peroxide (SATO 1961). An origin of
the peroxide component in studtite as a result of water radiolysis seems probable
because studtite is restricted to high-grade U ore both at Shinkolobwe (Zaire) and
Menzenschwand (Germany). In both deposits, studtite is associated with relic primary
pitchblende and secondary uranyl silicates in near-surface weathering environments
(WALENTA 1974), Radiolysis may only be responsible for peroxide formation, while
uranium oxidation is most likely caused by atmospheric oxygen.

9.4.4 Organic matter in uranium deposits

In uranium mineralisations, radiolytic alteration of organic matter is well documented
and includes aromatisation, dehydrogenation, polymerisation and oxidation, resulting in
immobilisation of liquid or soluble organic matter, destruction of biomarkers and shifts
in C-isotopic composition. Investigated deposit types include sandstone hosted U-V,
unconformity-related U, uraniferous black shales and Precambrian uraninite placers
(e.g. LEVENTHAL et al. 1986, DAHL et al. 1988, LEWAN & BUCHARDT 1989,
MEYER et al. 1991, LANDAIS 1993, MOSSMAN et al. 1993, NAGY 1993, NAGY et al.
1991, 1993). The formation of surface films on radioactive minerals consisting of aro
matic organic polymers has been described by RASMUSSEN et al. (1989, 1993) from
Western Australia. NAGY et al. (1991) proposed that this effect may lead to a sealing
of radioactive waste in the presence of organics. Despite the extensive characterisation
of solid organics from radioactive mineral deposits, little is known about possible low
molecular weight, mobile products of organic matter radiolysis in natural systems.

9.5 Uncertain evidence of radiolysis in nature

Some of the evidence of radiolytic effects cited by VOVK (1987) is ambiguous and
could be explained by non-radiolytic geochemical processes (formation of salt-rich
brines in Precambrian shields, presence of H2-rich gas, formation of unstable sulphur
compounds in roll-front deposits, hematisation and argillisation close to U deposits, red
bed bleaching near sandstone-type U deposits), while other effects may well be worth
a re-evaluation (oxalates in uranium ores, H2 and hematite in K-rich salts, unusual
stable isotope ratios of H, 0, C, S).

The common occurrence of local reduction phenomena in red bed sediments that lack
an evident source of reductants has been interpreted as a result of porewater radiolysis
followed by catalysed reduction of trace elements by H2 at discrete sites (HOFMANN
1992). The spatial arrangement of redox environments potentially produced by radioly
sis in a HLW repository is similar to the model proposed for the origin of reduction
spots in red beds. In both types of systems, diffusive separation of H2 from oxidising
species results in a net oxidising area. H2 possibly plays a role in the immobilisation of
redox sensitive mobile elements at spatially separated sites; in the repository this
would be the near-field/far-field boundary.
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9.6 Summary of results from natural analogues involving radiolysis

It appears that analogue studies of radiolytic processes so far have yielded relatively
little clear-cut information.

The rate of radiolysis in complex mineral-water systems is still poorly known. See
mingly low rates (CURTIS & GANCARZ 1983) may be influenced by the presence of
natural reductants. The best results come from the Cigar Lake study, but are still based
on few data. Influences of formation water salinity and of the geometry of the water
solid interface are poorly constrained. It may well be possible to obtain radiolysis rate
estimates from several independent natural systems free of interfering reductants
(organics). Promising systems include hematite haloes around accessory uraninite in
granitic rocks. Situations with realistic salinities should be studied.

The effects of radiolysis of organic matter should be evaluated even for systems that
appear organic-free. A general retardation of radionuclide migration in the presence of
organics is likely, mainly due to redox buffering and possibly also to sealing. Radio
nuclide mobilisation may result from the formation of complexants. The complexing
abilities of mobile radiolysis products of organic matter, probably the most obvious
detrimental role of Corg in radiolysis, should be evaluated.

The inclusion of catalysts in HLW repositories to facilitate H2 oxidation may help to
activate the reducing potential of radiolysis (as well as that of H2 from container oxida
tion), and thereby reduce the oxidative power of radiolysis and solve the H2 gas
problem. H2 oxidation catalysts might be sought for in natural H2-rich environments.

Radiolysis may be coupled with a number of poorly constrained geochemical
processes, the possible importance of which should be evaluated (Le. formation of
volatile metal compounds; interactions with dissolved salts; radiolysis due to mobilised
radionuclides, radiolytic formation of chelating compounds).
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10 GEOCHEMICAL SELF-ORGANISATION AT REDUCTION FRONTS

10.1 Liesegang Bands and related phenomena

Liesegang Bands are rhythmically banded deposits of phases precipitated from a fluid
in a porous medium by counterdiffusion of species resulting in local supersaturation
followed by nucleation (LIESEGANG 1913, HENISCH 1988). Repetition of this
process at slightly different locii results in the development of rhythmic bands (Liese
gang Bands), and these can easily be produced experimentally (HENISCH 1988).
Occurrence in nature may be expected from the relatively simple formation process
involved and this process is often assumed to be responsible for different kinds of
natural bandings, e.g. in agates. Not every banded mineral occurrence can be attribu
ted to this process, however, because deposition processes controlled by external
rhythmic variations of parameters, e.g. due to seasonal variations of groundwater
chemistry, may give rise to geometrically similar features.

Diffusion-controlled redox fronts are a possible site of Liesegang Band formation. A
characteristic feature of Liesegang Bands is the very regular spacing of a large number
of rhythmic deposits. This is only rarely observed in nature. Good evidence of Liese
gang Band-type rhythmic precipitation of Cu sulphide minerals in the sandstones in the
Kupferschiefer Cu deposits of Poland was presented by SAWLOWICZ & WEDEPOHL
(1992), Figure 37. The most common features usually described as Liesegang Bands
are Fe hydroxide stains found in the oxidised zone in many weathered rocks.

The correct interpretation of banded mineral precipitates in redox fronts is crucial when
modelling such formations is attempted.

10.2 Influence of natural electric fields on element migration in redox fronts

The possible influence of electric fields on the migration behaviour of chemical species
is usually not considered. Qualitative laboratory experiments demonstrating the poten
tial importance of electric fields are reported by JACOB et al. (1992) and JACOB &
ZIMMERLE (1993). In these experiments, rhythmically banded deposits similar to
structures found in sediments and rocks were formed. The detection of a former activity
of electrochemical processes in natural redox fronts is difficult, however.
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Figure 37: Liesegang-type rhythmic sulphide bands in sandstones underlying the
Kupferschiefer, S Poland (redox front Type III i). From SAWLOWICZ &
WEDEPOHL (1992). Section measures approximately 1.6 m
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11 REDOX FRONTS IN NAGRA'S INVESTIGATION AREA FOR A HLW
REPOSITORY

11.1 Redox geology of Northern Switzerland-Southwest Germany

The complex geology of Northern Switzerland and Southwest Germany provides se
veral possibilities for the former and present development of redox fronts. The
investigation of redox fronts as analogue sites in the area of a possible future HLW
repository might be useful because of a close approximation of conditions such as
groundwater chemistry and involved rock types. For this reason, known and potential
redox fronts in Northern Switzerland and Southwest Germany will be briefly discussed
in their geological context. Among the redox-sensitive elements, arsenic is regionally
present in strongly anomalous concentrations in the crystalline basement and in Per
motriassic rocks (HOFMANN 1995). Redox fronts in this area commonly are enriched
in As and this element can be expected to be a good tracer for redox activity in the
area. High As regionally correlates with anomalous Cs, probably due to magmatic input
of these elements into the upper crust during the Variscan orogeny.

11.2 Crystalline basement

Most rocks and vein fillings in the crystalline basement are primarily reduced due to the
presence of ferrous iron silicates (biotite), graphite and sulphides. In hydrothermal
alteration zones oxidation reactions are very common, resulting mainly in the formation
of ferric oxides. Such oxidation zones were most abundantly observed in the B6ttstein,
Kaisten, Leuggern and Schafisheim boreholes. The observed redox boundaries usually
are diffuse and irregular, and commonly associated with small amounts of a reduced
mineral assemblage comprising Co, Ni, As, U, Ag and Bi (PETERS et al. 1987,
HOFMANN 1990). This type of redox front corresponds to Type III k or III I. A low tem
perature hydrothermal origin is likely.

11.3 Permian sediments

In the Weiach borehole, reduced Lower Permian sediments are overlain by oxidised
Rotliegendes sediments, creating a stratiform redox boundary (Type III i), locally cha
racterised by elevated uranium contents as observed in the Weiach borehole
(MATTER et al. 1988). Rotliegendes sediments are mostly typical red beds with non
silicate Fe largely in ferric form (hematite). Reduction spots (Type III c redox fronts) are
very common and are the subject of several studies (HOFMANN 1990, 1991a,b,
1992a, HOFMANN & KRA.HENBUHL 1994, HOFMANN & FREI 1996). Similar reduc
tion spots are present in the upper part of the crystalline and in some Buntsandstein
samples. The reduction spots are evidence of local trace element mobility within the
red beds during advanced diagenesis, most likely during Jurassic-Cretaceous time.

11.4 Triassic

The Buntsandstein-Lower Muschelkalk sedimentary contact is a stratiform redox boun
dary (Type III i) locally characterised by enrichments of Cu and U (HOFMANN 1989b).
Other, mostly stratiform redox boundaries are present in the Keuper marls with local
enrichments of Cu-As sulphides. Another regional redox boundary is present at the
Keuper-Lower Jurassic transition, but no enrichments of redox-sensitive elements are
known from this regional redox boundary.
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The lower Freshwater Molasse has a complex architecture of usually reduced channel
sediments and mostly oxidised flood plain deposits (KEllER et al. 1990). In this frame
work, many irregular redox boundaries are present. Uranium enrichments with very
large radioactive disequilibria are known from southern Germany (CARl 1985). In
Switzerland, traces of U and Cu mineralisations are present in isolated detrital organic
fragments in red marls (Type III d redox front, HOFMANN 1989b).

11.6 Recent weathering

Recent weathering results in the formation of near-surface redox boundaries in redu
ced rocks containing relatively reactive reductants (Type 11 a redox fronts). The best
potential candidates probably are lower and Middle Jurassic organic-rich sediments
(Posidonia shale, Opalinus Clay). These rocks are probably the most promising targets
for studying active redox fronts in the area under investigation by Nagra. An investiga
tion of fracture-bound redox fronts by MAZUREK et al. (1996) indicated significant U
and Mn mobility. Preliminary data for a pair for weathered and unweathered Opalinus
Clay samples analysed during this study are given in Table 11. From this pair, no
strong indications of element mobilisation during weathering of Opalinus Clay can be
seen, even for mobile elements such as U.
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Table 11: Analyses of Opalinus Clay from Siblingen, Northern Switzerland

Average/best values from INAA, ICP-DES
(Bondar Clegg, Ottawa) and XRF (Bern University) analyses

unit
unoxidised oxidised

El
(ppm)

composite composite
sample sample

Li ppm 176 152
Na 0/0 0.38 0.29
MQ 0/0 1.25 0.81
AI 0/0 9.13 8.43
Si 0/0 24.29 24.76
P 0/0 0.11 0.13
K 0/0 1.92 1.91

Ca 0/0 2.98 4.37
Sc ppm 15 15
Ti 0/0 0.53 0.49
V ppm 164 152
Cr ppm 124 116
Mn ppm 655 587
Fe 0/0 3.76 4.04
Co ppm 19.5 14
Ni ppm 52 39
Cu ppm 24 21
Zn ppm 109 112
Ga ppm 28.5 24.5
As ppm 12 10
Br ppm <0.5 0.8
Rb ppm 114 108
Sr ppm 214 205
Y pprn 25 27
Zr ppm 243 153
Nb ppm 21.5 19
Mo corn 3.0 2.0
Ag ppm 0.4 0.2
Sb ppm 0.4 0.4
Cs ppm 6.3 5.6
Ba ppm 315 295
La ppm 46 46
Ce ppm 83 83
Sm ppm 6.8 7.7
Eu ppm 2 2
Tb ppm 0.9 0.9
Yb ppm 4 4
Lu ppm 0.5 0.5
Hf ppm 5 5
Ta ppm 1.5 1.3
Au ppb <2 3
Pb ppm 23 15
Th ppm 13.5 8.5
U ppm 2.6 2.6
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12 ANALYTICAL METHODS FOR ANALOGUE-RELEVANT AND REDOX
SENSITIVE ELEMENTS

The literature dealing with analytical methods for the redox-sensitive elements in
geochemical materials is voluminous and is reviewed in SUTER (1991). However,
some recommendations for analytical methods and laboratories are given in Tables 12
and 13, based on the experience of redox geochemistry studies by HOFMANN &
KRAHENBOHL in prep., HOFMANN et al. in prep. and HOFMANN & KNILL (1996).

Geochemical analyses should always include at least one internal standard sample for
each significantly different lithology. These samples should be available in large quan
tities (~1 OOg) to allow quality control of analyses from different laboratories. For full
geochemical characterisation, a combination of XRF, INAA, ICP-OES, ICP-MS and fire
assay-DCP methods is usually necessary to obtain good quality data for all elements of
interest. In Tables 14 and 15, the results of multiple analyses of internal standard
samples used during a study of the fossil meteorite Brunflo (BR1, HOFMANN et al. in
prep.) and of reduction spots (HOFMANN & KRAHENBOHL in prep.) are presented.
Without the quotation of errors, geochemical data are of little use, especially in the
case of non-standard methods and non-standard samples. Table 16 lists typical errors
of major analytical methods for most geochemically relevant elements at average
crustal concentrations. These errors are applicable for most of the data presented in
this report. Deviations from these typical standard errors may occur due to a variety of
factors, such as extra long or short counting time, small samples, poor dissolution etc.
Checking single values by re-analysis with an independent method is strongly recom
mended (Tab. 14, 15).
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Table 12: Principal methods for elemental analysis of geochemical materials

Typical sample 9 INAA ICP-OES ICP-MS HYD- XRF FA-20 AA FP
0.1-10 0.5 0.1 0.5 1.10 0.5 0.5

Z El
3 Li A A
4 Be A

11 Na A A A A
12 Mg A A
13 AI A A
14 Si A A
15 P A A
19 K B A A A
20 Ca B A A
21 Sc A A A
22 Ti A A
23 V C A A
24 Cr A A A
25 Mn A A
26 Fe B A A
27 Co A A A
28 Ni C A A
29 Cu C A A
30 Zn C A A
31 Ga A A A
32 Ge A
33 As A A B
34 Se A A C A
35 Br A
37 Rb A A
38 Sr A A
39 Y A A
40 Zr A A
41 Nb A
42 Mo A A A
44 Ru A
45 Rh A
46 Pd A
47 Ag B A A A A
48 Cd A A
49 In A
50 Sn A A B
51 Sb A A
52 Te A A
55 Cs A A C
56 Ba B A A A
57 La A A A C
58 Ce A A A C
59 Pr A
60 Nd A A A C
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ICP-MS:
HYD-:
FA-:
AA:
FP:
XRF:

Typical sample g
INAA ICP-OES ICP-MS HYD- XRF

FA-20
AA FP

0.1-10 0.5 0.1 0.5 1.10 0.5 0.5

62 Sm A A
63 Eu A A
64 Gd A A
65 Tb A A
66 Dy A A
67 Ho A
68 Er A
69 Tm A
70 Yb A A
71 Lu A A
72 Hf A A
73 Ta A A
74 W B A
75 Re B B
76 Os B
77 Ir B B
78 Pt B
79 Au B A
80 Hg A
81 TI A A
82 Pb A A A A
83 Bi A A
90 Th A A B
92 U A A B

A: detection at average crustal concentration
B: suitable for mineralised rocks and overview data
C: yields overview data only, or suitable for strongly mineralised rocks

INAA: Instrumental Neutron Activation Analysis
ICP-OES: Inductively Coupled Plasma- Optical Emission Spectroscopy

(without preconcentration)
Inductively Coupled Plasma- Mass Spectrometry (without preconcentration)
Hydride generation coupled with detection by ICP-OES, ICP-MS or AA
Fire assay coupled with INAA, ICP-MS, DCP, AA or other suitable method
Atomic Absorption, including graphite-furnace AA and cold vapour AA
Flame Photometry
X-Ray Fluorescence Spectroscopy
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Table 13: Commercial laboratories providing analytical services for redox-relevant
geochemical materials

Name Address WEB/E-MAIUFAX methods (see Tab. 11)

ACTLABS activation
1336 Sandhill Drive,

www.actlabs. coml
Laboratories Ltd.

Ancaster, Ontario,
geochem/geochem.htm

INAA, ICP-OES, FA-
Canada L9G 4V5

5420 Canotek Road, www.inchcape-

1STBondar Clegg Ottawa, Ontario, minerals.com/min- INAA, ICP-OES, AA, FA-
Canada K1J 9G2 contact_cnt.htm

IRI Interfacultair Reactor
Instituut, Delft University 15, 2629 JB Delft,

www.iri.tudelft.nl/ INAA
of Technology The Netherlands

1885 Leslie Street, Don
INAA, ICP-OES, ICP-MS,XRAL Laboratories Mills, Ontario, Canada XRAL@sgs.ca

(member of SGS group) M3B 3J4 XRF, AA, FA-

Becquerel
6790 Kitimar Road, Unit
4, Mississauga, Ontario, 001 9058264151 INAA

Laboratories Inc.
Canada L5N 5L9
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Table 14: Multiple analyses of Ordovician limestone from Brunflo, Sweden

Z El unit -1- -2- -3- -4- -4- -5- -6- -7- others source n mean *) STDEV

3 Li ppm 14 7 2 10.6

4 Be ppm 0.5 0.2 2 0.3

11 Na 0/0 0.25/ 0.02 0.02 0.02 0.1/ 3 0.02 0.00

12 Mg 0/0 0.36 0.42 0.36 0.55 0.35 5 0.4 0.08

13 AI % 1.41 1.62 1.53 1.53 4 1.5 0.09

14 Si % 4.43 4 2 4.4 0.01

15 P % 0.02 0.02 <0.02 2 0.0 0.00

19 K 0/0 0.83 0.52 0.74 0.66 0.68 5 0.7 0.11

20 Ca 0/0 >10 33.46 35.10 30.80/ 28.60 3 32.4 3.38

21 Se ppm 3 5.7 14.8/ 2.2 5.0 4 4.0 1.65

22 Ti % 0.08 0.09 0.075 0.067 0.100 5 0.1 0.01

23 V ppm 18 23 <.2 17 22 21 5 20.2 2.52

24 Cr ppm 31 25 30 18/ 12.5/ 21 27 21 6 25.8 4.35

25 Mn ppm 2380 2090 2173 693/ 2090 2400 5 2227 153

26 Fe 0/0 1.3 1.5 1.27 1.07/ 1.28 1.83/ 1.32 1.35 8) 6 1.3 0.09

27 Co ppm <1 6 9 7.5 7 5 5 6.8 1.59

28 Ni ppm 23 13/ 34 31 29 <33 46/ 4 29.3 4.64

29 Cu ppm 6 7 4.6 6 17/ 4 5.8 0.99

30 Zn ppm 16 9 13 10 <33 37/ 4 11.9 3.24

31 Ga ppm 90/ 10 3.6 5 1/ 3 6.1

32 Ge ppm 0.7 2 2 1.4

33 As ppm 7/ 2.4 <.2 0.02/ 0.70 <2 2 1.5

34 Se ppm 2.5/ 0.02/ 0

35 Br ppm 2 11.9/ 2 2 2.0

37 Rb ppm 31 28 36 34 32 26 6 31.1 3.7

38 Sr ppm 191 207 199 206 303/ 181 5 196.7 10.9

39 Y ppm 9/ 12.3 2.1/ 9/ 9/ 1 12.3

40 Zr ppm 36 32 21 25 66/ 28 5 28.4 5.8

41 Nb ppm 31/ <5 2.1 2.3 1/ 2 2.2

42 Mo ppm <1 <1 0.4 1 0.4

47 Ag ppm <0.2 0.7 0.7 2 0.7

48 Cd ppm 2.2/ <5 0.06 0.02 2 0.0

50 Sn ppm <5 0.5 0.2 <1 2 0.3

51 Sb ppm 1 0.6 0.4 0.9 4 0.7 0.3

55 Cs ppm 2 5.2/ 2.5 1.8 3 2.1 0.4

56 Ba ppm 82 96 77 90 113 98 54/ 63 7 88.5 16.3

57 La ppm 7/ 14/ 10.4 4.6/ 8.2/ 11.0 2 10.7

58 Ce ppm 29/ 23.6 10.4/ 19/ 23.6 2 23.6

59 Pr ppm 1.5 2.5 2 2.0

60 Nd ppm 10.5 7.7/ 14/ 16.0 2 13.3

62 Srn ppm 2.3/ 2.5 1.9/ 3.1/ 2.2 2 2.4

63 Eu ppm <1 0.55 0.4/ 0.7/ 0.5 2 0.5

64 Gd ppm 2.3 1.8/ 3.7/ 1 2.3

65 Tb ppm <.5 0.3 0.6 0.3 3 0.4

66 Dy ppm 1.89 1.6/ 2.5/ 1 1.9

67 Ho ppm 0.4 1 0.4

68 Er ppm 1.11 0.8/ 1.6/ 1 1.1
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Z El unit -1- -2- -3- -4- -4- -5- -6- -7- others source n mean *) STDEV

69 Tm ppm 0.3 1 0.3

70 Yb ppm <2 0.8 0.7/ 1.3/ 1.0 2 0.9

71 Lu ppm 0.2/ 0.12 <.2 0.1/ 0.2 2 0.1

72 Ht ppm 1 1.3 1.2 1.0 4 1.1 0.1

73 Ta ppm 8/ <0.5 0.3 0.2 0.2 3 0.2

74 W ppm <1 1.2 1.0 0.8 3 1.0

79 Au ppb 3 <2 <7.5 1 3.0

81 TI ppm <0.1 0.25 0.04 2 0.1

82 Pb ppm 31/ 3.3 1.9 3.1 2.2 8) 4 2.6

83 Si ppm <5 <.2 0.02 1 0.0

90 Th ppm 2.7 32/ 0.73/ 5.9/ 2.6 <1 2 2.6

92 U ppm 0.4 0.5 0.6 0.3 1.5/ 4 0.4 0.1

1: Bondar Clegg, Ottawa, Canada. ICP-OES, Au by fire assay-DCP

2: Bondar Clegg, Ottawa, Canada. INAA

3: Centre de Recherches Petroqraphiques et Geochimlques, Nancy. ICP-OES

4: Trace Analytic SA, Morges, Switzerland: ICP-MS

5: Interfacultair Reactor Instituut, Delft, The Netherlands. INAA

6: Institute of Mineralogy and Petrology, Bern University. XRF, routine program;
As, Sn, Pb, Th, U by manual calibration

7: Lambda Max Laboratories, Bern. ICP-OES

8: Institute of Mineralogy and Petrology, Bern University. AA (R. Maeder analyst)

*) Means excluding values marked with /
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Table 15: Multiple analyses of Permian red bed Kai230.00 from Kaisten, Switzerland

Z El unit -1- -2- -3- -4- -5- -6- -7- others mean STDEVsource n (without /)

3 Li 133 121 2 127

4 Be 3.6 2.1/ 5.1 8) 2 4.4

5 B 312/ 171 190 8) 2 181

6 C,m 0.57 0.74 2 0.7

11 Na % 0.34 0.52 0.39 0.41 0.75/ 0.35 5 0.40 0.07

12 Mg % 1.21/ 1.49 0.8/ 1.53 1.54 3 1.52

13 AI % 3.09/ 9.21 0.16/ 9.38 9.34 3 9.31

14 Si % 25.92 26.22 26.34 3 26.16

15 P % 0.11 0.009/ 0.09 0.10 3 0.10

19 K % 4.27/ 4.85 5.15 4.94 5.00 4 4.99 0.13

20 Ca % 1.58/ 1.99 1.59/ 1.95 1.99 3 1.98

21 Sc 6/ 21.8 15.6 2.54/ 17 24 4 19.6 3.9

22 Ti % 0.39/ 0.49 0.33/ 0.49 0.51 3 0.50

23 V 101 111 72/ 127 153 105 8) 5 119 21

24 Cr 100 150 131 86/ 115 122 93 6 119 21

25 Mn 550 540 351/ 660 697 4 612 79

26 Fe % 3.5/ 5.5/ 4.83 2.15/ 4.07 4.57 4.72 4 4.5 0.3

27 Co 17.0 15.0 17.5 18.1 17.2 22/ 5 17.0 1.2

28 Ni 50 73/ 58 49 33.7/ 57 57 5 54 4

29 Cu 12 16 13 14 9/ 4 13.7 1.7

30 Zn 101 130/ 97 92 103 104 109 6 101 6

31 Ga 28 29 23 15.6/ 24 24 5 26 3

33 As 63 87.1 72 84 102 5 82 15

34 Se 0.02/ <1 0.40 8) 1 0.4

35 Br <1 31/ 0.39 1 0.4

37 Rb 410 368 390 368 400 383 6 387 17

38 Sr 107/ 171 152 314/ 163 176 4 166 10

39 Y 13/ 31.4 19/ 31 37 3 33.1

40 Zr 96/ 185 113/ 281/ 190 209 3 195

41 Nb 18 6/ 14 19 18 4 17.3 2.1

42 Mo 1 0.6 2 0.8

46 Pd ppb 2 0.56/ 1 2.0

47 Ag 0.4 0.7 2 0.6

48 Cd 0.7/ 0.074 0.04 8) 2 0.06

50 Sn 10/ 4.7 5.5 <2 9) 2 5.1

51 Sb 2.7/ 0.9 0.8 2 0.8

52 Te 0.02 0.05 8) 2 0.0

55 Cs 118 119 106 3 114

56 Ba 345/ 440 435 507 469 438 478 6 461 29

57 La 24/ 51/ 44.1 27/ 42 88/ 2 43

58 Ce 110/ 83 64/ 92 82 3 86

60 Nd 35.7 48/ 38 23/ 2 37.0

62 Sm 7.9 7.6 11/ 7 3 7.5

63 Eu 1 1.26 1.95/ 1.4 3 1.2

64 Gd 6.3 11/ 1 6.3

65 Tb 1.2 1.4 0.8 3 1.1

66 Dy 5.4 7.2/ 1 5.4
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Z El unit -1- -2- -3- -4- -5- -6- -7- others
mean

STDEVsource n
(without /)

67 Ho 1.0 1 1.0

68 Er 2.8 3.9/ 1 2.8

69 Tm 0.5 1 0.5

70 Yb 3 3.02 4.29/ 2.9 3 3.0

71 Lu 0.8 0.52 0.6 0.5 4 0.6 0.2

72 Hf <1 6.6 5.7 2 6.2

73 Ta 6/ 1.7 2.0 1.6 3 1.8

74 W 4.5 3.3 2 3.9

78 Pt ppb <5 0

79 Au ppb 8 5 2 6.5

80 Hg ppb 25 1 25.0

81 TI 1.5 1.7 2 1.6

82 Pb 73/ 45 52 55 48.9 10) 4 50.2 4.3

90 Th 19.0 23/ 39/ 15.8 18.0 18.0 17.1 5 17.6 1.2

92 U 8 11/ 6.6 7.2 7.2 5.8 5 7.0 0.8

1: Bondar Clegg, Ottawa, Canada. ICP-OES, Au by fire-assay-DCP

2: Bondar Clegg, Ottawa, Canada. INAA

3: Centre de Recherches Petroqraphiques et Geochimiques, Nancy. ICP-OES

4: Trace Analytic SA, Morges, Switzerland: ICP-MS

5: Interfacultair Reactor Instituut, Delft, The Netherlands. INAA

6: Institute of Mineralogy and Petrology, Bern University. XRF, routine program; As, Sn, Pb, Th, U by manual calibration

7: from HOFMANN (1990), XRF

8: XRAL laboratories

9: OMAC laboratories, Ireland

10: Institute of Mineralogy and Petrology, Bern University. AA (R. Maeder analyst)
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Table 16: Typical 1 sigma errors (reI. 0/0) of geochemical analysis methods at crustal
concentrations

Z El unit crustal concentration INAA XRF ICP-MS ICP-OES

3 Li ppm 20 2 5
4 Be ppm 3 2 5
5 B ppm 15 2 5
6 C,m 0/0 0.02
11 Na % 2.89 3 5 2 5
12 Mq 0/0 2.3 5 2 5
13 AI 0/0 8.2 5 2 5
14 Si % 28.2 2
15 P % 0.105 5 2 5
19 K 0/0 2.1 5 5 2 5
20 Ca 0/0 4.1 10 5 2 5
21 Sc ppm 22 3 10 2 5
22 Ti % 0.57 5 2 5
23 V ppm 135 5 2 5
24 Cr ppm 100 3 5 2 5
25 Mn ppm 950 5 2 5
26 Fe 0/0 5.6 5 5 2 5
27 Co ppm 25.0 3 10 2 5
28 Ni ppm 75 20 10 2 5
29 Cu ppm 55 10 2 5
30 Zn ppm 70 10 10 2 5
31 Ga ppm 15 15 20 2 5
33 As ppm 1.8 10 100 5 5
34 Se ppm 0.05 5
35 Br ppm 2.5 5 100 5 5
37 Rb ppm 90 3 5 2 5
38 Sr ppm 375 15 5 2 5
39 V ppm 33 10 2 5
40 Zr ppm 165 5 2
41 Nb ppm 20 10 2 5
42 Mo ppm 1.5 100 5 5
47 Ag ppm 0.05 20
48 Cd ppm 0.2 10
50 Sn ppm 2 2 5
51 Sb ppm 0.2 10 10 5
55 Cs ppm 3 5 2 5
56 Ba ppm 425 5 3 2 5
57 La ppm 25 3 20 2 5
58 Ce ppm 67 3 20 2 5
60 Nd ppm 28 10 20 2 5
62 Sm ppm 7.3 3 2 5
63 Eu ppm 1.2 3 5 5
64 Gd ppm 7.3 3 2
65 Tb ppm 1.1 10 5
66 Dy ppm 5.2 3 2
67 Ho ppm 1.5 5
68 Er ppm 3 2
69 Tm ppm 0.3 10
70 Vb ppm 3 3 2
71 Lu ppm 0.8 10 10
72 Ht ppm 3 5 2
73 Ta ppm 2 5 2
74 W ppm 1.5 20 5
79 Au ppb 1.8 100
81 TI ppm 0.5 5
82 Pb ppm 13 20 2 5
90 Th ppm 9.6 5 20 2
92 U ppm 2.7 10 50 2
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13 SUMMARY AND CONCLUSIONS

Redox conditions in and around a HLW repository in the geosphere could play a role in
retardation of relatively long-lived radioisotopes of elements such as U, Sn, Pd, Ni, Se,
Cs, Th, Pu, Tc. Reducing conditions are expected to result from redox buffering by host
rock (Fe(II), Corg , pyrite), backfill (siderite) and canister materials (steel). Radiolysis of
groundwater and air entrapment during construction may locally produce oxidising
conditions. Redox conditions are critical because the geochemical behaviour of many
elements is drastically dependent on their redox state. The prediction of the long-term
performance of a HLW or spent fuel repository therefore strongly depends on redox
conditions to be assumed. This report reviews the geochemistry and mineralogy of a
range of chemical elements with special emphasis on critical waste elements and
stable natural elements with similar geochemical behaviour (REE for Pu(III), Re for Tc)
in order to assess the characteristic behaviour of these elements at redox fronts.

The earth, including the atmosphere, is roughly divided into two redox realms: Un
weathered crustal, mantle and core materials comprising the vast majority of the
earth's mass are chemically reduced, mainly due to a predominance of Fe(O) and
Fe(II). Other major, but less abundant, redox elements such as Sand C at least par
tially occur in reduced forms. In contrast to this, oxidising conditions, with abundant free
oxygen resulting from biologically mediated photosynthesis, prevail at the earth's sur
face and in the atmosphere. Rocks and sediments having been exposed to these
oxidising conditions are entirely or partially equilibrated with the atmosphere, resulting
in a predominance of Fe(III), S(VI) and C(IV). With burial of such rocks, oxidants are
introduced to significant depths of the earth's crust.

Redox fronts are the contact zones between earth's oxidising and reducing environ
ments. In redox fronts, four main geochemical zones can be distinguished: The
oxidised zone (Ol) contains Fe(lIl) and/or Mn(IV) (hydr)oxides; the unmineralised
reduced zone (URl) is devoid of Fe-Mn oxides but contains no enrichments of redox
sensitive elements; the mineralised reduced zone (MRl) is the zone enriched in redox
sensitive elements and the primary reduced zone (PRl) corresponds to reduced rock
unaffected by redox reactions. A number of key properties determine the geometry and
mineralogy of redox fronts, most prominently the nature of reductants and oxidants
involved, the mode and rate of solute transport and reaction kinetics. Four modes of
redox front formation can then be distinguished:

I. Advective oxidation: Dissolved oxidant infiltrates solid reductant

11. Advective reduction: Dissolved reductant infiltrates solid oxidant

Ill. Counterdiffusion of oxidants and reductants

IV. Mixing: Mixing of fluids with different redox states

The MRl of redox fronts can be composed of several subzones resulting from the
spatially separated precipitation of redox-sensitive elements.

Redox fronts occur in many different situations including recent marine sediments, rock
weathering and a large variety of contact zones between buried oxidised rocks (red
beds) and reduced rocks. A classification of redox fronts is proposed that is based on
major environmental settings:
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Setting I includes marine redox fronts with all situations involving the interaction of
oxygenated seawater (enriched in redox-sensitive elements such as S, U, V, Mo, Re)
and reduced materials such as organic debris, basalt and hydrothermal sulphides.
Seawater is the major, homogeneous, well characterised oxidant in this type of redox
front.

Setting 11 includes all redox fronts in continental near-surface situations, including
normal rock weathering, weathering of sulphide-rich rocks, weathering and infiltration of
rocks rich in organic matter and similar situations. The main oxidant is oxygenated,
near-surface freshwater.

Setting III comprises deep redox fronts where no direct connection between the oxidant
reservoir (e.g. a red bed basin fill) and the atmosphere is discernible. Such redox fronts
may be active at depths of up to several kilometres. Accordingly, temperatures vary
from ambient to >200°C. The transition from diagenetic to hydrothermal settings is
gradual.

Setting IV includes all redox fronts formed through the activity of man. By making
available large surfaces of reduced rocks to the atmosphere and oxidising water, man
is a very active factor in the current development of redox fronts.

A search for high-quality geochemical data from redox fronts produced few sets of
reliable data comprising the majority of analogue-relevant elements because some of
the elements involved (Se, PGE, Sn) are not generally determined with good precision
during standard geochemical analysis. Although abundant hydrochemical data do exist
for U, the concentrations of most other PA-relevant elements in porewaters across
redox fronts are still poorly known.

The behaviour of PA-relevant elements in redox fronts as deduced from all available
sources is briefly summarised as:

Highly redox-sensitive are U, Pd and Se. These elements show systematic enrich
ments (MRZ) at the reduced side of redox fronts in a variety of different environments,
indicating that reducing conditions inhibit solute transport of these elements under most
natural low-temperature conditions. These elements are directly immobilised as a result
of reduction.

Ni is immobilised passively (through combination with sulphide, selenide or arsenide) at
some redox fronts, while other redox fronts lack evidence of Ni immobilisation. In the
case of the fossil meteorite Brunflo, strong mobilisation of Ni, even from the reduced
zone, has been observed. The behaviour of this element therefore appears to be quite
unpredictable.

The REE, possible chemical homologues for radioisotopes of trivalent Pu, show a
rather systematic but, compared with other elements, slight enrichment in reduced
environments (compared with URZ). Commonly, REE occur in U phases (probably due
to eo-precipitation) or as discrete phases such as xenotime.

The elements Sn, Cs, Th provide little evidence of mobility changes related to redox
fronts. A few reports of Sn anomalies in U-deposits do exist. It is unclear whether re
ports of Cs-enrichments in breccia-pipe U deposits are due to primary enrichment at a
redox front or to fixation in secondary alteration phases such as margaritasite (Cs



NAGRA NTB 99-05 122

analogue of carnotite). While most data demonstrate that Th is highly immobile at
redox fronts, a few apparently sound reports indicate at least some mobility.

Mo and Re, possible chemical homologues for Tc, are enriched in many reducing
environments where highly reducing conditions (presence of reactive organic matter,
metallic iron) were established, but are absent in moderately reducing environments
such as reduction spots.

Commonly, redox fronts exhibit complex element zonations due to precipitation of
redox-sensitive elements at different positions within a redox gradient and movement of
the redox front in some cases. Very generally, the sequence from oxidising to reducing
may be represented as follows: Cr-V-PGE-Au-Pb(nonsulphide)-Se-CuS-U-pyrite-CdS
PbS-ZnS.

Organic materials involved in redox fronts comprise kerogen, coal, humic material,
hydrocarbons, dissolved organic acids, and graphitic C. With the exception of the last,
all types of organic C are subject to low-temperature oxidation.

The mineralogy of redox fronts is extremely complex, accounting for a large fraction of
the known low-temperature minerals. Generally, pyrite-rich redox fronts are mineralogi
cally less complex than pyrite-free ones. A common feature of redox front minerals is
their extremely small grain size (in the order of a few microns).

Microbial involvement in redox fronts is common from near freezing up to about 110°C.
Microbial mediation of redox processes has been proven at several sites, including the
P090S de Caldas ore body in Brazil. However, clear criteria to recognise former micro
bial activity are missing, so the general importance of microbial activity in all observed
active and fossil redox fronts is uncertain.

A review of radiolysis in settings with naturally enhanced radioactivity (mainly uranium
deposits, including the natural fission reactors at Oklo) provides circumstantial evi
dence that radiolysis does occur under natural radioactivity levels, but generally it is
difficult to ascribe geochemical or mineralogical features to radiolysis with certainty.
The best evidence of actually occurring radiolysis comes from elevated H2 levels in
groundwaters within the Cigar Lake uranium deposit. Besides creating oxidising condi
tions, radiolysis of organic matter may produce reducing agents including potentially
chelating organic acids.

Within Nagra's investigation area for a HLW repository in Northern Switzerland and in
adjoining, geologically similar Southwest Germany, several types of redox fronts do
occur which are potential targets for analogue studies under geochemical conditions
close to a potential repository. Permian red beds, together with underlying oxidised
parts of the crystalline basement and the Triassic Buntsandstein, form a large body of
generally oxidised rocks containing enrichments of redox sensitive elements both in the
basement (e.g. B6ttstein) and in stratiform (Weiach) as well as local reducing environ
ments (reduction spots). The Lower Freshwater Molasse is another environment
characterised by facies-dependent redox environments and local accumulations of U.
Recent weathering is ubiquitous with good exposures of redox front phenomena occur
ring in Opalinus Clay pits.

This review allows the conclusion that at natural redox fronts the elements U,
Pd(+PGE) and Se are retarded due to reduction, Ni and the Tc homologues Mo and Re
are immoblised in certain cases, while no clear evidence for redox-related retardation
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of Cs and Th has been found. REE (Pu analogue) may be retarded due to eo
precipitation with U. While the evidence for U, Pd (and other PGE) and Se is quite
clear-cut, the behaviour of the other elements appears to be strongly dependent on
conditions largely unknown in natural settings. Trying to identify which type of natural
redox front most closely resembles a HLW situation is difficult. In terms of temperature,
deep (diagenetic) redox fronts probably come closest, but often the processes and
even the reductants and oxidants are poorly constrained. Near-surface redox fronts are
much better constrained in terms of physicochemical conditions, but temperatures
(ambient) are at the lower limit of those anticipated in a repository. Clearly, an ideal
natural redox analogue has not been found so far. The best mineralogical analogues
probably are extremely rare fossil meteorites in oxidised rocks, such as the Brunflo
(Sweden) chondrite. Given the variation seen in nature, it appears very difficult to
predict the geochemistry and mineralogy of a redox front potentially developing near a
HLW repository. Nevertheless, natural sites provide ample evidence that the majority of
redox-sensitive elements will precipitate when being transferred from a generally oxidi
sing to reducing environments controlled by metallic Fe, organic materials or pyrite.
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