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Red-brown sediments owing their colour to ferric oxyhydroxides (FeOx) are stratigraphically and globally widespread, and are
spectacularly developed in the Devonian and Permo-Triassic rocks of England and Wales. Red beds are the oxidized facies in
contrast to reduzate or black-shale facies, and within the former grey to green (‘bleached’) structures range from microscopic spots
to bedding-conformable arenaceous beds intercalated in massive red-brown mudstones and marls. An episodic and geochemically
complex origin of bleaching followed post-depositional aqueous acid dissolution of FeOx minerals and reduction of ferric
oxide in the reaction: 2FeCl3 + H2SO3 + H2O = 2FeCl2 + H2SO4 + 2HCl, resulting in a change from red-brown to green solutions.
Large-scale bleaching was related to that surrounding nodular concentrations of U,V,Cu,Fe,Co,Ni and Ag. Episodic hydrothermal
phases are invoked for both metallic mineral nucleation and subsequent bleaching, and may be related to post-Variscan
mid-Triassic Pb,Zn,Cu,Au,Ag,Mn and Ba mineralisation in SW England driven by regional extension, subsidence and faulting in the
Permo-Triassic basins. Later episodic mineralisation (130 and 60 Ma) perhaps related to the early opening of the North Atlantic,
may also have been involved in these hydrothermal processes. Although very localized small-scale reduction of FeOx may have
occurred through microbial processes, these were insignificant in the overall processes of FeOx reduction.
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INTRODUCTION
Early theories on the reduction of ferric oxyhydroxides in
red beds include that of Diller (1898) who invoked the action
of carbonic acid H2CO3 (from the decomposition of vegetable
matter) on limonite (Devonian, Virginia, USA) forming watersoluble carbonate of Fe2+ resulting in extensive Fe ore deposits.
Schreiber (1925) researching the haloes of V-bearing nodules,
reduced Fe(III) with solutions of vanadous oxides (V2+ions) in
vitro, although V is present (Perutz, 1939) as V3+and V5+ ions.
Pringle and George (1948) attributed bleached zones in the
Devonian (Old Red Sandstone) of South Wales to reduction or
solution of FeOx to an organic agency. Dewey and Eastwood
(1925) in their account of the basal Keuper stratiform Cu
deposits and associated bleached sandstones of Alderley Edge,
Cheshire attributed these to a reversal of depositional
conditions. In the Permian Kupferschiefer which extends from
NE England to Poland, Cu deposits are associated with reduced
FeOx and bituminous material, but also with veins and faults.
Dunham (1964) proposed an exhalative-sedimentary origin of
heavy metals in the Kupferschiefer.
Experimental research includes that of Cornell et al. (1974)
who dissolved goethite in 1M HCl at 40°C; Cr and Pb in the
lattice increased its stability against proton attack. Biochemical
research on FeOx in soils and sediments has shown the
reduction of ferric oxide by the dissimilatory reducing
bacterium Shewenella sp. (e.g. Bonneville et al., 2004; Lee et al.,
2007; Bose et al., 2009). Dissimilatory Fe3+-reducing bacteria
transform it to Fe2+ at the surface of an Fe oxide particle
affecting the mineral’s surface reactivity, altering its ability to
release or adsorb metal cations, nutrients and organic
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molecules. Lee et al. (2007) found that the bioreduction by
Shewenella sp. of poorly crystalline akaganeite produced
magnetite and siderite. Larsen and Postma (2001) found the
reductive dissolution of FeOx minerals decreased in the order:
lepidocrocite>ferrihydrite>goethite, while Bonneville et al. (2004)
confirmed that solubility of these minerals appeared to be
rate-controlled for both abiotic and enzymatic reduction of Fe3+.

GEOLOGICAL EVIDENCE OF BLEACHING OF
PERMO-TRIASSIC RED BEDS OF SOUTH DEVON
The detailed geology of the Exeter district, including the
coastal sections of particular interest here, is presented in the
British Geological Survey’s Exeter Memoir (Sheet 325) (Edwards
and Scrivener,1999) and the Newton Abbot Memoir (Sheet 339)
(Selwood et al., 1984). The sedimentology is detailed by
Henson (1971) and Selwood et al. (1984). The basal Triassic
Induan Aylesbeare Mudstone Group (formerly late Permian)
comprises the Exmouth Sandstones and Mudstones and are
succeeded by some 275 m of Littleham Mudstones. Thick largescale cross-bedded sandstone units stained reddish brown from
overlying mudstones, mark the bases of some five sequences
exposed in the cliff sections between the Maer at Exmouth and
Straight Point. Each massive sandstone unit is succeeded by
thick red-brown hematitic, dominantly illitic (subordinate
kaolinite and chlorite) mudstones and calcitic marls, with
intercalations of thinner pale grey to greenish sandstones and
siltstones (Figure 1a, c). These basal Triassic beds were
deposited under oxidizing tropical to sub-tropical semi-arid
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conditions, in an alluvial flood-plain basin with sequential
coarse over-bank deposition.
A primary syn-sedimentary
grey-green colour of the arenaceous beds seems unlikely in
view of the highly oxidizing conditions of deposition.
There is a general correlation between bleaching and
porosity/permeability in bedding-conformable units as well as
in a wide range of structures in the sandstones/siltstones. Sharp
contacts between red-brown marls and bleached structures are
common (Figure 1 a, c) indicating rapid aqueous acidic
alteration. One example (Figure 1b) shows a marked bleached
zone nearly normal to bedding and simulating a sandstone
dyke. This sandstone unit appears to be texturally and
structurally uniform. There is no obvious explanation for this
selective bleaching, although the now- removed counterpart to
this section may well have been fractured. A bleached ~ 20 cm
thick conformably bedded sandstone (Figure 1c) is affected by
a minor normal fault along which stringers (<5 cm wide) of
grey-green silty clay extend into adjacent red-brown silty marl
in blebby structures (Figure 1d). Fallen masses of basal
sandstone units mainly around [SY 025 796] show only vestiges

of ferric oxide staining, any primary bleaching having been
accelerated through atmospheric and marine (principally
physical) weathering.

METALLIFEROUS

NODULES AND HALOES

Many accounts of U, V, Cu, Fe, Co, Ni, Ag-bearing nodules,
which are particularly prominent in the faulted cliff section of
Littleham Mudstones near Littleham Cove [SY 040 803], include
those by Carter (1931), Perutz (1939), Tandy (1973, 1974),
Harrison (1975), Durrance and George (1976), Nancarrow (1985),
Hofmann (1991) and Bateson and Johnson (1992). Smaller and
sparser bleached spheroids devoid of, or rarely containing
metallic elements, occur up to 16 km N of this coastal section,
and occur widely elsewhere in Devonian and Permo-Triassic
red beds at outcrop and in deep borehole cores. Selwood et al.
(1984) attributed small reduction spheroids in the Exmouth
Sandstones and Mudstones to possible original local organic
material; these rarer and smaller nodules may in places contain
traces of malachite and V bearing minerals. The morphology of
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Figure 1. Reduction of ferric oxyhydroxides. (a) Exposure at base of cliff below High Land of Orcombe (SY 028 797) showing a selectively
bleached siltstone bed, 10 cm thick, with sharp upper and lower contacts against red-brown laminated mudstone. (b) Fallen block at the
High Land of Orcombe, showing a bleached "dyke"-like reduction zone making relatively sharp contacts with red-brown clayey siltstone,
and passing down into bedding-conformable bleached siltstone. (c) Base of cliff below High Land of Orcombe (SY 026 796) showing a
bedding-conformable bleached sandstone unit ~20 cm thick in massive red-brown mudstones. These are cut by a small normal fault along
which a later generation of bleaching is shown by stringers of grey siltstone. (d) Close-up of the fault-related bleached stronger in (c)
showing rounded extensions into adjacent mudstone
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the dark, metallic element enriched nodules is reflected in that
of their bleached haloes. Perutz (1939) concluded that the
haloes were not contemporaneous with the metallic cores, but
formed later by physical-chemical agents stemming from them,
particularly to nuclear radiation from U-minerals. Experimental
irradiation of red marl (Cook in Harrison, 1975) at a dose rate
of 5 megarontgens/hr over 7 days caused only slight bleaching.
The absence of concentrated radioactive minerals in bleached
sandstones also rules out nuclear radiation as a cause of FeOx
reduction. Chemical analyses of bleached nodule haloes and
enclosing red marl (Perutz, 1939) and XRF analyses, showed
few significant differences except for two specimens with
respectively: Fe2O3 5.88, 4.23 wt% (red marl) and 2.11, 1.63 wt%
Fe2O3 (haloes), with SiO2 and CaO balancing the Fe2O3 loss.

DISCUSSION

AND CONCLUSIONS

In general, there is an association between bleaching and
porosity/permeability of the red sediments, and microscopically
sharp contacts in places between bleached structures and
adjacent red mudstones. This evidence strongly indicates postdepositional percolation of acid aqueous solutions dissolving
FeOx phases, perhaps involving H2SO3 in the reaction: 2FeCl3
+ H2SO3 + H2O = 2 FeCl2 + HSO4 + 2HCl, reducing brown ferric
to green ferrous solutions, with subsequent precipitation of
ferrous-bearing phases. At least two phases of bleaching
indicate episodic hydrothermal activity related also to
the nucleation and deposition of metallic elements in the
nodules. This evidence may be placed in the wider context
of post-Variscan hydrothermal Pb-Zn-Cu-Au-Ag-Mn and
Ba mineralisation in southwest and central England (Scrivener
et al., 1994, Shepherd et al., 2005). Geological structural and
geochemical evidence (including 87Sr/86Sr and stable isotope
analyses of ore-associated fluid inclusions in vein- quartz and
carbonate gangue), indicate a mid-Triassic (~239 Ma) age of
mineralisation in Permo-Triassic basins onshore and in the
English Channel. Highly saline CaCl brines were generated in
the lower parts of Permo-Triassic basins driven by controlled
subsidence and fracturing during regional extension-driven
faulting.
Additional episodic mineralisation events in southwest
England are shown by U-series isotopic age determinations
(Pockley, 1964) at 130 and 60 Ma, and a wider extrapolation
may relate to the early opening of the North Atlantic. One local
source of ferric oxide to the red beds may have been
denudation of the locally voluminous Fe3-rich (< 13 wt% Fe2O3)
290 Ma (basal Permian) olivine basalts and lamprophyres.
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