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ABSTRACT

Preservation and taphonomy of the fossils of the Herefordshire
(Silurian) Konservat-Lagerstatte

David Anthony Riley

The Herefordshire Lagerstétte represents a fully marine Silurian ecosystem,
three dimensionally soft-bodied fossils, preserved by sparry calcite, which are recovered
from carbonate concretions. Although, a taphonomic model exists it does not determine
the pathways that led to their preservation, nor has it been tested on the other taxa
recovered from the Lagerstatte. X-ray fluorescence (XRF) analysis indicates the
sediment originated from an andesitic volcano from a destructive plate margin. Field
relationships suggest that the bed was deposited from either a turbidity current or debris
flow. Given the highly reactive nature of the volcanic ash, the cation exchanges that
occur provide a mechanism for supersaturating the pore-fluid with carbonates.
Examination of the four common taxa; Offacolus kingi (arthropod), Tanazios dokeron
(arthropod), Kenostrychus clementsi (polychaete worm) and Acaenoplax hayae
(mollusc), indicates a similar pathway of preservation. Energy-dispersive X-ray
spectroscopy (EDX) identifies the only impurity within the fossil calcite is manganese;
in comparison the concretion carbonates contain a variety of different cations.
Therefore, the fossils and the concretions are the result of different processes, which
were not coeval.

Comparing the preservation Kenostrychus clementsi (polychaete) against
experimental work indicates that preservation occurred within 6 days and rules out the
occurrence of a void stage as previously thought. In addition, it also suggests that
preservation was either instantaneous or there must have been an intermediate “medusa”
stage that preserved the tissue prior to templating. Electron microprobe analysis
(EMPA) data indicate that the clay minerals that precipitated around the decaying
animal were templating the organic matter. To precipitate the sparry calcite without the
void stage, an hypothesis is proposed in which the sparry calcite nucleates and grows
through the soft tissues. Isotopic data indicates that the concretions are not produced by
organic matter decay. This is supported by the lack of correlation between the
concretion and the fossil and the occurrence of barren concretions. Radial variation in
the mineralogy, chemistry and isotopic ratios support the hypothesis that these
concretions grew concentrically around a non-organic nucleus. These exceptional
conditions may account for a preservation style that is so far unique to this single
exposure.
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CHAPTER 1: INTRODUCTION

INTRODUCTION

The science of taphonomy examines the physical, chemical and biological processes
that affect an organism after death until the point of fossilisation. The word taphonomy
comes from the Greek taphos, ‘burial’ and nomos ‘law’ and literally means ‘study of the
grave’. On death all organisms begin to decay by autolysis, in which the cells go
through a ‘self-destruct’ process making the cell structures more amenable to
decomposition by microorganisms. The decomposition of an organism is usually a rapid
event; the fossilisation process is paramount in retarding the full process of decay. Soft
tissues such as guts and muscle are most susceptible to decay, but are in some cases
replaced rapidly by authigenic mineral formation as in the case of the fossils of the
Cretaceous Santana Formation Konservat Lagerstatte, Brazil (Martill, 1988).

The Herefordshire (Silurian) Konservat Lagerstatte (Briggs et al., 1996; 2008)
occurs in the late Wenlock Series of the Welsh Borderlands and it is found at a single

locality in the county of Herefordshire, England (Fig. 1.1).

Pridoli
Ludfordian
Ludlow =
c Gorstian
2 Homeria
5| Wenlock
1) Sheinwoodian
Telychain
Llandovery| Aeronian
Rhuddanian

Figure 1.1: Location of Herefordshire and the stratigraphy of the Silurian with the age of the
Herefordshire Lagerstétte marked

The Lagerstatte contains three-dimensionally (3-D) preserved soft-bodied
organisms within calcareous concretions in a volcanic ash, but there is very little

distinguishable soft tissue or cuticle seen within the fossils. The base of the exposed
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succession comprises the Dolyhir-Nash Scar Limestone Formation that is dominated by
algal colonies (Bassett, 1974). Overlying the Dolyhir-Nash Scar Limestone Formation
is the Coalbrookdale Formation, which comprises a sequence of thinly-bedded nodular
dark shales, approximately 300m in thickness. The Herefordshire Lagerstatte occurs as
a lens and is entirely within the Coalbrookdale Formation. Microfossil and graptolitic
evidence indicates a late Sheinwoodian stage to early Homerian stage stratigraphic

range (Fig. 1.1), giving an approximate age of 425 million years (Siveter et al., 2007d).

AIMS AND OBJECTIVES OF THIS THESIS

The Herefordshire deposit represents a rare Silurian Lagerstatte (Briggs et al.,
1996). There have been many papers detailing the three—dimensionally preserved
invertebrate fossils including a polychaete worm (Sutton et al., 2001c), a chelicerate
(Orr et al., 2000Db), ostracods (Siveter et al. 2003, 2007c, 2010), a pycnogonid (Siveter
et al., 2004), a barnacle (Briggs et al., 2005), a crustacean (Siveter et al., 2007a), a
marrellomorph (Siveter et al., 2007b), a lophophorate (Sutton et al., 2011), a mollusc
(Sutton et al., 2001a, 2001b), a gastropod (Sutton et al. 2006), and a brachiopod (Sutton
et al., 2005). However, little has been done to elucidate the taphonomy and the
geochemical pathways of preservation of the fossils of the Lagerstatte. A pilot study
that addressed the taphonomy of a single arthropod species, Offacolus kingi, was
undertaken by Orr et al. (2000a) and is the current published taphonomic model for the
biota.

Elucidation of the taphonomy of the other animals in the biota and chemical
analysis of the host sediment and carbonate concretions remains to be undertaken. Such
analyses are critical in order to assess the paragenetic sequence of authigenic minerals

and the potential source of the ion(s) responsible for the preservation of the fossils.
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Geochemical fingerprinting of the bentonite itself by the use of immobile
elements should indicate the type of volcanism responsible for the deposit, a possible
provenance and may help to determine why this style of exceptional preservation is only
recovered from a single locality. Assessing the possible species specific modes of
fossilization will inform on any preservational bias within the deposit and aid
morphological reconstruction of the animals themselves and help understand the
completeness, or otherwise of a Silurian ecosystem.

The aim of this research is to study the modes of preservation and the pathways
of fossilisation of the Herefordshire biota. The key objectives of this project are to:

1. document the elemental and mineralogical distributions, mineral textures and
fabrics of the different minerals across a range of taxa and determine the
paragenetic sequence of authigenic mineral formation;

2. determine the potential source of the ion(s) responsible for the preservation
of the fossils;

3. ascertain any species specific preservation and establish any preservational
bias within the deposit;

4. document the size, shape and stratigraphic distribution of the nodules within
the host deposit;

5. determine the chemistry of the minerals within the host bentonite in order to
evaluate its source and the extent to which the nature of the volcanic ash
contributed to the exceptional preservation;

6. undertake stable isotope, mineralogical and other chemical analyses of the
carbonate concretions and the host sediment in order to determine the

processes of concretion formation;
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7. reconstruct the local environment of deposition pertaining to the preservation

of the Herefordshire Lagerstatte.

MATERIAL

This study has used samples of fossil material, carbonate concretions and host
sediment have been analysed. Some concretions and fossils were collected by the author
from the field site. However, the majority of the fossils and concretions that were
subject to destructive and non-destructive analysis were provided by Professor Derek J.
Siveter, Oxford University Museum of Natural History, where the entire collection of
fossils and concretions of the Herefordshire Lagerstétte is housed. The bulk of this
material was collected by Professors David Siveter, Derek Siveter, Derek Briggs and Dr
Mark Sutton during their initial field studies at the site.

Material that was collected by the author from the field site in Herefordshire is
identified by the prefix “DAR”. The material provided by Oxford University Museum
of Natural History is identified with the prefix “OUM C.”. Some data tables also
contain references to “LF” numbers; these are University of Leicester Department of
Geology fusion bead numbers. Material from Oxford University Museum of Natural

History forms the basis of polished thin sections for analysis.

CURRENT TAPHONOMIC MODEL FOR THE HEREFORDSHIRE
LAGERSTATTE
The current published taphonomic model for the Herefordshire Lagerstatte
focuses on studies of the arthropod Offacolus kingi. (Orr et al., 2000a). The taphonomic
pathway begins with the entombment of the biota within a fine grained ash (Fig. 1.1a).

Decay products then leak into the surrounding matrix and through the newly established
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chemical gradients clay minerals accumulate in the pore space adjacent to the carcass
and calcium phosphate precipitates authigenically in the gut traces (Fig. 1.1b).
Complete decay of the organic matter results in an external mould (Fig. 1.1c).
Precipitation of the sparry calcite within the void generates a cast of the animal and at
this point it is also suggested, tentatively, that the fossils were incorporated into the
carbonate concretion (Fig. 1.1d). The final stage is the formation of dolomite rhombs

adjacent to the clays and calcite crystals (Fig. 1.1e).
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Figure 1.1: Prevailing taphonomic model of the Herefordshire Lagerstatte based on the
arthropod O. kingi (after Orr et al., 2000a)
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VOLCANISM AND THE FOSSIL RECORD

There is an established link between the occurrence of volcanic activity and the
preservation of fossils (Table 1.1), including some recognised Lagerstétten. Volcanic
deposits have several characteristics that help enable fossilisation, fine grained
volcaniclastic deposits provide a kill mechanism for the fauna, limits the effect of
scavengers, and offer fine grained sediment to encase the carcasses and preserve the
details in high fidelity of the animal. Such deposits are also very chemically reactive
and through fall deposits or associated hydrothermal activity are able to alter the
geochemistry of the environment to preserve the biota (Park, 1995; Mustoe, 2008). The
majority of known fossil-associated volcanic deposits occur throughout the Cenozoic,
although there are examples within the Cretaceous, Jurassic, Devonian and the Silurian.
Such deposits occur in a range of sedimentary environments including terrestrial,
lacustrine and marine. They also exhibit different styles of fossil preservation: for
example trace fossils in the Laetoli site of Tanzania (Hay & Leakey, 1982), skeletal
remains in the Ashfall Fossil Beds of Nebraska (Rose et al., 2003), and 3-D soft bodied

fossils in the Herefordshire Lagerstatte.

Table 1.1: Volcanic activity and associated fossil finds

Nature of
Name Fossils Age Country Reference
Volcanism
Pyroclastic Recent Guarino et al.
Pompeii Homo sapiens Italy
flows 79AD (2006)
Clark et al.
Australopithecines,
Bouri Bentonitic (2003); de
Homo fossils, bones Pleistocene Ethiopia
Formation tuffs Heinzelin et
of large mammals
al. (1999)
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Laetoli

James Ross
Island Volcanic

Group

Rusinga Island

Barstow
Formation
Ashfall Fossil
Beds
Tinguiririca
fauna

The Princeton

Cherts

Florissant

Fossil Beds

Clarno

Formation

Fur Formation

Santa Marta

Formation

Jehol Biota

Homo footprints

Echinoderms, trace

fossils

Mammals

Insects, arachnids

Mammals

Mammals

Plants

Petrified redwoods,

insects, plants

Mammals,

flowering plants

Insects, fish, birds,

reptiles, plants

Microfossils,
invertebrates, fish
Bivalves, ostracods,

insects, mammals,

Volcanic ash

Tuff

Volcanic ash

Volcanic
springs
Volcanic ash
fall
Volcanic
mudflows and

ash layers

Volcanic ash

Volcanic ash

Volcanic ash

Volcanic ash

Tuff derived

deposits

Volcanic ash

Plio-
Tanzania
Pleistocene
James Ross
Late
Island
Miocene
Antarctic
Miocene Kenya
USA Barstow
Miocene
California
USA
Miocene
Nebraska
Oligocene Chile
British
Eocene
Columbia
USA Teller
Eocene County
Colorado
USA John
Eocene Day River
Basin Oregon
Palaeocene -
Eocene Denmark
boundary
Late
Antarctica
Cretaceous
Late Jurassic
China

- early

Hay & Leakey

(1982)

Williams et al.

(2006)

Harrison

(1981)

Park (1995)

Rose et al.

(2003)

Flynn et al.

(2007)

Stockey

(2001)

Mustoe (2008)

Retallack
(2004);
Manchester

(1994)

Dyke et al.

(2004)

Olivero (2007)

Zhonghe et al.

(2003)
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fish Cretaceous
Volcanic New Zealand
Curio Bay Ancient conifers Jurassic Pole (2001)
mudflows Southland
Old Red Lower UK, SW Marriott et al.
Trace fossils Tuffs
Sandstone Devonian Wales (2009)
Range of
UK This study;
Herefordshire invertebrates,
Volcanic ash Mid Silurian  Herefordshire Orr et al.
Lagerstatte especially
England (2000a)
arthropods

FOSSILS AND CONCRETIONS

The fossils of the Herefordshire Lagerstitte are recovered from spherical
carbonate concretions. A check of the literature will illustrate the ambiguity between the
use of the terms concretion and nodule. Concretion is a term given to spherical bodies
that are primary and precipitate within the pore space. Nodules however are
replacement bodies and therefore the term concretion will be used consistently
throughout this study. The timing of formation of the concretions is uncertain. The
preservation of 3-D soft bodied fossils (Orr et al., 2000a) and deformation of lamination
in and around the concretions (Raiswell, 1971) implies rapid formation. However, a
study carried out by Al-Agha et al. (1995), indicates that concretion development can be
much slower.

Concretions usually form at the sediment-water interface during early diagenesis
(Raiswell & Fisher, 2000). Apart from potentially aiding fossilisation their formation
also dramatically increases the long-term preservation potential of a fossil by, for
example, reducing the effects of diagenesis, weathering and compaction. There is a

documented association between the occurrence of carbonate concretions and
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Lagerstatten. The Lagerstatte associated with carbonate concretions however,
demonstrate significant variation in the composition of the carbonate and the shape of
the concretions. For example, the late Palaeozoic Mazon Creek Lagerstatte contains a
diverse flora and fauna recovered from sideritic concretions formed within a estuarine
environment that experienced fresh water influxes (Baird et al., 1985). This variation in
the carbonate mineral reflects the environment of formation; the fresh water influxes
contain no dissolved sulphates. The lack of dissolved sulphates leaves the available Fe**
to react with carbonate forming siderite instead of pyrite (Mozley, 1989).

The shape of the concretions can be influenced by the organism that is being
preserved. For example, in the Cretaceous Santana Formation Lagerstétte of Brazil fish
fossils are preserved within calcium carbonate concretions, which have taken on the

shape of the entombed fish (Martill, 1988).

STRUCTURE OF THE THESIS
This thesis consists of 5 chapters of which 3 are in the form of manuscripts for

publication.

Chapter 2 Nature, provenance and emplacement of the host deposits of the
Herefordshire Lagerstétte.

This chapter details the geochemical characteristics of the host volcanic deposit. Trace
element geochemistry is used to identify the original source composition, the geo-
tectonic setting and possible source region(s) for the deposit, comment on the method of
emplacement and suggest the effect of the volcanic deposit on the taphonomic pathway

of the fossils.
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Chapter 3 Taphonomy of the Herefordshire (Silurian) Lagerstitte. This chapter
evaluates differences in preservational style between some common faunal elements
and presents a new detailed taphonomic model of the Herefordshire Lagerstétte. This

chapter is formatted in the style of Palaios.

Chapter 4 Isotope analysis and the mechanism of concretion formation within the
Herefordshire Lagerstatte. This chapter elucidates the mechanism of concretion

formation, based in part on newly acquired isotopic data.

Chapter 5 Summary and conclusions of the taphonomic model and suggestions for

further work.

10
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NATURE, PROVENANCE, AND EMPLACEMENT OF THE HOST DEPOSIT

OF THE HEREFORDSHIRE LAGERSTATTE (SILURIAN), UK

Chapter Abstract: The Herefordshire Konservat Lagerstatte (late Wenlock Epoch,
Silurian) represents one of the most important Lagerstatte in the world, providing a
rare glimpse into a Silurian marine ecosystem. X-ray fluorescence (XRF) geochemistry
demonstrates the volcanic origin of the Lagerstatte host sediment, a bentonite,
identifying the source as an andesitic eruption on a destructive plate margin. Depletion
within the bentonite of calcium, magnesium, iron and manganese, and their enrichment
within the exceptional fossil-bearing carbonate concretions support the hypothesis that
these elements were principally supplied by the volcanic ash. The bentonite host is
geochemically similar to the approximately coeval volcanic rocks of the late Wenlock
Mendip Hills, Somerset, and the Dingle Peninsula, South West Ireland, suggesting two

possible source areas.

The Herefordshire Konservat Lagerstitte provides a rare ‘window’ into a
Silurian marine ecosystem by preserving a range of soft bodied invertebrate fossils
including a polychaete worm (Sutton et al., 2001c), a chelicerate (Orr et al., 2000b),
ostracods (Siveter et al., 2003, 2007c, 2010), a pycnogonid (Siveter et al., 2004), a
barnacle (Briggs et al., 2005), a crustacean (Siveter et al. 2007a), a marrellomorph
(Siveter et al., 2007b), a lophophorate (Sutton et al., 2011), a mollusc (Sutton et al.,
2001a, 2001b), a gastropod (Sutton et al. 2006), and a brachiopod (Sutton et al., 2005).

The fossils are three-dimensional and are composed of a calcite infill within carbonate

11
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concretions, hosted within a fine-grained bentonite (Briggs et al., 1996; Orr et al.,
2000a).

Orr et al. (2000a) established a taphonomic model describing the preservational
pathway for a single taxon, the arthropod Offacolus kingi, from the Herefordshire
Lagerstatte. In the Orr et al. (2000a) model the biota was entombed within a volcanic
ash fall. Decay products were released from the carcasses into the surrounding pore
fluid, establishing chemical gradients, which promoted the diffusion of cations. Clay
minerals accumulated, either as new precipitates or as existing particulates in the pore
spaces immediately adjacent to the fossil, and were at least in part thought to be
possibly responsible for retention of the three dimensional void left by the decayed
carcass prior to the precipitation of the calcite in the external mould. At the same time,
carbonate concretions grew around the fossils.

Whilst this model considered aspects of fossil preservation and concretion
formation, it did not include analysis of the host sediment. This is vital to understanding
the conditions that resulted in the exceptional preservation within the Herefordshire
Lagerstatte. Here, for the first time, this study will characterise the host sediment
geochemically, try to determine its original composition and suggest a possible
provenance for the ash. Furthermore, this study will demonstrate that the composition
and emplacement mechanism of the ash may have been crucial to the unique

preservational mode of this Lagerstétte.

GEOLOGICAL SETTING
The host bentonite was deposited on an outer shelf environment (Briggs et al.,
1996). The sediments, which typically furnished the sedimentary basin, comprised

turbiditic sands and shelly, graptolitic, muds/silts (Fig 2.1). The turbiditic sands were

12



CHAPTER 2: GEOCHEMISTRY OF THE HOST BENTONITE

periodically sourced from the landmasses to the south. Two volcanic centres were
present in the area; these were the Mendip Hills to the South and the Dingle Peninsula

to the West (Fig 2.1).

/ ~ .
F ?0ff-shelf

@[L) /. ¥ 5 .
P Dingle Peninsula { / facies?

arbonate

helf

Pretannia ~ Mendip Hills
Muds (Graptolitic) Shelly and graptolitic mud/silt
I Shallow carbonates B Sands (turbidites)

[~} Land Mass and MS Menai Strait
———'possible shoreline
* Herefordshire Lagerstatte T Tywi Fault system

P Pontesford
CS Church Stretton

** Volcanic centre
o Sediment transport

Figure 2.1: Palaeogeography for southern Britain in the late Wenlock. (modified after Siveter et
al. 1989).

The bentonite hosting the Lagerstatte is exposed in a quarry in the county of
Herefordshire in the central Welsh Borderlands. The base of the exposed succession of
the Herefordshire Lagerstatte comprises the Dolyhir-Nash Scar Limestone Formation, a
deposit dominated by algal colonies (Bassett, 1974). The overlying Coalbrookdale
Formation, comprises a sequence of thinly bedded nodular dark shales, which regionally
are approximately 300 m thick. The bentonite occurs entirely within the Coalbrookdale
Formation with which it has sharp lower and upper contacts (Fig. 2.2). Based on the
radiolarian fauna, the Coalbrookdale Formation here is of late Sheinwoodian to early

Homerian age (see Siveter et al., 2007d)

13
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Thickness (m)
Grain Size

Coalbrookdale Formation Lithology

F
M

Fine grained silt/mudstone, laminated and very fissile.
Trilobite hash at the base. Within the deposit calcareous
concretions preserve trilobites. No soft tissues are
preserved.

Coalbrookdale Formation

Blue/grey which weathers to light brown. Spherical to

sub-spherical concretions with no preferred orientation.

No bedding and laminations not visible. Calcareous

concretions occur throughout the deposit, although these

gre Iarigt;er and in greater frequency near the top of the
eposit.

I Bentonite
Bentonite

Very well cemented. Criss-crossed
with later calcite veining.

No internal structures visible. No
concretions.

Coalbrookdale Formation

Siltymudstone; laminated and fissile with .
no fossils and no concretions. Coalbrookdale Formation

Key . Trilobite ¢ Concretions & Concretions with exceptionally preserved biota

Dolyhir-Nash Scar Limestone Formation === Coalbrookdale Shale Formation =—— Herefordshire Bentonite (clay grade)

> Herefordshire Bentonite (silt grade)

Figure 2.2: Sedimentary log of the host bentonite of the Herefordshire Lagerstétte and its
position within the local lithostratigraphy. Arrow indicates concretions.

The base of the bentonite lies about 10 cm above the boundary between the Dolyhir-
Nash Scar Limestone Formation and the Coalbrookdale Formation. A series of minor
extensional faults (throw approximately 0.5 m) cut the upper contact of the bentonite.
The bentonite extends approximately 40 metres laterally with a maximum
thickness of one metre. Its singular occurrence and limited lateral extent has been
attributed to being deposited on an undulating sea floor in an outer shelf environment
(Briggs et al., 1996). However, the west contact of the host bentonite is a normal fault
which has down thrown the host bentonite and the Coalbrookdale Formation against the
Dolyhir-Nash Scar Limestone Formation, and the east contact has yet to be established.
Therefore, it is worth considering that there has been a tectonic control on the
distribution, and possibly on its thickness. The bentonite has been heavily weathered to
a light brown colour. Concretions occur throughout the bentonite. Although, they

appear to be slightly larger and more abundant in the thickest and central part of the
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outcrop, within the top 30 cm (Fig. 2.3), a statistical test carried out on the spatial
distribution of the concretions within the host bentonite (Chapter 4) indicates that the

concretions are distributed randomly within the host deposit.

Figure 2.3: Image of the Herefordshire bentonite with concretions (painted blue), geological
hammer is 28cm in length. (Photo David Siveter, August 1997).

The concretions are rounded to sub-rounded and are 5 mm to 200 mm in
diameter. Only about 1 in 3 concretions contain fossils within them, but where they do
occur the fossils are rarely found at the centre of the concretions. The concretions
recovered are either completely weathered throughout and are a dull brown colour;
some larger concretions (usually > 80 mm in diameter) are weathered on the outside but
preserve a blue-grey unweathered heart (Fig. 2.4), and other concretions are completely

unweathered.
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Figure 2.4: Example of the concretions and fossils recovered from the Herefordshire
Lagerstatte. (A) Larger, partly weathered concretion with blue heart preserved; scale bar: 1 cm.
(B) Smaller concretion, weathered through with a fossil at the centre; scale bar: 1 cm. (C) Fossil
Offacolus kingi from B (OUM C.31314); scale bar: 3 mm.

MATERIALS AND ANALYTICAL METHODS

Thirteen samples of the bentonite and one concretion (11.5 cm in diameter 75
cm from the base of the bentonite) were collected from the exposure. The unweathered
blue heart of the concretion was separated from the outer, buff-coloured, weathered
material and both prepared for analyses. All the samples were dried and milled in a
Retsch PM 400 Planetary Ball mill for 20 minutes at 260 rpm.

X-Ray Diffraction (XRD) analysis was conducted on a Phillips model PW1732
X-ray generator, with a PW1716 diffractometer and PW 1050/25 detector controlled by
a PW1710 linked to a PC (Department of Geology, University of Leicester). A copper
anode was used, with current conditions of 40 kV and 30 mA. Samples were scanned
from 4° to 64° 20 and at a step size of 0.02° 26 at a speed of 1° /min. Angle calibration
was by a synthetic silicon sintered standard. The scans were processed using GBC
Scientific’s Trace V6.7.13 software. XRD analysis was conducted on both whole rock

and < 2um fractions.
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X-Ray Fluorescence (XRF) analysis was conducted on a PANalytical PW 4400
Axios Advanced X-Ray Fluorescence spectrometer (Department of Geology, University
of Leicester), with a 4Kw Rhodium (Rh) anode and a PC running PANalytical SuperQ
software. Major elements were measured from fusion beads, while the trace elements
were measured from 32 mm diameter pressed powder pellets (see Appendix A & B).

For petrographic analysis, samples were stabilised with epoxy resin before being
prepared as standard, polished, uncovered thin sections. Thin sections were then carbon-
coated prior to examination on a Hitachi S-3600N Environmental Scanning Electron
Microscope (SEM), with an Oxford INCA 350 Energy-dispersive X-ray spectroscopy
(EDX) system (Department of Geology, University of Leicester). The SEM was
operated with a voltage of 15kV. Elemental mapping, point-and-ID chemical analyses
were standardised against cobalt (99.99% pure sample). SEM Point-and-1D analysis is
only semi-quantitative, but the extremely fine-grained nature of the sediment prevents
meaningful analysis by electron microprobe. The EDX point-and-ID is able to resolve

the compositions of silicates and carbonates in very fine-grained sediments.

COMPOSITION OF THE HOST BENTONITE

Petrology of the host bentonite
Whole rock XRD analysis of the host sediment samples indicated that
quartz and clay minerals predominate, with two samples containing a minor trace of
calcite. Analysis of the <2um fraction showed the dominant clay species to be illite;
there are also minor occurrences of smectite, kaolinite and chlorite. Mixed layer Illite-
smectite inter-layering is only present within three of the samples analysed.
A quantitative list of minerals present (Appendix C) has been normalised from

the XRF and XRD data. Normalisation of the data is a method which assigns a
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particular element to a mineral that has been identified by XRD; from this, the
percentage of the mineral is then calculated. Within all samples, clay minerals and
quartz are the dominant phases.

Polished thin sections from the thirteen sediment samples were examined using
the SEM and EDX analysis (see Appendix D for data). As evident from the Si-Ca-Al
plot (Fig. 2.5A), the matrix of the bentonite is dominated by clay minerals and quartz,
which concurs with the XRD data. There are also a few occurrences of calcium-rich
minerals, which represent either calcium phosphate or calcium carbonate. Plotting the
analyses rich in calcium on an Mg+Fe-Ca-P plot indicates a varying range of carbonate
minerals present within the bentonite and also confirms the presence of apatite within
the samples (Fig. 2.5B). Analyses with calcium percentages of 40 to 60 and
iron/magnesium content of 40 to 60 represent ankerites (CaFe*osMgosMn®*5.1(COs),)
or dolomites (CaMg(CO3),), while minerals with a higher proportion of calcium
represent calcites (CaCQOgz). There is also a significant proportion of iron hydroxide
within the samples as evident from the point-and-ID analyses (Fig. 2.5B). Iron
hydroxide would account for the deposit’s weathered brown buff colour, and commonly
occurs as a coating around other grains. Minerals with a phosphorus content of between
40 and 50 percent represent analyses of calcium phosphates. Data were also plotted on
the Velde and Meunier (1987) clay diagram (Fig. 2.5C) and this confirms the XRD

analysis that the clay minerals present include kaolinite, illite, and chlorite.
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Figure 2.5: Triangular discrimination diagrams (A) Si-Ca-Al plot with fields for quartz, clay
minerals, and carbonates. (B) Mg+Fe-Ca-P plot with fields for calcite, dolomite and calcium
phosphate. (C) Velde and Meunier (1987) diagram for clay minerals with fields for kaolinite,

illite and chlorite.

SEM backscatter analysis of the bentonite reveals a fine-grained matrix of

interlocking quartz and clay minerals (Fig. 2.6A). In addition, there is also a minor

occurrence of pyrite crystals; these may occur either as clusters of crystals, framboids or

as isolated crystals. Coatings of iron hydroxide are also present along the grain
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boundaries of some of the minerals (ih in Fig. 2.6A). Pyrite occurs in a variety of sizes
(from 3 um to >50 um) as cubes (Fig. 2.6B), octahedra and, more rarely, spherulites.
All the pyrite crystals examined also show iron and sulphur enriched cores (A in Fig
2.6B) relative to rims depleted in sulphur; Gabbott et al. (2004) observed similar
features in the fossils of the Chengjang (Cambrian) Lagerstatte from China and inferred
the loss of sulphur to be a result of the alteration of pyrite crystals to iron oxides. This
conclusion is also supported by the work of Rimstidt and Vaughan (2003), who
demonstrated that during the weathering of pyrite, sulphur is oxidised, and as a result
sulphur and iron(11) are released from the mineral lattice into solution. Ankerite crystals
and the pyrite crystals (B in Fig. 2.6B) show ragged edges. This morphology can be
accounted for either by pore fluid undersaturation during precipitation causing the
mineral to redissolve into solution (Hall & Cullen, 1996; Geeslin & Chafetz, 1982), or

by later weathering.

Figure 2.6: SEM backscatter image of bentonite matrix and pyrite crystals. (A) Fine grained
matrix of interlocking clay minerals (cl) and quartz (gz); minor occurrences of pyrite crystals
(py) and iron hydroxide (ih); scale: 50 um. (B) Isolated cubic pyrite showing extremely ragged
edges and variable iron content from centre (lighter grey) to the margin (darker grey); scale: 50
pm.

Some of the quartz within the bentonite is in the form of euhedral hexagonal
crystals with straight edges (Fig. 2.7A), while other crystals demonstrate anhedral

crystal habits with rounded edges (Fig. 2.7B). These different habits exhibited by the
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quartz crystals represent their having different origins; the first originates from a
volcanic source, whilst the latter has a detrital source (Dai et al., 2008). In addition,
euhedral, titanium rich minerals have also been found within the bentonite (Fig. 2.7C),
as confirmed by EDX analysis (Fig. 2.7D) these are thought to be either rutile or

anatase.
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Figure 2.7: (A) Hexagonal quartz recovered from the bentonite; scale bar: 40um. (B) Anhedral
style quartz; scale bar: 20um. (C): Euhedral titanium rich mineral; scale bar: 20um. (D) EDX
analysis of euhedral mineral shown in (C); note the prominent titanium peaks.

XRF and geochemistry of the host bentonite

Major and trace elemental analyses were conducted on all samples (Appendix
E). Elements that remain immobile during the alteration process were utilised to
determine the original volcanic composition of the deposit.

XRF data were plotted on geochemical classification and geotectonic
discrimination diagrams. The Zr/TiO, versus Nb/Y plot (after Winchester & Floyd,

1977), using the GCDKkit (Janousek et al., 2006), uses the immobile elements to
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determine the original source of the rock. The majority of the samples from the
bentonite cluster within the upper portion of the andesite field. Two samples plot in the
rhyodacite field (Fig. 2.8A).

The triangular diagram (Wood et al., 1979) uses the immobile elements of Th,
Zr, and Nb to determine the tectonic setting of the source volcanism. It discriminates
between destructive plate margins, constructive plate margins and within-plate volcanic
rocks. The chemistry of the host bentonite of the Herefordshire Lagerstatte is

characteristic of a destructive plate margin (Fig. 2.8B).
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Figure 2.8: (A) Zr/TiO - Nb/Y discrimination diagram (Winchester & Floyd, 1977) showing
that most samples from the host bentonite plot in the andesite field, with two in the
rhyodacite/dacite field. (B) Th-Nb/16-Zr/117 ternary diagram (Wood, 1979) showing that the
host bentonite originated on a destructive plate margin. In (A) the axes are Nb/Y ppm ratio and
(Zr/Ti02)*0.0001 ppm ratio. In (B) N-MORB = Mid-Ocean Ridge Basalt; E-MORB, WPT = E-
type Mid-Ocean Ridge Basalts and Within Plate Tholeiites; WPA = Alkaline Within-Plate
Basalts.

Major element data were normalised to average andesite (Fitton et al., 1982)
(see Appendix F for the average andesite composition) and then normalised again to
aluminium (Fig. 2.9). Double normalising the data, to an average andesite and to
aluminium, shows which elements are enriched and which are depleted relative to the

average used. Normalisation is carried out to aluminium, because experimental work
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has shown that aluminium only reaches a point of highest solubility at low pH (Spokes
& Jickells, 1996). Therefore, aluminium can be considered relatively immobile under
marine conditions.

The host bentonite and concretions display a distinct geochemistry: the
concretions are highly enriched in calcium and manganese, whilst the host bentonite is
slightly depleted in these elements, relative to average andesite. Both the concretions
and the host bentonite are enriched in phosphorus although this may be due to the
normalisation of the data. Magnesium is depleted in the host bentonite and the
weathered concretion compared with average andesite. The weathered and unweathered
concretion samples show enrichment in iron, due to the presence of iron-bearing
carbonates such as ankerite and ferroan dolomite. Both the concretions and the host

bentonite show heavy depletion in sodium (Fig. 2.9).
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Figure 2.9: XRF data normalised to average andesite and then to aluminium. Note the calcium
and magnesium enrichment in the unweathered concretion, compared with depletion in the host
bentonite. Sodium depletion is also apparent within all samples.
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Additionally, trace elemental data has also been normalised to the
Coalbrookdale Shale Formation (Appendix F) sampled from the exposure, to establish
how the bentonite differs from the surrounding strata. The results demonstrate that the
bentonite samples are enriched in thorium, niobium, yttrium, and zirconium when

compared to the Coalbrookdale Formation (Fig. 2.10).
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Figure 2.10: Shale of the Coalbrookdale Formation-normalised plots for selected elements.
Note the enrichment of Nb, Y, Zr and Ti.

Analysis of conodonts recovered from the Dolyhir-Nash Scar Limestone
Formation adjacent to the bentonite helps to infer the thermal history of the bentonite.
Specimens of Wurmiella excavata were extracted by acetic acid processing (Richard
Aldridge, pers. comm. 2010). Because of their composition and mode of growth,
conodonts undergo systematic alteration during exposure to heat, which is characterised
by recognisable changes in colour: these colour changes have been tabulated into a

colour alteration index (CAI) (Konigshof, 2003). The conodonts from the Herefordshire
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Lagerstatte site are CAl 1, which infers that the deposit has not been subjected to
temperatures over 80°C. This temperature range is also supported by the occurrence of
smectite, which is wusually altered to illite at higher temperatures. This
palaeotemperature is also consistent with the palaeogeographic reconstruction (Fig 2.1),
which indicates the site of the Herefordshire Lagerstitte is on the edge of the
sedimentary basin and which therefore would not be subjected to the high temperatures

experienced by the sediment in the centre of the basin.

DISCUSSION

Composition of the sedimentary deposit

The Herefordshire Lagerstatte was originally identified as being hosted by a
volcanic ash by Briggs et al. (1996), and later Sutton et al. (2001a) revised this
identification to a bentonite. This study has demonstrated that the host deposit has some
characteristics consistent with other Welsh Borderland Silurian bentonites (Teale &
Spears 1986). For example, when seen at the exposure, it has the sharp upper and lower
contacts, a soapy-like texture, is blue/grey in fresh exposure and weathers to a light,
brown buff colour. Mineralogical evidence such as the presence of smectite, which is a
key component of bentonites, and identifiable illite/smectite mixed layer clays
(Batchelor & Jeppsson, 1999) also confirms the volcanic origin of this sediment.

However, two habits of quartz crystals have been recorded within the deposit,
which may indicate two possible sources. The euhedral habit of some of the quartz
precludes a detrital source for these crystals and indicates a possible volcanic source
whereas the rounded quartz component was most likely sourced from transported
detrital grains and represents the weathering of quartz-bearing rock (see Dai et al.,
2008). The chlorite, and illite recorded by XRD analyses can also be attributed to input

from a detrital clastic source (Kiipli et al., 2008). The formation of illite by diagenetic
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illitization is unlikely as the conodont CAI indicates that the Herefordshire Lagerstatte
bentonite never reached above a temperature of 80°C, and illitization through diagenesis
requires temperatures of about 100 and 140°C (Bjerkym et al., 1993; Cuadros &
Linares, 1996; Cuadros, 2006).

The clay mineralogical analyses conducted here demonstrate that the host
sedimentary deposit is not a typical bentonite; the high illite:smectite ratio indicates that
this deposit should strictly be classed as a metabentonite (Batchelor & Jeppsson, 1999).
The occurrence of kaolinite within the bentonite along with the illite/smectite allows an
estimate of the depositional depth to be made: Kiipli et al. (2008) noted that bentonites
with an associated kaolinite and illite/smectite interlayering are typically formed in deep
shelf environments. This is consistent with the outer shelf environment proposed by
Briggs et al. (1996).

Geochemical evidence also supports the hypothesis that this deposit has a
volcanic origin because of its enrichment in niobium, yttrium, zirconium, and titanium
(Fig. 10) relative to the local Coalbrookdale Shale Formation. These elements are
immobile during weathering and, as a result, the proportions recorded within the
sediment represent the primary signature of the source of the deposit. Other minerals,
which are typically enriched in immobile elements, and are characteristic evidence of a
volcanic source, such as apatite, biotite, feldspar and zircons (Batchelor & Jeppsson,
1999) have yet to be found within the deposit and their absence may reflect the
environment and processes of deposition. One of the possible methods of emplacement
is as a pyroclastic flow (see Provenance and emplacement of the volcanic ash, below).
Pyroclastic flows deposit their finest sediment distally from the source volcano
(Yamada, 1984). If deposition occurred by pyroclastic flow, then the most dense

minerals could have been winnowed out, leaving only the fine ash.
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Provenance and emplacement of the volcanic ash

It would appear that the source for the Herefordshire Lagerstatte bentonite is
different to other Welsh Borderland Silurian bentonites, as it has an andesitic derivation,
whereas other bentonites in the region are more silicic (Fig. 2.11). For example,
geochemical studies of the immobile elements, have demonstrated that the other Welsh
Borderland Silurian bentonites originated from a rhyodacite to a rhyolitic volcanic
source, which indicates that the magma source was not evolving in composition during
the eruptions (Teale & Spears, 1986; Huff et al., 1996). Huff et al. (1996) recorded 23
rhyodacite to rhyolitic bentonite horizons spanning the entire Wenlock Series and
occurring stratigraphically above and below the position of the Herefordshire
Lagerstatte. This demonstrates that the source volcano(es) of the Herefordshire
Lagerstatte metabentonite did not usually furnish ash to the Welsh Basin.

There are two possible sources for the metabentonite material within reasonably
close proximity of the Welsh Borderlands. During the Wenlock the Mendip Hills
(Somerset) and the Dingle Peninsula (SW Ireland) were volcanic centres producing
lavas and pyroclastic rocks with andesitic to rhyodacitic (van de Kamp, 1969) and
basaltic to rhyolitic compositions (Sloan & Bennett, 1990), respectively. Both of these
volcanic sources are geochemically consistent with the Herefordshire Lagerstatte and
either of them could represent a possible source. However, it is questionable that these
volcanic centres are too remote to produce a pyroclastic flow as described previously. In
addition, a volcanic centre of Wenlock age also occurred in the Prague Basin of the
Czech Republic. However, the ‘diabasitic’ compositions of the lavas produced from this
volcanic centre (Patocka et al., 1993) are inconsistent as a possible source for the

Herefordshire host sediment.
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Figure 2.11: Winchester and Floyd (1977) diagram with Hereford data (circled) and other
studies plotted on the GCDkit (Janousek et al., 2006). The host bentonite, data points circled, is
chemically distinct from the other bentonites from the Welsh Borderlands of the same age, but
is similar to those in the Mendip Hills and the Dingle Peninsula.

Bentonites are typically the products of gravitational deposition of volcanic ash
(Slaughter & Hamail, 1970). The bentonites that occur throughout the Welsh
Borderlands are consistent with this emplacement style, being thinly-bedded and
laterally extensive over 3 km. Teale and Spears (1986) suggested that they represent the
distal fallout deposits of a volcanic source northeast of the Welsh Borderlands.

However, the metabentonite host of the Herefordshire Lagerstatte is quite
distinctive compared with other bentonites from the area (Table 2.1); it is massive and
thick, limited in lateral extent, is currently only known from a single locality and is less

silicic in composition.
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Table 2.1: Comparison of the Herefordshire bentonite to the bentonites of the Welsh
Borderlands

Other Welsh Borderlands bentonites Herefordshire Lagerstétte host deposit
Rhyolitic Andesitic

Traced over 2-3 km* Localised to 40m

concretions absent Concretions

Thin (0.01 - 0.015 m¥*) Thick (1 m)

Frequent occurrencet Only occurrence

*Data from Teale and Spears (1986), 1 data from Huff et al. (1996).

There are five possible hypotheses for the emplacement of the host
metabentonite: 1) deposition by an ash fall, from a single eruption phase; 2) deposition
by an ash fall, from a succession of small fallout deposits; 3) deposition by a
subaqueous pyroclastic flow; 4) re-deposition of the ash by a debris flow; or 5) a
tectonic control on the sediment, post deposition.

Deposition of the ash through the water column by a single eruption event is
unlikely as the Herefordshire metabentonite is unusually thick, which would require an
as-yet unidentified nearby volcanic source. This is because there is a correlation
between the thickness of an ash deposit and its distance from the source volcano (Fisher
& Schmincke, 1984; Pyle, 1989). In addition, fallout deposits of the thickness of the
Herefordshire metabentonite are usually associated with caldera collapse during the
eruption of a super volcano (Martin & Bindeman, 2009); this is unlikely, as such an
event would be evident globally, not just in Herefordshire.

Emplacement through a series of volcanic eruptions producing a succession of
thin fallout deposits is equally unlikely. In this scenario, the gravitational settling of a

fallout deposit through the water column (Fig. 2.12A2) would bury the biota on the
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seafloor (Fig. 2.12A2) and subsequent lithification of this layer would allow it to be re-
colonised by benthos (Fig. 2.12A3). Repetition of ash fall, burial of fauna (Fig. 2.12A4)
and re-colonisation of the seafloor would be expected to produce a bedded deposit with
concretions occurring throughout each bed (Fig. 2.12A5). The strongest argument
against this method of emplacement, though, is that a deposit produced through a
succession of volcanic eruptions would be traceable across a greater distance. This is
especially so given that a typical bentonite in the Welsh Borderlands is 1.5 cm thick (cf.
Teale & Spears 1986) whereas the Herefordshire Lagerstitte metabentonite is one metre
thick. Additionally, work by Manville and Wilson (2004) indicates that the settling of
volcanic ash through the water column has little impact on nektobenthic fauna because
the high drag to low density ratio of ash particles results in low settling velocities.
Moreover, Manville and Wilson (2004) also demonstrated that volcanic ash fallout
rarely reaches the sea floor directly because the ash becomes entrained in a
polydispersive suspension and is ultimately delivered to the sea floor as a dilute
turbidity current, which spreads out in every direction.

This suggests that the unusually thick and localized nature of the host
metabentonite is more consistent with emplacement through a sedimentary mass
movement, such as a pyroclastic flow which developed into turbidity current on
entering the water, or a debris flow from the reworking of sediment deposited upslope.
In order to form a bed one metre thick, deposition possibly filled a pre-existing
topographic low. Deposits from pyroclastic flows are typically thin on topographic
highs, but thick within topographic lows (Scarpati et al., 1993; Bryan et al., 1998).
Furthermore, in sedimentary mass movement, involving both turbidity currents and
debris flows, the resulting deposits are thicker in topographic lows than on topographic

highs.
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A pyroclastic flow may be generated by the collapse of an eruption column, the
collapse of a lava dome, or the interaction of an ash cloud with topography (Doyle et
al., 2008). Experimental work has demonstrated that when pyroclastic flows make the
transition from land to water they divide into two portions: a fine ash cloud that travels
on the surface of the water and a portion that travels through the water (Freundt, 2003).
When a pyroclastic flow enters the water most of the pumice floats to the surface, the
coarse ash and lithics settle out onto the sea floor, and the ash in suspension moves
along the sea floor in a turbidity current (Freundt, 2003). Emplacement by a submarine
pyroclastic flow would account for the fine-grained nature of the Herefordshire
bentonite, as all the heavier clasts would have already settled out. Typically, a debrite is
characterized by a lack of internal structure, a sharp upper contact and a lack of inverse
or normal grading at the base of the unit (Amy et al., 2005), all of which occur in the
host metabentonite.

The scenario of mass movement, either turbidity current or debris flow, requires
transportation of the sediment and the fauna into the topographic low (Fig. 2.12B1)
which would account for the apparent lack of fossils at the base of the bentonite.
Transportation of fauna into the depositional environment would also potentially
explain why nektobenthic fauna and the concretions occur towards the top of the deposit
(Fig. 2.12B2). Transportation of the animals is unlikely to have caused any damage or
distortion: experimental work by Alison (1988) has demonstrated that freshly killed
soft-bodied animals can be buried within sediment and show no evidence of compaction
or distortion, being unaffected by the weight of the sediment. It could be suggested that
the fossils were preserved elsewhere and the Herefordshire bentonite represents a
reworked deposit. However, this seems unlikely, as any transportation of the

concretions would result in deposition with a preferred orientation. The lack of
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orientation of the concretions therefore suggests that they formed post-depositionally
(Fig. 2.12B3).

The fifth hypothesis, which might explain the unusual thickness and localisation,
is one of a tectonic control. Situated to the East of the field site is the Welsh Borderland
fault system (Fig. 2.1) and as already noted previously normal faulting is associated
with the field site indicating previous periods of extension. During extension boudins
can form through the process of boudinage, which can result in lens shaped bodies.
However, it is more likely that tectonic activity has only played a minor role in
developing the localised and limited outcrop of the host bentonite, by faulting out
sequences of strata that have been subsequently eroded. Boudinage is not a suitable
explanation for the extent and thickness of the deposit because boudins typically form
from a ridged unit that is surrounded by a weak unit; on examination the host bentonite
appears weaker than the surrounding Coalbrookdale Formation. In addition, had
boudinage occurred then the trilobite hash preserved within the Coalbrookdale
Formation (Fig. 2.2) would show evidence of distortion, and the concretions within the
Herefordshire bentonite and Coalbrookdale Formation (Fig. 2.2) would be expected to

show evidence of cracking or distortion.
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Figure 2.12: Possible emplacement method of the Herefordshire Lagerstatte bentonite. (A) a
series of volcanic eruptions. (B) a debris flow or a turbidity current.

33



CHAPTER 2: GEOCHEMISTRY OF THE HOST BENTONITE

Significance of the host geochemistry to the taphonomy of the Herefordshire Lagerstatte

The style of preservation of the Herefordshire Lagerstatte appears to be unique.
However, the preservation of carcasses by calcite infills of three-dimensional casts and
their inclusion within the carbonate concretions may be in part explained by the
chemical nature and enhanced reactivity of the ash.

Microscopic shards of volcanic glass, which form by the rapid crystallisation of
magma during eruptions, are a key component of volcanic ash (Nakagawa & Ohba,
2002). Volcanic glass is very chemically reactive and as a result undergoes alteration,
through a variety of cation exchanges, during early diagenesis within the upper layers of
ash deposits (Kiipli et al., 2008). Under experimental conditions volcanic material,
when reacted with seawater, was seen to take up iron, magnesium and potassium, while
sodium, calcium, and manganese were released from the suspended material into the
pore fluid (Stefansdottir & Gislason, 2006). The rate of this alteration is exceptionally
rapid; the volcanic glass reached total dissolution within several hours (Oelkers &
Gislason, 2001).

The Herefordshire Lagerstatte host ash is andesitic in composition and as such
contains the cations required to precipitate both the pure sparry calcite preserving the
fossil and the carbonates, such as ankerite, dolomite and high magnesium calcites,
which form the concretions. A rhyolitic ash, comprising of silica, aluminium, sodium
and potassium, would have insufficient quantities of calcium, magnesium, iron and
manganese required to produce the quantities of carbonate minerals required for this
particular style of preservation. Furthermore, sparry calcite does not typically
precipitate within marine settings because magnesium within the seawater poisons the
nucleating crystal faces, resulting instead in the precipitation of fibrous calcite (Folk,

1974). Rapid absorption of seawater magnesium by volcanic glass would thus
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encourage the formation of sparry calcite, which is an essential component of the
exceptional preservation of the fossils of the Herefordshire Lagerstatte.

A further critical taphonomic pathway in the Herefordshire Lagerstatte is the
formation of carbonate concretions enclosing the fossils. The lack of sodium in the host
ash, as shown in the normalized plots (Fig 2.9), provides a possible means of increasing
the pH of the pore water sufficiently to form carbonates rapidly. During early diagenetic
alteration, the sodium may have been leached from the volcanic glass into solution:
sodium ions would then have formed sodium hydroxide, which as a strong base would
have increased the pH of the solution within the pore water. Carbonates may have
existed within aqueous solutions and would have been present in one or more of the
forms, CO3%, HCOs or H,CO3. Of these three forms, CO3> is the dominant form in
aqueous environments that have an alkaline pH (pH > 8), such as may have occurred by
rapid leaching of alkali metal ions into the pore fluid from volcanic ash. With the
readily available COs* and the calcium leached from the volcanic ash, the pore fluid
would have been supersaturated with calcium carbonate, resulting in the rapid
precipitation of calcium carbonate.

This volcanic sediment appears to have played a very important role in the
preservation of this Lagerstatte. Its emplacement has provided a suitable kill mechanism
for the fauna, rapidly buried them, acted as a source of cations, and most importantly
created a pore fluid with a pH that not only favoured the rapid formation of carbonates,

but also removed inhibitors to the formation of sparry calcite.
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THE TAPHONOMY OF THE SILURIAN HEREFORDSHIRE KONSERVAT
LAGERSTATTE (SILURIAN): THE EVOLUTION OF A

PRESERVATIONAL PATHWAY AS CONTROLLED BY EH-PH

Chapter abstract: The Herefordshire Lagerstatte preserves three-dimensional fossils
from a Silurian, fully marine, ecosystem. The entombment of the animals of the
Herefordshire Lagerstatte within an andesitic ash appears to be key to the unique style
of preservation exhibited here: andesitic ash being enriched in cations such as calcium,
magnesium, manganese, and iron, all of which are essential to the preservation
mechanism. The newly presented electron microprobe analysis demonstrates that the
clay minerals observed, precipitated authigenically and that the composition of
decaying organic matter can have an influence on their composition. A comparison of
the preservation of Kenostrychus clementsi (polychaete) with decay experiments
demonstrates the incompatibility of a void stage with this preservation mechanism.
Instead, a direct replacement method is suggested, mitigating the need for a void stage.
Newly acquired isotopic data indicates that the carbon originated from organic matter.
The lack of iron within the calcite and the presence of manganese allows an estimation
of the pore fluids Eh-pH, and the stepwise cation exchange during the alteration of
volcanic ash with seawater provides a mechanism to keep magnesium out of the calcite
crystals, which promotes the formation of sparry calcite. The absence of pyrite within
these fossils further demonstrates the positioning on the Eh-pH diagram, suggesting
that conditions were reducing enough for the substitution of manganese within the

sparry calcite of the fossils but not enough to supersaturate the pore fluid with pyrite.
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The exceptionally preserved, three-dimensional fossils of the Herefordshire
Konservat Lagerstatte record a fully marine, Silurian, ecosystem. Since its discovery in
1996 the deposit has yielded a diversity of taxa including a polychaete worm (Sutton et
al. 2001c), a chelicerate (Orr et al. 2000b), ostracods (Siveter et al. 2003, 2007c, 2010),
a pycnogonid (Siveter et al. 2004), a barnacle (Briggs et al. 2005), a crustacean (Siveter
et al. 2007a), a marrellomorph (Siveter et al. 2007b), a lophophorate (Sutton 2011), a
mollusc (Sutton et al. 2001a, 2001b), a gastropod (Sutton et al. 2006), and a brachiopod
(Sutton et al. 2005). The fossils are three-dimensional and are composed of a sparry
calcite infill within carbonate concretions, hosted within a fine-grained bentonite
(Briggs et al., 1996; Orr et al.,, 2000a). The only study of the taphonomy and
preservation of this Lagerstatte was conducted by Orr et al. (2000a); this study focused
on the taphonomy of a single arthropod species, Offacolus kingi. Orr et al. (2000a)
suggested that the biota were entombed within a fine grained volcanic ash, and that the
decay of the soft tissues resulted in the formation of external moulds which were later
filled with sparry calcite producing an accurate cast of the carcass. Subsequently fossils
were incorporated into carbonate concretions (Orr et al., 2000a).

This investigation aims to establish what role the volcanic ash had on the
preservation pathway(s), to test the prevailing taphonomic model against other taxa, and
to map the evolution of the preservation pathway(s) through Eh-pH space. Here |
demonstrate that the complex and unique taphonomy in this Lagerstétte is principally
controlled by the interaction of the carcass with the host ash. Linking the evolution of
the Eh-pH environment through the process of decay and preservation is a novel

approach in considering complex taphonomic pathways.
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GEOLOGICAL CONTEXT

The host unit of the Herefordshire Lagerstatte is found well exposed within a single
locality in a quarry in the county of Herefordshire, England. At the base of the exposure
in the quarry is an algal limestone, the Dolyhir-Nash Scar Limestone Formation, and
this is overlain by the Coalbrookdale Formation, which has a regional thickness of
approximately 300 metres. Based on micropalaeontological evidence the Coalbrookdale
Formation is of late Sheinwoodian to early Homerian age (Siveter et al., 2007d),
approximately 425 million years old. For a full description of the local stratigraphy, the
reader is referred to Bassett (1974).

The host bentonite of the Herefordshire Lagerstétte occurs as a bed with limited
lateral extent, entirely within the base of the Coalbrookdale Formation with which it has
sharp lower and upper contacts (Fig. 3.1). The bed has a maximum thickness of one
metre and has a visible lateral extent of 40 metres. The deposit has no noticeable
bedding or sedimentary structures and its limited lateral extent, which has been
attributed to deposition on an undulating sea floor in an outer shelf environment (Briggs
et al., 1996); though there are other possible controls responsible for its limited lateral
extent and thickness (Chapter 2). The deposit is heavily weathered to a light brown
colour, but appears a blue/grey colour when seen fresh. Use of immobile elements, in
the methods described by Winchester and Floyd (1977), indicate that this bentonite
originated from an andesitic source. Chemical analysis of the ash demonstrates it to be

depleted in calcium, manganese, magnesium, iron and sodium (Chapter 2).
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deposit.

Bentonite

Very well cemented. Criss-crossed
with later calcite veining.

No internal structures visible. No
concretions.

Silmudstone; laminated and fissile with

no fossils and no concretions. Coalbrookdale Formation

Key =, Trilobite O Concretions Concretions with exceptionally preserved biota

Coalbrookdale Shale Formation —_— Herefordshire Bentonite (clay grade)

Herefordshire Bentonite (silt grade)

FIGURE 3.1— Log through host bentonite containing exceptionally preserved fossils

The concretions occur throughout the bed, but appear slightly larger and are
more abundant towards the thickest part of the deposit, and within the top 30 cm.
Concretion diameter varies from 5 mm to 200 mm; they are rounded to sub-rounded in
shape. Not all the concretions contain fossils, but where they do occur, the fossils are
rarely found at the centre of the concretion. Most concretions are completely weathered
and are a dull brown colour; larger concretions (usually >80 mm) are also weathered but

preserve a blue grey heart (Orr et al., 2000a) (Fig. 3.2).
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10 mm

FIGURE 3.2— Example of concretions recovered from the bentonite. A) a partly weathered
concretion with a blue heart. B) smaller weathered concretion; note the fossil at the centre of the
concretion. C) an example of a fossil within a concretion, this specimen is O. kingi (OUM
C.31314).

MATERIALS AND METHODS

Fossil-bearing concretions were cut and prepared as standard, uncovered
polished thin sections, which contained the fossil and the adjacent concretion matrix.
The four specimens selected for this study represent the most common faunal elements
in the Lagerstétte. The specimens are all three-dimensional, but there is slight variation
in the degree of compaction exhibited between the specimens within each taxon. The
arthropods selected for this study were Tanazios dokeron (n = 3), and Offacolus kingi (n
= 4). Both have been previously identified as non bio-mineralized arthropods (Siveter et
al., 2007a; Orr et al., 2000b) and were most likely comprised of a chitinous
exoskeleton; a polysaccharide carbohydrate within a proteinaceous matrix which is
resistant to decay (Gabbott, 1998). Acaenoplax hayae (n = 2), a worm-shaped mollusc
(Sutton et al., 2001a), was originally covered by valves that were thought to be
aragonitic in composition although the rest of the body was thought to be cuticular
(Sutton et al., 2001a). These specimens represent those most resilient to collapse of the

four taxa being studied and as a result show very little evidence of distortion.
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Kenostrychus clementsi (n = 3), an annelid (Sutton et al.,, 2001c), was not
biomineralized, and in life comprised a flexible collagenous cuticle. These specimens
show varying degrees of collapse, which indicates that the specimens were in various
stages of decay— while some specimens only show slight collapse, other specimens
terminate abruptly with no evidence of the end body segment. Table 3.1 summarises

these details.

TABLE 3.1— Summary of fossil preservation from the Herefordshire Lagerstatte. OUM =
Oxford University Museum of Natural History catalogue numbers of specimens used in this
study.

Fossils OUM Number Orlglnal_ i Fossil . Mode of .
Composition Composition  Preservation
C.31314,
o C.29508, .
&rlilhnrgl oda) C.29506, Chitinous Sparry Calcite II\?/IeOl:;dc:r’nent
POC&) ¢ 29507 P
C.31304
T. dok ' . . Mouldic,
( Artzrir%r;a) C.31306 & Chitinous Sparry Calcite ReOl:acleCment
POYa) ¢ 31307 P
. C.31302 .
K. cl ’ . Moul
(PoCI eé?]zzzl) C.31303 & Collagen Sparry Calcite Reoula?:fr’nent
y C.31305 P
A. hayae C.31300 & Cuticle/aragonite Sparry Calcite Mouldic,
(Mollusca) C.31313 valves parry Replacement

Analysis of the clay minerals associated with the fossils and within the
concretion matrix were carried out on a Jeol JXA8600 Superprobe (Department of
Geology, University of Leicester), using an operating voltage of 15 kV, and a beam
current of 30 nA. A beam diameter of 30 um was used to limit the amount of potassium
vaporisation during the analysis. The clay accumulations adjacent to the fossil were

analysed and clay within the concretion matrix was similarly analysed and its distance
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from the fossil was recorded. The size of the clay accumulations analysed had to be
sufficiently large to accommodate a microprobe beam diameter of 30 um.

Cathodoluminescence was carried out on a Technosyn cold
cathodoluminescence stage (model 8200 Mk I1) attached to a Nikon microscope.
Images were recorded on a Nikon Coolpix™ 4100 digital camera.
Cathodoluminescence (CL) is a technique used to examine minor compositional
variations within carbonate rocks. Manganese is the most important activator of
luminescence while iron is the principle quencher of luminescence. However, caution
must be used when interpreting CL images, as manganese ions have the ability to self-
quench luminescence and calcite weathering may affect the luminescence pattern
(Boggs & Kirinsley, 2006). Cathodoluminescence can demonstrate zonation within
crystals that precipitate from an evolving pore fluid. It is a useful technique to examine
re-crystallised material, as carbonates precipitated from seawater rarely show any
luminescence due to the lack of manganese substitution within the calcite structure
(Boggs and Krinsley, 2006).

Analysis of the fossil and concretion matrix carbonate was carried out on a
Hitachi S-3600N Environmental Scanning Electron Microscope (Department of
Geology, University of Leicester). Chemical analysis was undertaken using an Oxford
INCA 350 EDX system, providing elemental mapping and point-and-ID spectrum. The
system operated with a voltage of 15kV; the semi-quantitative chemical analysis from
the SEM was calibrated against a 99.99% pure cobalt standard.

Stable isotope analysis was carried out on four unidentified fossil specimens. 10
mg of calcite was drilled out and reacted with anhydrous phosphoric acid under a
vacuum for 72 hours at a constant 25°C (this is sufficient to react all of the calcium and

magnesium carbonates including dolomite). The carbon dioxide liberated was separated
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from water vapour under vacuum and collected for analysis. The carbon dioxide was
measured on a VG Optima mass spectrometer at the NIGL laboratory, Keyworth.
Isotope values (8°C, §'®0) are reported as parts per mil (%o), with deviations of the
isotopic ratios (**C/*2C, '®0/*®0) calculated to the VPDB scale using a within-run

laboratory standard calibrated against NBS standards.

RESULTS
The results of chemical analyses, summarised in Table 3.2, are arranged below
to reflect the sequence of events, from early through too late, which resulted in

exceptional preservation.

TABLE 3.2— Summary of fossil preservation

Animal Fossil Clay Clay Calcite
Species Iron species
group composition localisation composition impurities
+Mn, - Fe, - pyrite & iron
0. kingi arthropod  sparry calcite tergites illite:kaolinite
Mg hydroxide
K. +Mn, - Fe, - pyrite & iron
polychaete  sparry calcite  parapodial illite:kaolinite
clementsi Mg hydroxide
T. +Mn, - Fe, - pyrite & iron
arthropod  sparry calcite  appendages illite:kaolinite
dokeron Mg hydroxide
+Mn, - Fe, - pyrite & iron
A. hayae mollusc sparry calcite body kaolinite:illite
Mg hydroxide

Clay Mineralisation

Clay mineralisation is found associated with all of the specimens examined and

typically surrounds the fossils as a thin layer (approximately <1 pum thick). However,
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clay mineralization is thickest and more extensively developed when associated with
anatomical features that extend beyond the main body margin, such as spines or
appendages. For example, clay mineralization is most extensive: between the
appendages of T. dokeron, associated with the spines that project from the aragonitic
valves in A. hayae (Sutton et al., 2004a), and between the laterally-positioned
parapodial structures in K, clementsi. However, in O. kingi clay minerals are most
extensive between the tergites.

Clay minerals associated closely with the fossils, and those within the concretion
matrix, but unassociated with the fossil, were analysed using EMPA (Appendix H). In
order to distinguish different clay phases, data were plotted on a graph of K/AI versus
Si/Al (Fig 3.3). Figure 3.3 demonstrates clearly that the clay minerals associated with

fossils are intergrowths of kaolinite and illite.

18 e K. clementsi
o Clays around K. clementsi
16 ¢ T. dokeron
¢ Clays around T. dokeron
14 o A. hayae
o Clays around A. hayae
12 - O. kingi
o = Clays around barren concretion
10 -
Si/Al
8 - :
o o0 9 o
6 &2 oY
[e] o . .: < o
o >
4 o0 o Nty e ; % it
PP o = e, ite
T Y N
Kaolinite
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

K/AI

FIGURE 3.3— K/Al vs. Si/Al plot with the idealised kaolinite and illite compositions shown as
grey fields. Note there are some abnormally high values on the Si/Al axis indicating that there
are possible intergrowths of chalcedony or quartz.
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Clay composition appears to vary between the specimens; from the clay analyses
two groups can be identified (Fig. 3.3). A. hayae is associated with clays that are more
kaolinitic than those associated with K. clementsi, T. dokeron, and O. kingi, which are
chemically more illitic in composition. Clays analysed from the barren concretion
demonstrate the greatest range along the K/Al axis, suggesting that they are more varied

in the composition of their clay minerals.

Calcite Mineralisation

All specimens have their anatomy principally preserved as calcite, the euhedral
habit of which is identical across all the taxa studied; larger (approximately 2 mm in
length) coarse crystals occur within the centre of the fossil and smaller (approximate
0.18 mm in length) micro-granular calcite occurs towards the margins. Chemical
analyses, via EDX, of all the calcite within the taxa examined demonstrate that crystals
contain no significant concentrations of iron and magnesium (Fig. 3.4A, B, C), but that
they do contain a significant quantity of manganese (Appendices I-L). In addition, some
specimens of O. kingi have been shown, by EDX, to have an elevated content of
manganese within the micro-granular calcite at the edge of the fossils (Fig. 3.4E, F). In
addition, O. kingi and K. clementsi specimens have calcium phosphate locally
precipitated within the centre of the fossils. These local occurrences of calcium
phosphate are likely to be biologically mediated by native microbial activity in the gut
(Fig. 3.4G, H, I) (Orr et al., 2000a; c.f., Wilby and Briggs, 1997). SEM backscatter
imaging and EDX has also identified the occurrence of pyrite as isolated crystals in all
of the specimens analysed, which are located near the margin of the fossils. However,

the majority of the iron is present either as iron hydroxide, which has coated grains
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within the matrix, or as ankerite (CaFe(CQOz3),) or dolomite (CaMg(COs3),) within the

matrix.

FIGURE 3.4— Representative SEM backscatter images and EDX maps of T. dokeron (A-C), O
kingi (D-G) and K clementsi (H,l). A. Calcium distribution. B. Iron distribution of T. dokeron.
C. Magnesium distribution of T. dokeron. D. Backscatter image, note that its almost
indistinguishable from the surrounding matrix. E. Manganese distribution of O. kingi, note that
the circled area shows the crystals at the edge of the fossil enriched with manganese. F. Calcium
distribution of O. kingi. G. Phosphorus map of O. kingi, note the circled area enriched in
phosphorus. H. Phosphorous map of K. clementsi, note the circled area rich in phosphorous. I.
Backscatter image of K. clementsi, note the circled area which is enriched in phosphorus.

Taxa are characterized by two distinct styles of luminescence. One style of
luminescence, only apparent in the specimens of O. kingi, is patchy and this suggests
that the precipitation of the calcite within the carcass did not occur in a uniform manner
(Fig. 3.5A, B). The patchy luminescence includes a dull luminescing calcite at the
margin of the specimens (Fig. 3.5C, D); this was also identified by Orr et al. (2000a).
As Orr et al. (2000a) noted, these crystals correspond to the areas enriched with

manganese (see Figure 3.4E), and they suggested that a corresponding enrichment of
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iron may have been the cause of the dull luminescence. Another possible explanation
for the dull luminescence may be that manganese self-quenches because it occurs with
sufficient concentration to inhibit its own luminescence (Boggs and Krinsley, 2006).
The second style of luminescence is shown by the specimens of K. clementsi, T.
dokeron and A. hayae. All three show a distinct banding pattern that mimics the shape
of the perimeter of the fossils (Fig. 3.5E-G). In each fossil the calcite at the centre is
coarse sparry calcite (SC in Fig. 3.5H), which has the same luminescence as the
microgranular calcite at the fossil margin (MC in Fig. 3.5H). This infers that both these
calcites precipitated from a pore fluid with the same chemical composition. However,
between the sparry calcite and the microgranular calcite there are two bands with
distinct luminescence. The band juxtaposed to the sparry calcite is characterized by
euhedral calcite with dull luminescence (Y in Fig. 3.5H); peripheral to this is a band
which is very dull, almost black under luminescence, comprising anhedral crystals (Z in

Fig. 3.5H).
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FIGURE 3.5— Representative cathodoluminescence (CL) and plain-polarised light images of
the fossil fauna. A. Plain-polarised light image of O. kingi. B. CL image of O. kingi, note the
patchy appearance. C. Plain-polarised light image of the margin of O. kingi. D. CL image of the
margin of O. kingi, note the dull luminescence at the margin of the fossil. E. CL image of A.
hayae, note the relative uniform luminescence within the centre of the fossil. F. CL image of the
margin of A. hayae, note the dark band that runs along the edge of the fossil. G. CL image of T.
dokeron, note the dark band associated with the margin of the fossil. H. CL image of margin of
K. clementsi. Note the sparry calcite (SC) and the microgranular calcite (MC), the two different
types of calcite in between (Y and Z) and the matrix (M).

Sparry Calcite Stable Isotope Analysis
A preliminary carbon and oxygen isotope analysis was carried out on the sparry

calcite from four unidentified fossils of the Herefordshire Lagerstatte (Table 3.3).
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TABLE 3.3— Preliminary isotope study of fossil calcite

Specimen dBC 80

HF1 -11.83 -6.97
HF2 -2.25 -8.03
HF3 -13.10 -7.67
HF4 -17.31 -7.43
Average -11.12  -7.53

Standard Dev 6.361 0.446
All data relative to PDB standard.

The oxygen isotopes obtained from the calcite specimens were all found to be
enriched in oxygen-16 (i.e., they were all isotopically light). Azym et al. (1998)
examined brachiopods from the entire Silurian Period, and from the specimens that
were the best preserved, most likely to preserve a primary isotopic signature, recorded a
880 range of -2%o to -6.5%0 (PDB). The calcite analysed within this study are therefore
considerably lighter than brachiopods from the Silurian. In terms of their relationship to
seawater, estimates for the oxygen isotopic values for the Silurian are about -3.5%o
standard mean ocean water (SMOW) (Azmy et al., 1998), so, the 5'%0 values recorded
within calcite fossils are lighter than estimates of Wenlockian seawater. Carbon isotope
data were more varied between the specimens, but with the exception of HF2 the carbon
isotopes indicated that the calcites were significantly enriched in light carbon from
organic matter. The heavier carbon within sample HF2 infers that organic matter was
not the primary provider of the carbon and it may have originated from another carbon

reservoir such as Wenlockian seawater.

Concretion Matrix
The matrix of the concretions is revealed by SEM backscatter to be an

interlocking mosaic of minerals. EDX analysis has confirmed the presence of quartz
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(and chalcedony) and carbonate minerals (including ankerite, ferroan dolomite and
magnesium calcite) and clay minerals. The ankerite crystals are euhedral and are often
associated with poorly crystalline dolomite. Crystal boundaries between dolomite and
calcite are ambiguous and poorly defined. EMPA analyses of clay minerals shows them
to have a composition representing a mix of interlocking kaolinite and illite (see Figure

3.3). Pyrite crystals were found to occur only rarely.

DISCUSSION

Decay

An assessment of the degree of decay, and thus anatomical loss, prior to the
preservation of these fossils may be estimated via comparison of K. clementsi with
decay experiments on polychaetes (Briggs & Kear 1993). Briggs and Kear (1993)
recorded six stages of decay in polychaetes: freshly killed, whole/shrivelled, flaccid,
loss of the supported gut, retention of just the cuticle sac/jaws and finally the retention
of only the jaws/setae. K. clementsi is three-dimensional and has begun to show the
early signs of trunk collapse; on comparison with decay experiments this is consistent
with exceptional preservation occurring within 2 to 4 days post mortem. However, this
time period does not take into account any retardation of the decay process that may
have occurred (see below). In addition, K. clementsi preserves the gut dorsally in life
position (Fig. 3.6). Gut collapse occurs after day 4 in decay experiments, again
suggesting a narrow window post mortem prior to fossilization. The exact point of
mortality cannot be pinpointed; escape tracts preserved within the concretions indicates

that some of the animals were alive shortly after burial, but the variable state of collapse
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identified within the specimens of K. clementsi, (see previous) infers that some of the

animals may have been dead prior to deposition of the bentonite.

Nt
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FIGURE 3.6— Transverse section of K. clementsi. Note the circular feature in the centre.

(Photo David Siveter, Derek Siveter, Mark Sutton and Derek Briggs)

However, more crucially, the presence of the gut in life position is incompatible
with a void occurring at any stage in the taphonomic pathway(s) (see Orr et al., 2000a).
This is because the gut, even if preferentially preserved, would have collapsed within a

void, leaving it coincident with the body margin.

Clay Mineralisation

Interestingly, three of the taxa examined (T. dokeron, K. clementsi and O. kingi)
are characterised by more illitic clay mineral accumulations, whereas A. hayae is
characterised by more kaolinitc clay (see Table 3.2). To identify if this difference is
significant, the K/Al component of the clay mineral analyses associated with T.dokeron
and A. hayae was subjected to a two way T-test (Table 3.4). The analysis of K.

clementsi and O. kingi were not subjected to the statistical test, because of the limited
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availability of clay patches within the samples analysed meant the number of analyses

collected were not equal and would consequently not make a fair and meaningful test.

TABLE 3.4— Two way T-test to statistical test for a difference between the K/Al ratio of the
clay minerals in T. dokeron and A. hayae
Tanazios dokeron K/AL Acaenoplax hayae K/AL

Mean 0.169277189 0.09284702
Variance 0.000568164 0.000117671
Observations 47 47

Pooled Variance 0.000342918

Hypothesized Mean Difference 0

Df 92

t Stat 20.00800221
P(T<=t) one-tail 1.42086E-35
t Critical one-tail 2.367565735
P(T<=t) two-tail 2.84171E-35
t Critical two-tail 2.630329602

The T-test calculated is greater than the critical t value for the degrees of
freedom. Therefore, these clays represent two statistically different populations and the
two samples have less than a 99 per cent probability of being from the same population.

As the variation between these two groups is a function of the K/Al ratio, it
denotes the presence of a control on the chemical pathways leading to their formation.
A possible explanation is that the chemistry of organic matter decay products differed
across taxa and thus may have controlled the authigenic clay mineral formation.
Gabbott et al. (2001) highlighted the relationship of kaolinite to illite as primarily being

governed by the ratio H: K* ions in the pore fluid (Equation 3.1).
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2(KAI3Si3010(0OH),) + 3H20 + 2H.: <> 3(Al,Si,05(0OH),) + 2K* (Eq. 3.1)

llite Kaolinite

Arthropods such as T. dokeron and O. kingi are rich in protein. For example,
some arthropod cuticle, alone, is 70 per cent protein (Richards, 1951). Proteins break
down to amino acids, which subsequently go through the processes of deamination and
decarboxylation to produce basic products such as ammonia and amines (Berner, 1968).
This would result in a pore fluid with a low H* to K ion ratio concentration. As evident
from Equation 3.1, in a pore fluid with a low hydrogen ion concentration the reaction
proceeds to the left and the formation of illite would be promoted over kaolinite.
However, the greater proportion of kaolinite associated with the specimens of A. hayae
would indicate that the chemistry of the pore fluid adjacent to the carcass favoured the
formation of kaolinite with respect to illite (i.e. a higher H" to K" ratio). Analyses of
modern molluscs show them to have a greater proportion of fats relative to protein
(Karakoltsidis et al., 1995). Upon decay, fatty acids released into solution (Martin et al.,
2004) would increase the H™ K+ ratio and as a result kaolinite would have been
preferentially precipitated around A. hayae. If the clay mineral composition is controlled
by different decay products, it supports the hypothesis that clays were authigenic and
precipitated rapidly after the death of the animal.

In K. clementsi, T. dokeron and A. hayae, kaolinite occurs surrounding the fossil,
but moving outwards away from the fossil, illite becomes the prevalent clay mineral
species. Plotting the distance from the fossil against the K/Al ratio demonstrates that the
clays around these specimens become increasingly illitic with distance from the fossil,
before returning to a more kaolinitic composition. This change is gradual (see Fig 3.7)

and requires an explanation. A low K/Al ratio signifies a deficiency of potassium ions in
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solution and as a result the formation of kaolinite is favoured over the precipitation of
illite. Therefore, the K/AI ratio can be used as a proxy for H*/K", and may reflect the
pH of the local environment. An increase in the proportion of illite with respect to
kaolinite with increasing distance from the fossil may suggest the limit of the decay
halo (Fig. 3.7). This trend appears to be related to the volume of the animal. T. dokeron
has the greatest volume of the specimens analysed and has the largest apparent decay
halo (8 mm from the fossil). In comparison, K. clementsi, with the smallest volume has

the smallest decay halo (4 mm from the fossil).
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FIGURE 3.7— Distance from the fossil plotted against the K/Al ratio with lines of best fit and
their R? values. Note that all the specimens analysed demonstrate an increase in the K/Al ratio,
indicating that the clay minerals become increasingly illitic in composition before resuming a
more kaolinitc composition. O. kingi was omitted from the results because there was insufficient
clay accumulation within the matrix to collect data. Data has been fitted with a polynomial trend
line.

The clay minerals associated with fossils do not appear to be templating the
organic matter in a similar manner to that described by Gabbott (1998) to explain the

preservation in the Ordovician Soom Shale, South Africa. Nevertheless, they may still
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play an important role in the retardation of the decay process and so extend the
preservation window. Orr et al. (2000a) suggested that the clay minerals prevented the
collapse of the void after the decay of the organic matter by physically strengthening the
sediment around the carcass. However, it may be that these clay minerals, which formed
during the initial stages of decay, have acted to chemically retard the decay process and
so extended the preservation window.

There are several mechanisms through which the clay minerals may have
retarded the decay process. The fundamental principle behind these mechanisms
involves limiting the diffusion of microbes and oxygen to the site of decay. Fontes et al.
(1991) suggested that precipitating clay minerals within the pore space would reduce
the permeability around the carcass and thus limit the transport of microbes to the site of
decay and as a result the rate of decay would be limited. Gaines et al. (2005) suggested
a similar mechanism for the preservation of the Cambrian Wheeler Formation, Utah,
which exhibits Burgess Shale type preservation. Gaines et al. (2005) suggested that
reduced permeability, owing to the prevalence of clay minerals, limited the supply of
available oxidants (including SO,*) to microbes and in effect reduced their capacity to
recycle organic carbon. The reduction of permeability may also have led to the rapid
transition of aerobic to anaerobic decay as oxygenated pore waters would be prevented
from circulating. Anaerobic decay is a multi step process and occurs at a much slower
rate than aerobic decay rates (Henrichs, 1995). Reducing the rates of microbe and
oxidant diffusion and aerobic decay in and around the vicinity of the carcass may well
have acted to extend the preservation window. Furthermore, clay minerals that interact
with decaying organic matter have the effect of stabilising it and reducing its
putrefaction. Keil et al. (1994) noted that when clay minerals interacted with decaying

organic matter they reduced its decay rate by five times order of magnitude, which
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would significantly extend the preservation window. Therefore, the early precipitation
of clays was likely vital to the preservation of Herefordshire Lagerstatte fossils. Clays
may have played a role in the retention of a void stage as in the taphonomic model
proposed by Orr et al. (2000a) (but see above), but they also acted to limit the decay
rate.

Authigenic clay mineral formation associated with decaying organic matter is a
well documented phenomenon (Odom, 1984; Orr et al., 1998). These acidic decay
products would result in the formation of a micro-environment within the pore space
adjacent to the carcass (Briggs & Kear, 1993; 1994). As demonstrated in Equation 3.1,
an acidic micro-environment would favour the formation of kaolinite, which has
superior stability at acidic pH to illite, which in comparison is more stable at alkaline
pH (Gabbott et al., 2001). The affinity of clay minerals for organic substrates is
enhanced at a low pH and in the presence of cations (Gabbott et al., 2001).

These fossils are recovered from an andesitic volcanic ash. Volcanic ash goes
through rapid alteration, during early diagenesis, in aqueous environments (Oelkers &
Gislason, 2001). During this alteration high concentrations of cations, such as Ca*,
Na®, and H, are released into the water (Shiraki et al., 1987; Stefansdottir & Gislason,
2006). Combined with the acidity of the organic matter, this would promote the
clay/organic interactions. Gabbott (1998) describes how dissolved cations can enable
clay minerals to interact with organic matter, allowing the negatively charged organics
and clay minerals to overcome their repelling forces and reposition to allow forces,

which attract, to establish.
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Calcite Precipitation

The chemistry of the calcite, as defined by the cathodoluminescence and SEM
EDX analyses, demonstrate that it contains no iron or magnesium. For magnesium and
iron ions to substitute into the structure of the calcite crystal they must be in a 2+ state.
In addition, iron requires slightly acidic and reducing conditions to become stable as
Fe?* (Fig. 3.8.A), but magnesium can exist as Mg®* across a range of pH and Eh (Fig.

3.8.B).
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FIGURE 3.8— Eh-pH diagrams generated at standard laboratory conditions (298.15K, 105 Pa)
(Takeno, 2005). A. Iron species. B. Magnesium species. Unless stated all species are in an
aqueous solution state.

Magnesium is a common ion within seawater (Krauskopf, 1989) and as result
calcite crystals formed in a marine setting typically contain a significant amount of
magnesium (Astilleros et al., 2010). It is therefore unusual that the calcite crystals

contained in these fossils have precipitated without the substitution of magnesium into
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their crystal structure. This study argues here that cation exchanges which occur
between the volcanic ash and the seawater provide a possible explanation. During early
diagenesis of volcanic ash within the seawater, Mg?* ions are typically absorbed into the
volcanic ash (Shiraki et al., 1987; Stefansdottir & Gislason, 2006). Magnesium ions
have been demonstrated to have an effect on the precipitation of calcite crystals by
poisoning their nucleating crystal faces. This causes elongation of the calcite crystal c-
axis, resulting in the precipitation of fibrous calcite (Folk, 1974; Dauvis et al., 2000). The
removal of magnesium ions early in the diagenetic process explains the formation of
low-magnesium sparry calcite in marine settings.

EDX analysis has also demonstrated the occurrence of manganese within the
sparry calcite crystal structure. Manganese, unlike magnesium, is not a major
component of seawater, because the Eh-pH of normal marine settings are typically too
oxidising. Under these conditions manganese is oxidised to either Mn®*" or Mn ** ions;
both these forms are insoluble in seawater and precipitate out. Therefore, for the
manganese to have substituted into the sparry calcite, conditions would need to have
been slightly reducing so that the oxidation of manganese to an insoluble form was
prevented. In addition, an available source of manganese would need to have been
present within the environment at the time of calcite precipitation, and the likely
candidate is the andesitic volcanic ash.

This Lagerstétte lacks significant quantities of pyrite, with the exception of a
few crystals associated with fossils. This noticeable lack of pyrite would suggest a
deficiency of Fe?* ions and/or sulphide ions within the pore fluid. There are two
possible causes of this: the lack of organic matter as a reducing agent and the absorption

of sulphate, and iron, ions by the cation exchanges between the seawater and the
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volcanic glass. Both processes would have prevented the supersaturation of the pore-
fluid with respect to pyrite.

Decay experiments have already demonstrated the link between decaying
organic matter, the activity of carbonate ions and the precipitation of calcite crystals
within animal carcasses (Berner 1968; Hof & Briggs 1997). Berner (1968) used
experimental decay of butterfish to demonstrate that carbonate ion activity increased
during decay, but recorded no actual carbonate precipitation. This may have been owing
to an excess of fatty acids produced during the decay of the fish inhibiting calcite
precipitation (Berner 1968). However, other decay experiments have demonstrated the
precipitation of calcite crystals as a direct result of the decay of organic matter.
Experiments carried out by Hof and Briggs (1997) identified the precipitation of calcite
on mantis shrimps. Calcite showed three different morphologies— crystal bundles, an
outer crust of crystals on the cuticle and an amorphous crystalline mass within the
cuticle. Furthermore, chitinous cuticle of arthropods has been identified as the perfect
medium to accommodate and initiate the precipitation of the calcite (Manoli et al.
1997). The experimental work by Manoli et al. (1997) suggested that the formation of
calcite overgrowths on chitin was the result of a surface diffusion controlled mechanism
and that the crystallization of the calcite initiated through the interaction of Ca* ions

with the C=0 bond in the chitin molecule.

Discussion of the Stable Isotope Analysis

The preliminary isotopic analyses demonstrate that the calcite within these
fossils is enriched in light carbon (carbon-12) and enriched in light oxygen (oxygen-16).
The sparry calcite of the fossils’ enrichment in carbon-12 demonstrates that the carbon

was primarily sourced from the decay of organic matter. Mozley and Burns (1993) state
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that positive values are the result of methanogenesis, while negative values are
indicative of iron, manganese and sulphate reduction and large negative values are the
result of methane oxidation. However, Fisher et al. (1998) concluded that
methanogenesis can generate both low and high §°C values. Therefore, it is likely that
the decay pathway was either sulphate-reduction and/or methanogenesis, but it is
impossible to distinguish between them.

The oxygen isotopic signature of these fossils is significantly lighter than values
recorded for brachiopods of Wenlock age, and are lighter than the estimates for
Wenlockian seawater (c.f., Azmy et al., 1998). There are four possible causes for these
negative values: resetting with meteoric water during diagenesis, decay of organic
matter, initial incorporation of meteoric water, or precipitation of authigenic minerals.

Diagenetic alteration of the isotopic ratios through later interaction with
meteoric water is a possible explanation for the unusual enrichment in oxygen-16. It is
arguable that isotopic resetting should have happened, as the sedimentary deposit has
had 425 million years to go through diagenesis and interact with meteoric water.
Although, the bentonite has not been subjected to temperatures in excess of 80°C, as
inferred from conodont CAI, low temperature would have an affect on the oxygen
isotopic ratios. Oxygen isotopes in sedimentary rocks, and marine organisms, are
utilised to infer palaeotemperatures, because minerals which precipitate from low
temperature fluids are preferentially enriched with ‘0, and in comparison minerals
precipitated from warmer fluid are enriched in °0 (Kasting et al., 2006). Estimates for
the temperature of formation of the calcite crystals within these fossils based on the
temperature equation (Equation 3.2) of O’Neil et al. (1969) produce temperature

estimates of ~40°C, which infers low temperature diagenesis.
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T = 16.9-4.38(6"0¢ — 6™0gw) + 0.10(6**0¢ — 60gw)? (Eq. 3.2)

Decay of organic matter is a likely explanation for the light oxygen values.
Coleman and Raiswell (1981) suggested that light oxygen isotopic signatures could be
derived from the bacterial oxidation of organic matter by sulphate reduction. This was
later supported by the work of Sass et al (1991); who devised a mechanism for the
enrichment of pore fluid in oxygen-16 by sulphate reduction.

Initial incorporation of meteoric water in the preservation is unlikely and can be
ruled out as the environment of deposition has already been identified by Briggs et al.
(1996) to be an outer marine shelf environment.

Precipitation of authigenic clay minerals is another possible explanation. This
pathway requires the precipitation of 'O rich authigenic minerals before precipitation
of the sparry calcite. Mozley and Burns (1993) suggested that as a result of precipitating
minerals enriched in oxygen-18, the pore fluid from which the calcite eventually
precipitated from would have been enriched in *°0.

However, the isotopic data are inconclusive. While the negative carbon values
are indicative of organic carbon it is impossible to determine if the organic matter
decayed by sulphate reduction or methanogenesis. Both methanogenesis and sulphate
reduction could result in a negative value but there is no way to discriminate between
the two on the basis of this evidence. The oxygen isotopic data is unable to distinguish
between a primary signature and a latter resetting event, since all the mechanisms
described above may all account for the enrichment in light oxygen. If these isotopic
values represent a primary signature then they are unusually enriched in light oxygen.
These signatures are thought to be primary, because the cathodoluminescence was

consistent between the samples analysed; three of the samples demonstrated a similar
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concentric pattern that followed the margin of the fossil. In addition, the sparry calcite is
low magnesium calcite; low Mg-calcite is more stable and resilient to diagenetic
alteration, thus minimising, but not mitigating, the potential for oxygen resetting (Korte
et al., 2009). However, the temperatures of formation calculated (see previous) are not
compatible with an outer shelf setting and are more likely to indicate low temperature

diagenesis.

Discussion of the Carbonate Concretions

As the fossil calcite is characterised by sparry calcite, which lacks any
magnesium and iron substituted into its crystal structure, and the concretion matrix is
characterised by carbonates rich in iron and magnesium, it is unlikely that the fossil
calcite and the concretion matrix precipitated simultaneously. This is because a process
that would have prevented the magnesium ions being substituted into the fossils’ calcite
structure during the coeval precipitation of the magnesium rich carbonate concretion has
not been identified.

A more likely scenario is that the formation of the carbonate concretions
occurred after the precipitation of the sparry calcite within the fossils. The lack of
magnesium within the sparry calcite can be explained by the initial, and early,
diagenetic reactions which occur when volcanic ash enters the seawater. Shiraki et al.
(1987) and Stefansdottir and Gislason (2006) have identified a series of cation
exchanges that occur between the volcanic glass and seawater. One of these exchanges
involves the absorption of magnesium ions into the volcanic glass, but is released at a
later point in time. This consequently means that the magnesium would initially be
unavailable to form the matrix of the concretions until it was released back into solution

by the volcanic glass, after the preservation of the fossils.
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Discussion of the Eh-pH

The cations available for mineral formation within this Lagerstatte are controlled
by the Eh and pH of the pore-water. Using the chemical compositions of the sparry
calcite, in the fossil, and the minerals in the concretion matrix this study has identified a
possible pathway of the preservation through Eh-pH space (Fig. 3.9).

Here this study assumes that the Eh-pH of Silurian seawater is similar to that of
modern seawater. Eh-pH diagrams were taken from the FACT Eh-pH database and
generated from a concentration of 10™° mole/kg at standard laboratory conditions

(temperature of 298.15K, 105 Pa of pressure) (Takeno, 2005).
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Starting at normal seawater the initial decay of the organic matter would have
caused an acidic excursion through the release of acidic products into the pore-fluid;
acidity was also promoted by hydrolysis of the volcanic glass (1 in Fig. 3.9). The
increase in the hydrogen ion activity, which results in increased acidity, promoted the
formation of authigenic kaolinite around the fossil (see Eq. 3.1). The cations released
from the volcanic ash during the cation exchanges promoted the clay organic
interactions. The increased acidity also resulted in the precipitation of apatite within the
gut traces.

An excursion towards alkaline pH was then caused by the combined effect of the
decay of proteinaceous material, sulphate reduction/methanogenesis and/or the leaching
of sodium from the host volcanic ash (2 in Fig. 3.9). This alkalinity supersaturated the
pore fluid with carbonate ions and promoted the precipitation of sparry calcite in the
fossils. There is no magnesium to substitute into the calcite as the Mg?* ions would have
been removed from solution by the absorption in to the volcanic glass. Conditions were
not sufficiently reducing to promote the formation of iron(Il) ions which prohibited iron
from substituting into the calcite mineral structure. The lack of reducing conditions also
prevented the formation of sulphide ions, and as a result pyrite formation was inhibited.

The concretions contain ankerites, carbonates that are rich in iron and
magnesium, which implies an alkaline and reducing excursion (3 in Fig. 3.9). The
formation of the ankerite and dolomite suggests that Mg®* and Fe?* ions were available
in solution; their increased activity and the pore-fluid supersaturated with carbonate ions
promoted carbonate formation. The pH drivers in this system are easily identified as the
decaying organic matter and the hydrolysis of the volcanic ash creating initial acidic
conditions. Alkaline pH was generated by the interaction of sodium from the volcanic

ash and the sulphate reduction of the organic matter. However, the reducing agents are
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harder to identify, but they would include the organic matter and the leaching of alkali
metals from the volcanic ash; the oxidation of iron(Il) to iron(I1l) may also have driven

the reduction excursion.
TAPHONOMIC MODEL

Entombment

The fauna of the Herefordshire Lagerstétte were emplaced and entombed within
a volcanic ash; geochemical analysis of immobile elements as described by Winchester
and Floyd (1977) has demonstrated it to be of andesitic origin. The entombment process
buried the fauna rapidly without disarticulation. This assumption is made because some
of the ostracod fauna appear to be preserved with complete appendages that are
protruding from the carapace and so were probably in the process of locomotion (c.f.,
Siveter et al., 2007c). In addition, evidence such as escape tracks support the hypothesis
that some of the animals were alive shortly after burial (Orr et al., 2000a). It also
implies that the volcanic ash provided an intermediate stage. Fine grained sediment
usually displays a thixotropic behaviour so it could have infiltrated around the animals

to “freeze” them in locomotion and prevent damage.

Hydrolysis of the volcanic ash

Volcanic ash is mainly composed of volcanic glass which is very reactive and
unstable, and in an aqueous environment would undergo early, and rapid, diagenetic
alteration through a series of pore water-volcanic glass cation exchanges (Fig. 3.10. A)
(Stefansdéttir & Gislason, 2006). Other authors (Shiraki et al., 1987; Stefansdottir &
Gislason, 2006) through experimental work have demonstrated that as the ash begins to

be hydrolysed the volcanic glass absorbs OH", SO,%, Mg®*, K* and Fe®* from the
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surrounding pore fluid, but releases Ca**and Na*. These exchanges results in an initial
decrease of the pore fluids pH because the absorption of OH" results in an excess of H*
left in solution. The rate of alteration makes it possible for the volcanic glass to reach
total dissolution within several hours of entering the aqueous environment (Oelkers &
Gislason, 2001). However, it is important to note that the experiments carried out on the
dissolution of volcanic ash were carried out under laboratory conditions and at high
temperature, which would speed up the kinetics of the reactions. Consequently, in an
outer shelf environment where the temperatures are lower it is conceivable to expect
these reactions to take longer to accomplish, and possibly putting them on par with the
decay of the organic matter. To summarise, after these cation exchanges have occurred
the remaining pore fluid is acidic and has a high concentration of dissolved cations. This
pore fluid is ideal to facilitate the clay organic interactions as described by Gabbott
(1998).

However, the fall in pH may be countered by the release of sodium ions into
solution. Sodium ions will react with water to produce sodium hydroxide, which has an
alkaline pH, and this would cause the pH of the solution to return to a more alkaline pH
and favour the formation of carbonates.

An andesitic ash would be enriched in cations such as calcium, magnesium,
manganese and iron, which are important for the formation of carbonates. Interestingly,
when compared to a fresh andesite the bentonite is depleted in all these ions but the
concretions are highly enriched in these ions. The unique preservation model described
in this Lagerstatte may be attributed to the somewhat unusual occurrence of an andesitic
ash composition. In comparison, other Welsh Borderland bentonites of similar age, are

acidic in composition (Teal & Spears, 1986) and are enriched in silica, aluminium,
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sodium and potassium, but are depleted in the cations essential for carbonate

precipitation.

Initial Decay of the Organism and Clay Mineral Accumulation
Immediately post mortem the animal carcass begins to undergo aerobic decay
(Equation 3.3), which causes a number of products to be released into the surrounding

pore fluid (Allison & Briggs, 1991).

(CHzo)loG(NH3)16H3PO4 + 1060, — 106CO,+16NH3+H3PO4+106H,0 (Eq 33)

The decay products dissolved into the pore fluid surrounding the carcass causes
a localised reduction in pH (Briggs & Kear, 1993; 1994); combined with the increased
concentration of dissolved cations there would be increased interaction between the clay
minerals and the organic matter (Fig. 3.10. B) (Gabbott, 1998; Orr et al., 1998). As
demonstrated above, the composition of the clay minerals formed would be a function
of the ratio of H™: K* (Gabbott et al., 2001) which in turn is related to the chemical
composition of the decaying organic matter. In addition, as discussed previously the
clay mineralisation around the decaying carcass may extend the preservation window
and retard the decay process. It is hypothesised that at this time calcium phosphate
precipitated locally within the guts of the carcass, because the decay experiments of Hof
and Briggs (1997) have demonstrated an initial drop in pH at the site of decay, but also
the phosphatization of the decaying soft tissues. It can be assumed that as the guts of K.
clementsi are preserved in the dorsal, life, position, some of the soft tissue would
therefore still need to be retained at this stage to support the original shape of the animal

and maintain the position of the gut.

67



CHAPTER 3: TAPHONOMY OF THE HEREFORDSHIRE LAGERSTATTE

At some point post mortem the dissolved oxygen in the pore fluid would become
exhausted; with all the available oxygen used up the decay would proceed by either
sulphate reduction (Equation 3.4) and/or methanogenesis (Equation 3.5) (Allison &
Briggs, 1991) as inferred from the isotopic data (Fig. 3.10. C). However, as the sulphate
ions may have been already absorbed by the volcanic glass (see above), methanogenesis

is perhaps a more likely decay pathway, but sulphate reduction cannot be ruled out.

(CHzo)loe(NH3)15H3PO4 + 538042 — 39CO,+67HCO3 + 16NH4++ HPO42+53HS
+39H,0

(Eq. 3.4)

(CH20)106(NH3)16H35PO, + 14H,0 — 39CO, + 14HCO5 + 53CH, + 16NH," + HPO,>
(Eq. 3.5)
Both sulphate reduction and methanogenesis have been shown to elevate the
alkalinity of the pore fluid (Mazzullo, 2000; Sivan et al., 2007), which favours the
precipitation of calcite. In addition, sulphate ions were demonstrated by Walter (1986)
to have reduced the rate of calcium carbonate precipitation. Furthermore, sulphate
reducing bacteria, apart from promoting pore fluid alkalinity and removing any kinetic
inhibitors, may further aid calcium carbonate precipitation by acting as a point of calcite
nucleation (Braissant et al. 2007).
The level of exceptional preservation seen in the Herefordshire fossils
necessitates rapid precipitation of calcium carbonate. Elevated alkalinity and removal of
kinetic inhibitors, either through sulphate reduction or by absorption into altering

volcanic glass, would facilitate this taphonomic pathway.
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Calcite precipitation

The high alkalinity and the removal of a kinetic inhibitor would promote the
precipitation of calcium carbonate (Fig. 3.10. D). Elemental mapping and
cathodoluminescence of the sparry calcite indicates that there was an available source of
manganese, but also an active process that removed the magnesium from the seawater.
Two calcite textures have been identified within all the specimens examined in this
study, micro-granular calcite and sparry calcite. The cathodoluminescence of the micro-
granular and sparry calcite suggests that their precipitation was coeval. However, this
study concurs with the findings of Orr et al. (2000a), that preservation is of an external
mould. So the problem arises of how to precipitate the external mould (i.e. after removal
of the cuticle), and maintain an ‘in life’ gut position? Decay experiments carried out by
Hof and Briggs (1997) may provide one possible answer; as calcite precipitation was
documented to have initiated as an amorphous calcite crystal mass within the cuticle
structure. Alternatively, the pH fluctuations previously described, as a result of the
altering volcanic ash, might facilitate the dissolution of the cuticle structure. As the
cuticle structure is dominantly protein, chitin, it would be at risk of hydrolysis within an
acidic solution (Rinaudo 2006). Furthermore, alkalis are also known to degrade chitin
and produce water-soluble alkali chitin (WSC) (Pillai et al., (2009). Pillai et al. (2009)
noted that WSC is produced when chitin is reacted with sodium hydroxide, and a
number of the products are water soluble. Sodium hydroxide was suggested to elevate
the pH prior to calcium carbonate precipitation and it could provide a mechanism to
remove the cuticle prior to the precipitation of calcite. Calcite could then precipitate
within the centre of the animal and in the space occupied by the cuticle, this mechanism
would account for the formation of an external mould and for the coeval precipitation of

the two calcite phases seen within K. clementsi, T. dokeron and A. hayae.

69



CHAPTER 3: TAPHONOMY OF THE HEREFORDSHIRE LAGERSTATTE

The sparry calcite within the fossils is not typically precipitated within a normal
marine setting because magnesium ions in the seawater poison the nucleating crystal
faces leading to the precipitation of fibrous calcite. Therefore, the precipitation of the
sparry calcite is thought to have occurred after the volcanic glass absorbed the
magnesium ions during its early diagenetic alteration.

Additionally, the positioning of the gut in K. clementsi towards the dorsal
position has ruled out the possibility of a void stage; based on the results from decay
experiments carried out by Briggs and Kear (1993). However, the calcite crystals, which
were enriched in manganese (see above), at the edge of O. kingi were argued by Orr et
al. (2000a) to infer that a void stage had occurred. Examination of the calcite crystals
along the margin of the specimens of O. kingi confirmed that they lacked any significant
trace of magnesium and they had a height-to-width ratio of 1.3:1, undulose extinction
and pyramid terminations. These calcite crystals should not be classified as fibrous
calcite because fibrous calcite crystals are typically magnesium rich, since it is the
magnesium ion that is responsible for inducing the growth of the fibrous crystal habit
(Folk, 1974; Dauvis et al., 2000), and they are also characterised by a height-to-width
ratio of >6:1. Based on the criteria identified by Fliigel (2009) the calcite crystals on the
edge of O. kingi are considered to be more characteristic of micro-granular to bladed
calcite and not fibrous calcite.

It is important to note that there is little soft tissue preserved within these fossils;
the textures exhibited by the calcite crystals within the fossils do not show any distinct
features, such as bilateral symmetry, which would indicate the position of different
tissues, or organs, which could be argued is evidence of a void stage. However, apart
from the gut preserved within some of the specimens there is soft tissue preservation,

for example, within the brachiopod examined by Sutton et al. (2005) the lophophore is
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preserved, and ostracod eggs have been recorded, preserved, within the ostracod
specimens (Siveter et al., 2007c). As already noted previously the size of the calcite
crystals decrease from the centre of the animal to the edge of the fossil, consequently, it
can be suggested that the calcite crystals within the central body mass of the animal are
too coarse to preserve the fine detail of the soft tissues compared to the smaller crystals
at the edge of the fossils, or alternatively, the lophophore and the ostracod eggs may
represent more resilient tissues than those found within the body chamber.

The author therefore suggests a mechanism in which the calcite crystals
nucleated and precipitated within the body cavity, replacing the tissues that were either
more resilient or were large enough to be replicated by this style of preservation. Upon
death, cell membranes would have become permeable to calcite ions (Gabbott, 1998);
allowing the free diffusion of calcium ions throughout the carcass and obtaining the
carbonate ions generated from the recycled organic carbon, which means there would be
no limit on the precipitation of calcite. In addition, animal cells are relatively weak
structures and would not provide any resistance to a calcite crystal growth.

The concretion matrix (Fig. 3.10E) is composed of an interlocking mosaic of
clay minerals, fine calcite crystals and larger, euhedral, rhomb shaped crystals of
ankerite. The ankerite crystals illustrate exsolution features and are typically associated
with anhedral dolomite. The formation of the anhedral dolomite was attributed to the
alteration of the smectite clays, which had been illitized (Orr et al., 2000a). However,
they are unlikely to be related as the process of illitization typically occurs between 100
and 140°C, but it has been suggested to initiate at temperatures as low as 70°C
(Bjorkym et al., 1993; Cuadros & Linares, 1996; Cuadros, 2006) and, as previously
stated, the conodont colour alteration index indicates the Herefordshire deposit was not

heated above 80°C. An increase in the solutions pH (i.e., alkaline solutions), a greater
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Mg®" and Fe?* ion activity and the supersaturation of the pore fluid with carbonate ions
would favour the precipitation of ankerite and dolomite (Hardie, 1986). A defined
relationship between the concretions and the fossils, if there is one, has yet to be
identified, although it does appear that the inclusion of the fossils into the concretions is

a random event.
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FIGURE 3.10— Revised taphonomic model for the Herefordshire Lagerstétte.
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CONCLUSION

For the first time EMPA data has suggested a link between the composition of
the organic matter and the composition of the clay minerals that authigenically
precipitated with the organic matter, and which this study suggests may have retarded
the decay process. Having identified the variations between the compositions of the
sparry calcite, in the fossil, and the minerals in the concretion matrix, this study has
mapped the taphonomic pathway through Eh-pH space. In addition, new evidence
presented herein suggests a void stage never occurred within the preservation pathway;
instead it proposes a direct and rapid replacement of the organic matter by sparry
calcite.

The original composition of the volcanic ash has played an important role not
only in providing the cations for mineralization, but also in mediating the stepwise
cation exchanges that occur during early diagenesis and which played an equally
important role in removing inhibitors and contaminants to calcite precipitation from the
pore fluid. The volcanic ash removed the magnesium, which promoted the formation of
the sparry calcite within the fossils, this being unusual for a marine setting. After an
unknown time period, magnesium and iron ions again became available in solution,
which promoted the formation of ankerite and dolomite in the carbonate concretion

matrix.
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ISOTOPE ANALYSIS AND THE MECHANISM OF CONCRETION
FORMATION WITHIN THE HEREFORDSHIRE KONSERVAT

LAGERSTATTE (SILURIAN)

Chapter Abstract: A review of the literature concerning concretion formation suggests
that a mechanism for the formation of carbonate concretions in a marine setting has not
been fully identified: the evidence is inconclusive and contradictory. Extensive XRD,
XRF and SEM analysis of the host carbonate concretions of the Herefordshire
Konservat Lagerstatte (Silurian) has demonstrated a uniform fabric, which has
preserved some volcanic minerals, across the concretions and also a radial variation in
chemical composition and mineral percentage. In addition, carbon isotopic analysis has
indicates that these concretions are not the result of organic matter decay as previously
thought within other studies: instead, it is likely that they formed close to the sediment
water interface and were gradually buried. Oxygen isotopic analysis shows that the
concretions are enriched in oxygen-16, which is unusual for a marine carbonate,
indicating the oxygen isotope ratio may have been reset by the interaction with meteoric
water, and/or different fractionation processes may have occurred during formation.
The uniform fabric and the lack of concentric structures support a pervasive mechanism
of concretion formation. However, the radial chemical variations favour a concentric
nucleation mechanism (although this may reflect a difference between early and late
cement phases). A pervasive mechanism of formation would explain why some fossils
can be found off centre and why some concretions lack fossils. As existing models were
defined on concretions formed in mudrocks it is unknown how they can be applied to

concretions formed in volcanic ash. An andesitic volcanic ash may account for the
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rapid precipitation of the concretions, by facilitating a suitable pH and by supplying the

cations required.

The Herefordshire Konservat-Lagerstatte (Silurian) contains three-dimensional
soft bodied fossils which represent a fully marine ecosystem (Briggs, 1996). The fossils
represent a range of soft bodied invertebrate animals including a polychaete worm
(Sutton et al., 2001c), a chelicerate (Orr et al., 2000b), ostracods (Siveter et al., 2003,
2007c, 2010), a pycnogonid (Siveter et al., 2004), a barnacle (Briggs et al., 2005), a
crustacean (Siveter et al., 2007a), a marrellomorph (Siveter et al., 2007b), a
lophophorate (Sutton et al., 2011), a mollusc (Sutton et al., 2001a, 2001b), a gastropod
(Sutton et al., 2006), and a brachiopod (Sutton et al., 2005). The fossils are recovered
from carbonate concretions which randomly distributed within a host bentonite.

The majority of studies which have focused on the formation of carbonate
concretions were undertaken on those formed in mudrocks and limestones and their
precise mechanism of formation has yet to be fully elucidated (e.g. Raiswell, 1987;
Irwin et al., 1977; Mozley & Burns, 1993; Al-Agha et al., 1995; Raiswell & Fisher,
2000). However, the occurrence of concretions within volcanic ash is even rarer and
their mechanism of formation has periodically lacked detailed scientific study. Although
there have been several attempts to constrain the timing of concretion formation this is
also poorly understood. The occurrences of three-dimensional unflattened fossils and
distorted laminations within the concretions have been suggested to be evidence of early
formation in uncompacted sediment (Raiswell & Fisher, 2000). However, other studies
that have focused on the formation of concretions, on the east coast of England, have
demonstrated that the rate of formation may be as slow as 100 um per year (Al-Agha et

al., 1995). Host carbonate concretions are fundamental to the Herefordshire Lagerstétte,
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as they greatly increase the long term preservation potential of the fossils entombed
within them.

Since the 1960s there has been a documented association, supported by isotopic
studies, between the formation of calcium carbonate and the decay of organic matter.
These studies have confirmed that the formation of carbonate concretions is associated
with the microbial decay of organic matter (Raiswell, 1987; Irwin et al., 1977; Mozley
& Burns, 1993; Morese et al., 2007). Orr et al. (2000a) hypothesised that the formation
of the carbonate concretions within the Herefordshire Lagerstétte was the result of the
decay of more labile organic tissues, which were not preserved. This study will test that
hypothesis with new isotopic data and suggest an alternate possible mechanism of
formation of the concretions.

New mineralogical, geochemical and isotopic analyses are used to identify radial
variations across the concretions, to elucidate the mechanism of concretion formation

and also suggest a mechanism for the incorporation of the fossils into the concretions.

GEOLOGICAL SETTING

The host bentonite deposit of the Herefordshire Lagerstétte occurs at a single
locality, a well exposed face in a quarry in the county of Herefordshire, England. The
deposit has a maximum thickness of one metre and a 40 metre long single exposure; its
limited lateral extent has been attributed to deposition on an undulating sea floor
(Briggs et al., 1996). At the base of the regional succession are algal limestones of the
Dolyhir-Nash Scar Limestone Formation and stratigraphically above this is the
Coalbrookdale Shale Formation, which locally is approximately 300 metres thick

(Bassett, 1974). The host bentonite of the Herefordshire Lagerstatte occurs within the
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Coalbrookdale Formation, 10 cm above the top of the Dolyhir-Nash Scar -
Coalbrookdale Formation boundary.

The concretions appear to be slightly more abundant within the thickest portion
of the bentonite and are more concentrated within its top 30 cm. The concretions are
rounded and show variation in their shape, from, e.g. spherical to lens to plano-convex
shaped (Fig. 4.1). The sizes of the concretions also vary between 5 and 200 millimetres
in diameter. Smaller concretions are typically spherical, whilst the larger concretions in
many cases are lens-shaped. Some concretions lack fossils. If a concretion contains a
fossil it rarely occurs in the centre. Typically, the concretions are weathered to a brown
buff colour, but the larger concretions, usually those over 80 millimetres in diameter,

may preserve an unweathered blue/grey centre.

Figure 4.1: Three concretion shapes recovered from the host bentonite. A. Spherical, B. Lens,
C. Plano-convex. All scale bars: 10 mm.

METHODS
Samples for SEM and petrographic analysis were prepared as standard,
uncovered polished thin sections, which were carbon coated. Analysis of the carbonate
within the concretion matrix was carried out on a Hitachi S-3600N Environmental
Scanning Electron Microscope (SEM) at the Department of Geology, University of

Leicester. In addition, 100 concretions, from the Herefordshire Konservat Lagerstatte
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collection housed at the University of Oxford Museum of Natural History, were
examined to assess any relationship between the fossil and host concretion. Particular
attention was paid to the eccentricity of the fossil, the size of the concretion, and the
size and taxonomic affinity of the fossil.

Chemical analysis was carried out using an Oxford INCA 350 Energy-
Dispersive X-ray spectroscope (EDX) system attached to the SEM, providing elemental
mapping and semi-quantitative chemical data by the point-and-ID spectrum. The system
was operated at an acceleration voltage of 15kV. Chemical analysis was normalised
against a standard, which is 99.99% pure cobalt. The fine-grained nature of the rock
makes meaningful analysis by electron microprobe analysis unobtainable.

Two larger concretions were selected for geochemical transects. These were first
cleaned to remove any loose material and then cut into sections on a 14” phosphor-
bronze rock saw. The sections were then divided into one-centimetre square cubes and
the three main growth axes were sampled (Fig. 4.2). The cubes were then milled on a
Retsch PM 400 Planetary Ball Mill at 260 rpm for 20 minutes and the fine powders
from these were processed as standard fusion beads. Each sample subsequently derived
from the large concretion was catalogued according to the sample’s LF number

(University of Leicester fusion bead number).
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Figure 4.2: A. Sampling axis of concretions. B. Example of sampling technique each black
square represents an individual sample. Scale bar: 10 mm.

X-Ray Diffraction (XRD) analysis was conducted on a Bruker D8 Advance with
DaVinci at the Department of Geology, University of Leicester. A copper anode was
used, with current conditions of 40 kV and 40 mA. Samples were scanning from 4° to
64° 20 and at a step size of 0.0195° 20; each scan was completed in 24 minutes. The
scans were processed using Bruker DIFFRACP"™ Software Suite (release 2009). The
ICDD PDF-4+ Scholar crystallographic database (release 2009) from the International
Centre for Diffraction Data was used to identify the mineral phases present, while
TOPAS software was used for quantitative analysis. In addition, some samples were
analysed on a Phillips model PW1732 X-ray generator, with a PW1716 diffractometer
and PW 1050/25 detector controlled by a PW1710 at the Department of Geology,
University of Leicester. A Copper (Cu) anode, was used, with current conditions of 40
kV and 30 mA. Samples were scanned from 4° to 64° 20 at a step size of 0.02° 206 and
a speed of 1° /min. Angle calibration was by a synthetic silicon sintered standard. The
scans were processed using GBC Scientific’s Trace V6.7.13 software. Results from this
instrument were consistent to those analysed by the Bruker XRD. Analyses were carried

out on both the whole rock and the clay fraction.
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X-Ray Fluorescence (XRF) analysis was conducted on a PANalytical PW 4400
Axios Advanced X-Ray Fluorescence spectrometer in the Department of Geology,
University of Leicester, with a 4Kw Rhodium (Rh) anode, and a PC running
PANalytical SuperQ software system with 1Q+, WROXI and ProTrace extensions.
Major and trace elements were measured from fusion beads; the determination of trace
elements in fused beads is obtained through mass absorption corrections, which are
made from values calculated from the major element composition and the tables of
Thinh and Leroux (1979). It is important to note that the method of analysing trace
elements from the fusion beads is not as accurate as those analysed from standard
powdered pellets.

Carbon and sulphur content of the samples was measured on a LECO™ CS230
carbon and sulphur analyser at the Department of Geology, University of Leicester. The
analyses were carried out on 0.2 grams of sample, with iron and tungsten/tin chips
added to act as accelerants. The samples were loaded into the instrument and heated to
850°C in the presence of oxygen.

Samples were analysed for carbon and oxygen isotopes at the NERC Isotope
Geosciences Laboratories (NIGL) at Keyworth, Nottingham. To measure for carbon and
oxygen isotopes across the concretion axis, 10 mg of carbonate from each sample was
reacted with anhydrous phosphoric acid under a vacuum for 72 hours at a constant 25°C
(this is sufficient to react all calcium and magnesium carbonates including dolomite).
The carbon dioxide liberated was separated from water vapour under vacuum and
collected for analysis. The carbon dioxide was measured on a VG Optima mass
spectrometer at NIGL. Isotope values (5*3C, §'%0) are reported as parts per mil (%o),
deviations of the isotopic ratios (**C/*2C, ®0/*®0) calculated to the VPDB scale using a

within-run laboratory standard calibrated against NBS standards.

80



CHAPTER 4: CONCRETION FORMATION

ANALYTICAL RESULTS
Distribution and shape of the concretions
The concretions appear to be more frequent within the top 30 centimetres of the

host bentonite (Fig. 4.3).

Figure 4.3: Image of the host bentonite with concretions (painted blue). The geological hammer
is 28cm in length. (Photo: David Siveter, August 1997).

Objects, such as concretions, can be dispersed in three ways: randomly,
regularly, or clumped together (Fowler et al., 1998). It was possible to quantitatively
assess the distribution of the concretions within the bentonite and to calculate an index
of dispersion, by recording the concretions set against a 30x30cm grid placed at the

exposure (Table 4.1).
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Table 4.1: Number of concretions recorded within each square of the grid.

0 2 0 4 2 1 0 0 1 0
0 0 1 0 0 1 1 1 0 1
Not exposed 1 0 1 0

The mean and standard deviation of the data were calculated. These were
0.708333 and 0.954585, respectively. The standard deviation is then squared to obtain
the variance (0.911232) and the dispersion index is then calculated (1.286445) by
dividing the variance by the mean. A factor, which is denoted by the symbol X2
(29.58824), is calculated by multiplying the dispersion index by the degrees of freedom
(n-1) (23). The factor (X?) and the degrees of freedom are then read off a reference
graph (Fig. 4.4) to identify the dispersal pattern. The reader is referred to Fowler et al.
(1998) for a full description of the methodology.

This statistical test indicates that the concretions are distributed through the
bentonite randomly. However, a point to note when considering the implications of this
test is that it was done on a two-dimensional surface; it tests the visible 2-D surface of
the exposure, and does not consider any possible 3-D variation of the concretion
distribution within the rocks. The test was done on a relatively small sample, but this
particular statistical test is in any event most suited to small sample areas (Fowler et al.,

1998).
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Figure 4.4: Random discrimination graph (after Fowler et al. 1998). The shaded area is the area
of 95% confidence zone of random dispersal. The marked point is the test results for the
concretions of the Herefordshire Lagerstétte.

Mineralogy of the concretions

The fine crystal size of the concretion matrix precluded it from being examined
using a standard petrographic microscope. EDX analysis was therefore utilised for
semi-quantitative chemical analyses to identify the composition of the minerals present
within the concretion matrix (Appendix M).

Examination by SEM backscatter revealed a matrix of interlocking carbonate
and clay minerals. EDX data was plotted on discrimination diagrams to identify the
minerals present. From each analysis the analytical total of elements (TOT) was plotted
against weight percent SiO, (Fig. 4.5A). Three distinct clusters were apparent. Those
with an analysis total of 50 - 60 % with no silicon were carbonates; those with an
analysis total of 80 - 100 % and a silicon content of 40 - 60 % were clays; and those

with an analysis total of 90 - 100 % and a silicon content of 100 % were quartz.

83



CHAPTER 4: CONCRETION FORMATION

Adjacent to the quartz group, a distinct cluster could be identified with an analysis total

of between 75 - 80 % and silicon total of between 75 - 80 %; these analyses identify

chalcedony, which is a cryptocrystalline variety of quartz.
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Figure 4.5: A: Analysis total against weight percent SiO2. Plots discriminate mineral phases as
indicated. B: Point-and-1D analysis of CaO wt% against FeO wt% demonstrating the three
separate carbonate mineral phases within the host sediment.

Analyses of the carbonate minerals within the concretion matrix revealed the

presence of three carbonate minerals: ankerite, dolomite and calcite (including

magnesium calcite) (Fig. 4.5B). Clay minerals are also visible in acid-etched blocks of
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concretion matrix: Kaolinite with a foliated habit (Fig. 4.6A), and illite crystals with a

fibrous habit (Fig. 4.6B).

Figure 4.6: Habits of clay minerals within the concretions. A. Kaolinite. B. lllite.
Scale bars are 5 um.

Analysis by SEM and EDX identified minerals in the concretions that may be
volcanic in origin. The mineral rich in titanium (Fig. 4.7A), which is either rutile, an
accessory mineral commonly associated with igneous rocks, or anatase, which is
derived from the alteration of other titanium minerals. This titanium mineral is
surrounded by kaolinitic clays, which themselves are then sequentially surrounded by
carbonates. The clay minerals surrounding the titanium mineral are interpreted as the
remains of the volcanic ash that originally encapsulated it. The composition of the
carbonates varies with distance from the titanium mineral as demonstrated by EDX
elemental mapping; ferroan dolomite (iron and magnesium rich carbonates)
immediately surrounds the clays (Fig. 4.7), and this is then in turn surrounded by
calcites depleted of magnesium and iron. There are no distinct euhedral crystal faces

between the calcite and the ferroan dolomite.
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Figure 4.7: Backscatter SEM image of a part of the concretion matrix (A). Note the area within
the white box, and below its corresponding elemental maps, individually labelled, which
indicate the mineral to be a titanium mineral surrounded by clays, Mg and Fe carbonates, and
calcites. All scale bars: 80 um
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At least three different carbonate minerals were identified within the concretion
matrix: ankerite (Ca(Fe, Mg, Mn)(COs3),), dolomite (CaMg(COs3),) and calcite (CaCO3).
Crystals of ankerite (Fig. 4.8A) show ragged edges which are interpreted as exsolution
features. These occur if the pore fluid becomes undersaturated during the precipitation
of the crystals and the mineral dissolves back into solution (Hall & Cullen, 1996;
Geeslin & Chafetz, 1982), although they may also represent later weathering and
alteration. These ankerite crystals are surrounded by dolomite (Fig. 4.8A), which lacks
any euhedral crystal shape. The dolomite is itself surrounded by calcite.

Iron hydroxide is also commonly found during SEM backscatter imaging of the
thin sections as a coating around other minerals (Fig. 4.8B). This may have been
derived from either the weathering of minor amounts of pyrite, from iron(ll) present in
solution from the final stages of volcanic ash alteration, or it could have been

transported into the concretion during weathering.

Figure 4.8: SEM backscatter images of the matrix of a single concretion. A. Exsolution features
on the ankerite crystal (ank) surrounded by an anhedral dolomite (dol) surrounded by calcite
(cal). B. Iron oxide (Fe) coating grains within the matrix. Scale bars A: 30um, B: 20 um.

Whole rock XRD analyses demonstrated that calcite is the dominant carbonate
phase present within the concretions (Appendix N). In addition, samples that correspond
to the blue-heart central regions of the concretion had elevated percentages of dolomite

(Fig. 4.9). Ankerite was not recorded within the XRD analysis of the samples, because
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ankerite and dolomite belong to the Trigonal — Rhombohedra crystal system and are
part of a solid solution series, which is dependent on the substitution of iron and
magnesium (Reeder & Dollase, 1989). So the XRD peaks of the end members of
dolomite (CaMg(COs3),) and ankerite (CaFe(COs),) are very close together and
indistinguishable from each other. Within the whole rock analysis the dominate clay
phases were demonstrated to be kaolinite and illite. This is in contrast to the host
bentonite which has greater proportions of illite and smectite and lacks significant
percentages of kaolinite (Chapter 2). In addition, whole rock XRD identified the minor
occurrence of quartz within all of the samples.

XRD analyses of the clay fraction have demonstrated that the concretions
contain a small proportion (3 %) of smectite, which is identical to the proportions
recorded in the host bentonite (Chapter 2). Illite is the dominant clay recorded from the
clay fraction analysis, but kaolinite only makes up 1 % of the clays present, and is found
in both the weathered and unweathered parts of the concretion. In addition, chlorite has
also been recorded within the concretions and makes up 19% of the clay fraction in both
the weathered and unweathered parts of the concretion. Chlorite is an indication of

terrestrial clastic input (Kiipli et al., 2008).
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Figure 4.9: Comparison of the XRD traces from the blue unweathered centre with the brown
weathered rim of a concretion. Note the absence of dolomite within the weathered rim. The un-
labelled peaks are secondary peaks of the minerals identified. Scale bar: 10 mm.

Plotting the percentage of minerals across the diameter of the concretion
demonstrates an increase in the percentage of calcite from the centre outwards. This is
in contrast to the trend of the dolomite percentages, which demonstrate a decrease from
the centre to the edge. Although minor anomalies are present within the data, the overall
trending is symmetrical about the centre of the concretion (Fig. 4.10). In addition, the
XRD analyses have also identified the presence of siderite in the concretion matrix,
which decreases from the centre of the concretion outwards (Fig. 4.10). The percentage
of quartz shows a decrease from the centre of the concretion to the transition from the
blue/grey centre into the brown edges. Interestingly, at the edge of the concretion,
which corresponds to the brown weathering, there is a rapid increase in the percentage
of quartz by approximately 10 %. Kaolinite shows a general increase from the centre of

the concretion outwards (Fig. 4.10).
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Figure 4.10: Variation in percentage of minerals across the width of the concretion. Point O
represents the centre of the concretion. The grey shading represents the position of the
unweathered heart

Geochemistry of the concretions

XRF analyses were carried out on the 46 samples from the two largest
concretions available (Appendix O). The trace elements that are considered immobile
were used to identify the original source of the sediment within the concretions, through
the use of the Nb/Y versus Zr/TiO; plot as in the methods described by Winchester and
Floyd (1977). Data from the analyses are plotted on Figure 4.11 along with the analyses

of the host bentonite samples.
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Figure 4.11: Volcanic classification plot (after Winchester and Floyd 1977). The circled
markers in the light grey ellipse denote the concretion analysis, and the triangles in the dark
grey ellipse denote the bentonite analysis (Chapter 2).

These analyses confirm the findings that the sediment within these carbonate
concretions originated from an andesitic volcanic eruption (Chapter 2). As the protolith
has been established, the major elemental data was normalised to an average andesite
(Fitton et al., 1982) and then to aluminium, because experimental work carried out by
Spokes and Jickells (1996) has demonstrated that aluminium is only soluble under low
pH conditions, and can therefore be considered immobile under normal marine
conditions. This allowed the elemental enrichments and depletions in the concretions to
be identified. The double normalised data of the concretions, shown in Figure 4.12.A,
demonstrate that they are highly enriched in calcium, manganese, phosphorus, and iron,
and depleted in silicon, potassium and sodium. Some samples also demonstrated
depletion in magnesium, but this can be attributed to leaching out during weathering.

For comparison, the double normalised XRF analysis of the host bentonite, shown in
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Figure 4.12.B, has demonstrated that the bentonite is depleted in calcium, manganese,

magnesium and iron.

heavily depleted in sodium.

Interestingly, both the concretions and the host bentonite are
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Figure 4.12: A. Representative XRF data from the carbonate concretions which have been
double normalised. Note the enrichment in calcium and manganese, the variation in magnesium
content, and the enrichment in iron. B. Representative XRD data from the host bentonite which
have been double normalised. Note the depletion in calcium, manganese, magnesium, and iron.
In addition, note that both the concretions and the bentonite are heavily depleted in sodium.

Transects were taken across the major growth axes of the concretions to

examine the chemical variation which occurred during the growth of the concretion.

Examination of the cations showed that those able to substitute into the calcite structure
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(iron, magnesium, and manganese) showed a degree of symmetry about the centre of
the concretion. The centre of the concretion is enriched in magnesium in comparison to
the weathered rim (Fig. 4.13). This high proportion of magnesium is complemented by
a decrease in the molecular proportion of calcium. Although the molecular proportion of
iron appears relatively consistent across the concretion, it does increase within the
brown weathered rim, while the molecular proportion of manganese has a uniform
distribution across the width of the concretions.
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0 represents the centre of the concretion. Calcium molecular proportion has been plotted on the

secondary axis. The grey shading represents the position of the unweathered blue heart.

Isotope analysis of the concretions
Transects of §'%0 and 8"3C were measured from bulk rock across the major axis
of the concretions (Appendix P). The oxygen isotopic analyses are of whole rock

51BOWRC

carbonate ( ). However, the whole rock carbonate oxygen isotopes are affected

by the ratio of dolomite to calcite, since the measured oxygen isotope value for dolomite
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is higher by 3.8%o relative to calcite (Ehrenberg et al. 2002). Therefore, they need to be

corrected to equivalent calcite values by the following formula:

880 VRC = 580 pEasuren ¢ — 3.8(DOL/(DOL+CAL)) (Eq. 4.1)

Whilst §'%0."RC is the calculated calcite equivalent, 5*®0measuren " C is the
oxygen isotope value measured from the sample. DOL and CAL are the percentages of
dolomite and calcite respectively derived from XRD whole rock analysis. Figure 4.14 A
and B demonstrate the typical trends observed in the isotopic ratios. The carbon in the
centre of the concretions is characteristically heavier and becomes lighter towards the
concretion edges. The oxygen isotopic trends (an example of which is depicted in
Figure 4.14 A and B) are the reverse; the oxygen isotopic ratios are lighter in the centre
and become increasingly heavier with distance from the centre. The oxygen isotope
ratio becomes lighter again at the transition between the brown weathered and blue

fresh concretion (Fig. 4.14 A and B).
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Figure 4.14: A. Concretion 1. B. Concretion 2. These are the typical observed carbon and
oxygen isotopic transects across the diameter of the concretion. Point O represents the centre of
the concretion. Note the slight variation between the left and right hand side of B, indicating
that diffusion may have not been equal in all directions.

These isotopic trends are consistent throughout between the concretions, suggesting an

identical mechanism of formation.
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DISCUSSION

Textures, mineralogy and geochemistry

The concretions are characterised by an extremely fine-grained, interlocking
matrix of carbonates, clays and quartz (both detrital and authigenic), which show no
textural variation across the concretion axis of growth (see Figure 4.2). The fine grain
size (<2 um) must be the result of rapid crystal nucleation and slow growth. Work by
Lin et al. (2002) demonstrated that during the formation of carbonates the ratio of
nucleation to growth determines the size of the crystals formed; high nucleation and low
growth rate results in the formation of smaller carbonate crystals, while larger crystals
are the result of low nucleation and rapid growth.

At the time of concretion formation the volcanic ash may have been contributing
ions to the pore fluid that inhibit carbonate precipitation. For example, the occurrence of
Mg-calcite, dolomite and ankerite all infer that Mg®* ions were present in solution,
along with iron and calcium. Folk (1974) and Davis et al. (2000) have both
demonstrated the effect magnesium ions have on precipitating calcite crystals; the
magnesium ions poison specific crystal faces, which causes the crystal to elongate
through its c-axis and grow fibrously. Essentially, the magnesium ions act as an
inhibitor to the precipitation of large calcite crystals.

Immobile trace element data has confirmed that the protolith of this bentonite
was originally an andesitic ash. Andesites are typically enriched in elements such as
calcium, manganese, magnesium and iron. Interestingly, these are the elements that the
host bentonite is depleted in, but the unweathered concretions are enriched in (Fig. 4.12
A&B). This study has presented strong evidence that the andesitic ash supplied the
cations which are essential for carbonate precipitation. In addition, as carbonates are

unable to accommodate ions such as zirconium, yttrium, titanium or zirconium it
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suggests that the carbonate precipitated rapidly within the pore space entombing the
volcanic ash.

An interesting comparison can be made between the fossils, which are
composed of sparry calcite, and enriched in manganese, and the concretions, which are
composed of high-magnesium calcite, ankerite and dolomite. This suggests a significant
change in the chemistry of the carbonate precipitating fluid during the early diagenetic
processes. During the precipitation of the sparry calcite in the fossil, the Eh conditions
of the pore fluid need to be reducing enough to allow the formation of Mn?* ions, which
are soluble in seawater in comparison with the insoluble Mn**, but not so reducing that
they promote the formation of Fe®* ions, which can substitute into the calcite mineral
structure. Subsequently, during the precipitation of the carbonate matrix, which does
contain iron, the Eh of the pore fluid must have been further reduced in order to
promote the formation of the Fe?* ions. However, the noticeable lack of pyrite within
this Lagerstéatte indicates that the reducing conditions were never such that the
formation of sulphide ions was promoted, and as a result the formation of pyrite was
inhibited. Sufficient Fe?* for pyritization is evident because the carbonates contain iron.

As well as Eh, the pH of the pore fluid must also be considered. Carbonate is the
principal mode of preservation in the Herefordshire Lagerstatte and this indicates that
the pH was alkaline, because carbonate dissolution is inhibited at pH>8 (Pokrovsky &
Scott, 2001). As evident from the double normalised plots the concretions and the
bentonite are all depleted in sodium. Sodium ions that enter solution would react with
the water to produce sodium hydroxide, which has a high pH and can drive the system
to conditions favourable for the rapid precipitation of carbonate minerals.

It is important also to consider the difference between an andesitic ash, which

hosts the Lagerstatte, and a rhyolitic ash, the composition of most non-fossiliferous
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ashes found in the Welsh Borderlands (Teal & Spears, 1986). Rhyolitic bentonites are
compositionally evolved (Teal & Spears, 1986), meaning that they are enriched in
silica, aluminium and sodium, but are depleted in calcium, magnesium, manganese, and
iron. Therefore, they are unable to supply the cations necessary for carbonate formation
and are unlikely to be associated with exceptional preservation involving replacement of
non-biomineralized tissues with carbonate phases.

As well as the occurrence of carbonates, the EDX analyses have also identified
the presence of chalcedony within the matrix of the concretions. Chalcedony is an
amorphous phase of silica, which contains 1-2 weight percent water, and consequently
does not appear on XRD traces (Heaney, 1993). It is a common product of volcanic ash
alteration (Morad et al., 2010). Volcanic ash is composed of microscopic fragments of
siliceous volcanic glass and, during weathering, this silica typically becomes liberated
during alteration and enters solution (Murata, 1940), where it is available for the
formation of chalcedony. Chalcedony is typically formed under near surface conditions,
at temperatures no higher than 150°C in a solution with a high availability of silica and
an alkaline pH (White & Corwin, 1962). This supports my hypothesis that the pH of
the pore fluid was alkaline, in addition the cryptocrystalline form of chalcedony is
indicative of relatively fast precipitation.

The XRD and XRF data demonstrate a radial variation in the minerals present
within the matrix of the concretions. Using stoichiometry it is possible to determine the
amount of silicon present as kaolinite and infer the amount of silicon present as quartz
(and chalcedony). It must be noted that this method makes the assumption that all the
aluminium detected is present as kaolinite since it was the only clay mineral detected on
the whole rock XRD. Plotting the XRD mineral percentages and the calculated

concentrations together (Fig. 4.15) demonstrates that the weight percent aluminium is
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consistent with the kaolinite trend, increasing from the centre outwards. In addition, the
silicon (minus the silicon in the clay percentage), is consistent with the XRD whole rock
percentage of quartz (Fig. 4.15).
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Figure 4.15: Plot of aluminium and silicon data after the stoichiometric removal of clay
minerals with the plots of mineral percentage from the XRD. Note the consistency between the
two analytical techniques. Point O represents the centre of the concretion and the grey shading
represents the position of the unweathered concretion.

The increase in the formation of clays at the edges of the concretions may reflect
a point during their formation when carbonate precipitation slowed, giving way to the
precipitation of clay minerals. This may be the result of a pH shift towards more acidic
conditions, which result in quartz precipitation, or the pore fluid becoming exhausted of
the cations necessary for carbonate precipitation.

A similar relationship can be identified within the different carbonate minerals,
by plotting the percentage of dolomite, calcite, and siderite with the molecular

proportions of calcium, magnesium, manganese and iron (Fig. 4.16). Figure 4.16
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provides further ground truth of the XRD data and demonstrates that the decrease in the

percentage of dolomite is consistent with the decrease in the proportion of magnesium.
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Figure 4.16: Plot of the molecular proportions of calcium, magnesium, manganese, and iron
with the plots of mineral percentage from the XRD. Note the consistency between the two
analytical techniques. Point O represents the centre of the concretion.

Figure 4.16 also demonstrates that the increase in molecular proportion of
calcium from the centre of the concretion is consistent with the increase in percentage
of calcite within the concretion. However, there is a contrast between the molecular
percentage of iron and the XRD percentage of siderite (Fig. 4.16), as the percentage of
siderite decreases from the centre outwards, but the proportion of iron increases towards
the margins. However, XRF is an analysis of total iron whilst siderite is a specific iron
mineral, thus the iron is present as a form that the XRD cannot identify, such as an
amorphous phase, possibly iron hydroxide. So, to ascertain the amount, if any, of iron
which had been transported into the concretions during weathering this study used a

series of calculations based on stoichiometry, using the elements Ca, Mn, Mg, and Fe
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obtained from XRF, the total carbon data obtained from LECO™ analysis and the
molecular formula of the minerals involved (see Appendix Q). This was carried out in
the following steps:

e The %C, obtained from the LECO™, is converted into weight percent CO; and
the Fe,O3, obtained from the XRF, is converted into FeO.

e The weight % CO; is then converted into CaCO3_ At this point it can be inferred
that there is not enough calcite within the samples to account for the levels of
carbon analysed (see DCO2 in Appendix Q).

e Then with each successive stage the cations Mg, Mn and Fe are assigned to the
remaining CO,, eliminating their carbonate phase.

e After the removal of the iron the remaining carbon is converted back into %C.
These stoichiometric calculations suggest that no further iron has been added to

the concretions, even during weathering. Interestingly, the excess component is not iron,
but carbon. There is excess carbon present within the samples which is not in the form
of carbonates. It is highly likely that this excess carbon is organic carbon, which cannot
be detected by the XRD and it is possible that the carbon is bound to the surface of clay
minerals (Hedges & Keil, 1995). Therefore, based on these calculations it is probable
that the iron hydroxide present, which gives the weathered concretions their buff brown
colour, is from the re-mobilisation of iron from the carbonates during weathering. This
conclusion appears valid, as even if all possible sources of error were summed, the
results would still show that no iron had been added to the system and that carbon is

present in excess.

101



CHAPTER 4: CONCRETION FORMATION

0.1 100
0.09 90
0.08 /\ 80

/ /\
0.07 70 o
®
o 0.06 60 §
: \ 5
< 0.05 50 <
< \ 5
a0 c
2 0.04 40 =
/ \ 2
0.03 30 <

i
/

o

0 = T T T T
-55 -35 -15 5 25 45

Sample spacing (mm)

-=—Mg:Ca —+Calcite -® Dolomite

Figure 4.17: Mg:Ca ratio across the concretion and the percentage of dolomite and calcite.
Point 0 represents the centre of the concretion, and the grey shading represents the unweathered
centre of the concretion.

Interestingly, these analyses infer that the initial formation of dolomite was
towards the centre of the concretion. The decrease in both the Mg:Ca ratio (Fig. 4.17)
and the percentage of dolomite towards the edge of the concretions may indicate that
the precipitation of dolomite was superseded by the precipitation of calcite. In fact, the
depletion of magnesium may be responsible for the change from dolomite to calcite and
may signify the point at which the available magnesium from the volcanic ash was
exhausted. However, it may also reflect a weathering zone and the re-mobilisation of
the magnesium.

The timing of the dolomitization needs consideration given the evidence
presented above. The radial changes in the distribution of dolomite and the Mg:Ca,

infers that the precipitation of the dolomite may have been an earlier event. Orr et al.
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(2000a) suggested that the dolomite represented a later dolomitization event: brought
about by the illitization of the smectite. However, the mechanism proposed by Orr et al.
(2000a) does not account for the higher percentage of smectite recorded in the host
bentonite (Chapter 2) in comparison with the concretions, as this smectite would have
gone through the same alteration as well. In addition, the process of illitization typically
occurs between 100 and 140°C, but has been suggested to initiate at about 70°C
(Bjorkym et al., 1993; Cuadros & Linares, 1996; Cuadros, 2006). But the examination
of the conodont colour alteration index (CAl) of locally collected conodonts indicates
that the temperature of the deposit was never above 80°C (Konigshof, 2003). It is
therefore unlikely that the process of illitization had reached any substantial
advancement within the host bentonite. Also if the dolomitization does represent a later
event then it would be expected that the percentage of dolomite and Mg:Ca ratio would
decrease towards the centre, recording the advancing dolomitization from the edges
inwards, assuming that diffusion is equal in all directions.

This study suggests that there are two possible phases of dolomite formation: an
initial phase, which forms the euhedral ankerite/ferroan-dolomite crystals, and a
secondary phase, which forms the anhedral dolomite, and which represents the later
alteration of the initial phase after iron remobilisation. The prerequisite for the process
of dolomite (and ankerite) formation is a pore fluid with an elevated Mg:Ca (and Fe:Ca)
ratio, a pore fluid saturated with carbonate ions, and enhanced alkalinity (Hardie, 1986;
Hendry, 2002). These conditions can be explained through the interaction of the
andesitic volcanic ash. As previously mentioned, the volcanic ash goes through a series
of cation exchanges with the pore fluid and is an ideal source of magnesium and iron. It
has also been suggested in this study that the interaction of sodium ions from the ash

could generate the enhanced alkalinity and supersaturate the pore fluid with carbonate
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ions. However, as the pore fluid is derived from seawater there is likely to be also a
concentration of sulphate ions, which have been documented to inhibit the formation of
carbonates (Walter, 1986). The sulphate reduction of organic matter is typically inferred
as the process which removes this inhibitor to allow dolomite to precipitate in a normal
marine setting (Raiswell & Fisher, 2004; Wright & Wacey, 2005), but, this presents this
hypothesis with a problem; as already stated, one in three concretions appears to
contain fossils. For these fossils to have survived, it would have required a considerable
additional amount of organic material to have been available for sulphate reducing
bacteria to have removed all the sulphate ions from the pore fluid. However, this study
suggests a different mechanism for removing the sulphate inhibitor without the need for
vast amounts of organic matter decay by sulphate reduction. Experimental work by
Shiraki et al. (1987) has demonstrated the absorption of sulphate ions during the early,
rapid, cation exchanges which occur between the volcanic ash and the seawater shortly
after deposition. This process could have been responsible for depleting the pore fluid
of sulphate ions during the carbonate formation in the host bentonite.

Therefore, this study proposes that dolomite, and ankerite precipitated early
rather than late and this would account for the radial distribution where the greatest

proportion of dolomite is at the centre of the concretions.

Isotope discussion

Concretions which obtain their carbon from the recycling of organic matter have
characteristic carbon isotopic ratios which are typically -20 %0 PDB (Irwin et al., 1977).
However, the new carbon isotopic data presented in this study are too high, indicating
that the concretions are not the result of organic matter decay, but instead are influenced

by the environment of deposition. Transects across the concretion demonstrate that
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carbon becomes isotopically lighter towards the edge of the concretion. The range of
carbon isotopic ratios for the concretions varies from -3.10%o to -6.34%o. These values
do not characteristic of organic matter decay, which is typically -20%o. (Irwin et al.,
1977). The variation in the carbon isotopes across the transects may represent the
varying proportions of carbon which originated from the seawater compared to the
carbon from the organic carbon; the greater proportion could have only been sourced
from the seawater as the volcanic ash is thought to have been considerably de-gassed at
this stage. Woo and Khim (2006) suggest that concretions with this isotopic trend form
within a few centimetres of the sediment-water interface and would utilise carbon from
the pore fluid, which contains a residual seawater composition, and with burial an
increased proportion of organically derived carbon would be incorporated.

The oxygen isotopes have not exhibited a similar trend; instead the isotopic ratio
is, unusually, light in the centre and becomes heavier towards the edges. It is also
important to note the small light excursions on the edges of the concretions correlate to
the brown, buff, weathered regions. Wenlockian brachiopods have been shown to have
820 values of -2%o to -6.5%o (PDB), and Wenlockian seawater is estimated to have
been about -3.5%0 (SMOW) (Azmy et al., 1998). These values indicate that the
carbonate within these concretions is enriched with isotopically light oxygen, and
implies that seawater is not the source of the oxygen within the carbonate minerals.
There are several possible causes for the occurrence for isotopically light oxygen at the
centre of the concretions and they will be discussed below.

It is conceivable that these 5'°0 values are either the result of meteoric water
incorporation into the concretions during the initial precipitation, or the oxygen isotopic
ratios have been reset through re-equilibration of the calcite with meteoric water during

diagenesis. Through Kinetic fractionation, meteoric water is typically enriched with
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oxygen-16 and as a result negative values are usually associated with its occurrence
(Hays & Grossman, 1991). However, meteoric water was not involved during the
concretions’ initial formation as the emplacement method of the host bentonite has been
suggested to be a sub-aqueous turbidity current (Chapter 2), which would have
entrained seawater, and the environment of deposition has already been identified as an
outer shelf marine environment (Briggs et al., 1996). However, it is possible that there
has been later resetting by later interaction with meteoric water. Although, the conodont
colour alteration index indicates that the deposit has never exceeded temperatures of
80°C this does not rule out low temperature diagenesis, to test this oxygen isotope
values can be used to calculate a palaeotemperature, because minerals precipitated from
low temperature fluids are preferentially enriched with 20, and in comparison minerals
precipitated from warmer fluid are enriched in *°0 (Kasting et al., 2006). Estimates of
the temperature of formation made using the temperature equation of O’Neil et al.
(1969) (Equation 3.2) produces estimates of 40 to 50°C which infers low temperature
diagenesis, but also supports the argument that these oxygen isotopic signatures are not
a primary feature.

Organic matter which is going through sulphate reduction has been
demonstrated by Sass et al. (1991) to deplete the pore fluid of oxygen-18; it is another
process that could account for the enrichment of oxygen-16 in the concretion. However,
this process can be disregarded, because typically only one in three concretions
examined were associated with a fossil, and also because, as the carbon for the
carbonate has not been acquired from the decay of organic matter alone, it is unlikely
that organic matter is responsible for the unusually light oxygen ratios.

Oxygen fractionation must also be considered. Equilibrium fractionation occurs

as the crystal precipitates from the pore fluid; the precipitating crystals attempt to reach
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equilibrium with the fluid, and the rate of growth may determine the extent of this
equilibrium. Work by Dietzel et al. (2009) demonstrated that when a calcite crystal
precipitates at a rapid rate it is not in oxygen isotopic equilibrium with the solution it is
precipitating from. Further to this, the work of Coplen (2007), who examined slow
inorganic calcite growth at the Devils Hole in Nevada, showed that slowly precipitating
calcites were in oxygen isotopic equilibrium. However, Coplen (2007) suggested that a
re-evaluation of the oxygen isotope fractionation factor was required; if Devils Hole
represented isotopic equilibrium then marine calcites were enriching oxygen-16
preferentially.

As the pH of this system is hypothesised to be pushed towards alkaline
conditions there is also a possible kinetic fractionation associated with the formation of
COs? ions under alkaline environments. This fractionation was first noted by Spero et
al. (1997) who observed that an increase in seawater alkalinity resulted in the formation
of a foraminiferal test which was preferentially enriched in oxygen-16. Zeebe (1999)
later suggested a mechanism for this fractionation which involved the distribution of
carbonate species (i.e. H,COs, HCO5', and CO3%), which is a function of the pH of the
solution. For example, under alkaline conditions the dominant carbonate species is
COs?. This mechanism is supported by the experimental work of Kim et al. (2006) who
demonstrated that the COs” ions are depleted in oxygen-18, relative to their parent
HCOj3 ions and concluded that this was because of the preferential dissociation of
lighter isotopologues and incomplete re-equilibrium of the CO5* with the water.

The precipitation of early minerals also needs to be taken into account as they
may have resulted in a pore fluid that was enriched with oxygen-16. Mozley and Burns
(1993) suggested this concept, which involves precipitating authigenic minerals that are

enriched in oxygen-18. Mozley and Burns (1993) suggested that after the precipitation
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of minerals rich in oxygen-18 the remaining pore fluid, from which the final carbonate
cement phase precipitated, which would have been enriched in oxygen-16.

There is also a documented association of oxygen-16 enrichment within
concretions that are associated with volcanic ash. Woo and Khim (2006) carried out
isotopic analysis on concretions from Korea, and suggested that the enrichment in
oxygen-16 was the result of the pore fluid interacting with volcanic sediment. In
addition, Cuadros et al. (1999) conducted laboratory based experiments on the affect
that alteration of volcanic glass had on the fractionation of oxygen isotopes; they
identified an enrichment of oxygen-18 within the altered glass. This would result in a
pore fluid that was enriched in oxygen-16, and as the carbonates precipitated from that
fluid it would become, unusually, enriched in oxygen-16.

All of the processes described above can cause the enrichment of oxygen-16.
Consequently, the data is inconclusive and is unable to distinguish between the

processes described above.

Mechanism of concretion formation

Any mechanism of formation must answer the key observations: a lack of
internal radial structures/fabric, a lack of association with fossils, radial variation of the
chemistry, and accommodate rapid precipitation. The key control for the formation of
the carbonate concretions is the rate of diffusion of reactants to the site of nucleation.
Based on the work by Seilacher (2001) spherical concretions, recovered from the host
bentonite, infer a rate of diffusion that was equal in all directions. Typically in
homogeneous sediment it is assumed that concretions will grow spherically, as diffusion
is equal in all directions. However, Seilacher (2001) concluded that as compaction

occurred the permeability in the vertical directions would be reduced and therefore the
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shape would be affected. It is likely, therefore, that the lens-shaped concretions
recovered from the host bentonite are the result of increasing compaction. The
occurrence of plano-convex shaped concretions within the bentonite does not concur
with work by Seilacher (2001); his work suggests they occur within slowly depositing
sediment, whereas the evidence presented in Chapter 2 suggests that the deposition of
the bentonite was a single, rapid, event. Therefore, the plano-convex concretions may
be the result of reduced permeability by rapid clay precipitation within the bentonite.

While a substantial amount of work has been carried out on the formation of
carbonate concretions in mudrocks and limestones (e.g. Raiswell, 1971; Coleman &
Raiswell, 1993; Mozley & Burns, 1996; Raiswell & Fisher, 2000) there has been little
attention paid to the formation of carbonate concretions in volcanic sediment. However,
concretions and nodules have been recorded within volcaniclastic deposits. For
example, Fukue (2010) used the existence of nodules within bentonite formations as
evidence of carbonate production and dissolution, and Puspdki et al. (2008) recorded
the occurrence of non-fossiliferous carbonate concretions within bentonite deposits, but
did not elucidate on their mechanism of formation. Some concretions recovered from
volcanic sediment are associated with fossils, for example, the mammal-bearing
carbonate concretions from the Miocene, Sucker Creek Formation in south-eastern
Oregon (Downing & Park 1998), but there is little discussion surrounding their
formation.

For the mechanisms of concretion formation within mudstones and limestones
the reader is directed to Raiswell & Fisher (2000), but to summarise there are two
methods of concretion formation: pervasive and concentric growth. Pervasive growth is
typical of sideritic/dolomitic concretions and occurs when there is simultaneous

nucleation and precipitation of isolated patches of carbonate crystals followed by a final

109



CHAPTER 4: CONCRETION FORMATION

cementation phase. Alternatively, concentric growth is typical in concretions which are
composed of microsparite. This mechanism occurs when there is continuous
precipitation of crystals that are mineralogically and chemically uniform. In addition,
concentric growth typically results in radial variations in mineral textures. Raiswell and
Fisher (2000) also concluded that the only certain way to distinguish between the two
end-members (pervasive or concentric growth) was to use fabrics and textures within
the concretions’ matrix. They also concluded that apparent radial variation in the
chemistry may equally reflect an early to late cement phase and that those lines of
evidence should only be used once the fabric has established a growth mechanism.
Mozley and Burns (1996) had already acknowledged the difficulty with interpenetrating
geochemical evidence due to the typical low resolution of the geochemical data (i.e. 10
mm?®) and suggested that the data may represent mixed chemical zones.

The lack of the radial fabric variation could be put down to the nature of the
sediment, a volcanic ash, which has deposited heterogeneously. The apparent radial
chemistry could be the cementation phase that precipitated in the pore space, which
radiated out from a central nucleation point. A nucleation point has yet to be identified,
but is rarely the fossil, as typically only 1 in 3 concretions contain a fossil. Rapid
precipitation would be aided by the chemical interactions of the volcanic sediment with
the pore fluid, which has been described above.

Raiswell and Fisher (2000) also summarise three chemical models for the
growth of concentric carbonate concretions, which achieve the carbonate
supersaturation necessary for the formation and will be discussed below.

The equilibrium model elaborates on the work of Raiswell (1971). Its
occurrence is typically associated with sediment in which the supersaturation of

carbonate is widespread. Raiswell and Fisher (2000) concluded that the concretion
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could nucleate around any suitable nucleus, which does not necessarily have to be
organic. The concretionary carbonate is derived from the pore fluid and reflects the
overall chemical and isotopic trends. However, Raiswell and Fisher (2000) noted a lack
of carbonate precipitation in modern day sediment, which was supersaturated with
carbonate, and consequently suggested that the equilibrium model only occurs over
large burial depths, and with time.

The local-equilibrium suggested by Coleman and Raiswell (1993) requires
microbial processes, such as sulphate reduction of organic matter, to create a
microenvironment within the concretion-forming zone. The microenvironment has a
prolonged carbonate supersaturation and alkalinity. The isotopic and chemical signature
generated by this model reflects the microenvironment, with organic matter typically
forming the nucleation point of the concretion.

The fluid-mixing model, which was generalised by Raiswell and Fisher (2000),
requires the mixing of meteoric water, which is instrumental for concretion growth. The
external fluid decreases the concentrations of magnesium and sulphates, which inhibit
calcite growth.

Of these three models the equilibrium model is most likely although it was
defined on mudrocks, the mechanism does appear to fit the criteria of the Herefordshire
Lagerstatte. The supersaturation of the pore fluid with carbonate can be explained
through the cation exchanges of the volcanic ash and the seawater. In addition, it does
not require an organic nucleus, which suggests that any volcanically derived feature that
could be overlooked may form the nucleation centre. Although, this process is absent
from modern seawater, the reactive nature of the ash may have increased the rates of

reaction allowing the process to occur on a shorter timescale. The other two

111



CHAPTER 4: CONCRETION FORMATION

mechanisms, local-equilibrium and fluid-mixing, can be ruled out due to the lack of
organic matter and the lack of meteoric water association, respectively.

There is evidence to favour both styles of concretionary growth, pervasive and
concentric. However, although all the mechanisms are defined by mudrock and
limestone concretions, the majority of the evidence suggests a concentric growth
mechanism which was initiated by an equilibrium chemical model. This study suggests,
therefore, that the growth of the Herefordshire Lagerstatte concretions begins with the
deposition of the volcanically derived sediment, which would have been homogeneous
and would have widespread carbonate supersaturation as a result of its rapidly altering
chemistry. During the exchanges with the seawater the volcanic ash would become
preferentially enriched with oxygen-18 (Fig. 4.18A), leaving a pore fluid unusually
enriched in oxygen-16. The calcite within the fossils is precipitated and these calcite
crystals are free of magnesium and iron. Afterwards conditions become reducing and
iron(111) becomes iron(ll), the initial carbonate precipitation would begin with the
random precipitation of euhedral ankerite crystals (Fig. 4.18B). The final stage of
carbonate precipitation begins around an unidentified nucleus, and precipitates outwards
(Fig. 4.18C). As the carbonate precipitation continues through the pore space, its
changing chemistry reflects the evolving chemistry of the pore fluid, producing the

radial variation in the element and isotopic data.
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Figure 4.18: Schematic concretion formation. A. Oxygen isotope exchange between the
seawater and the volcanic ash. B. Initial precipitation of the randomly placed ankerite crystals.
C. Final cementation phase.

Relationship to the fossils

One hundred concretions were examined in order to evaluate the relationship
between the fossils and the carbonate concretions. The following points can be
concluded. The majority of the fossils are not typically found at the centre of the
concretion. However, the larger the fossil, relative to the concretion, the more likely that
the fossil is to be found at the centre of the concretion. For example, out of the
brachiopods examined — which were the largest faunal elements relative to their
concretion (length of the shell on average 35% of the concretion diameter) — 100% of
them were at the centre of the concretion. The exception to this rule is Offacolus kingi;
it is one of the smallest species and out of 19 specimens examined 73% were within 6
mm of the measured centre point of the concretion. There also appears to be no
significant link between the mechanisms causing the formation of the concretions and
those causing the inclusion of fossils within them; inclusion into the carbonate
concretions is an apparently random event. However, to date no fossil has been

recovered from the bentonite that does not have a concretion enclosing it.
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CONCLUSIONS

The formation of carbonate concretions on its own is a concept that is yet to be
fully understood. The evidence to identify the methods of growth is ambiguous and
contradictory, as is evident in this example. Whilst a uniform matrix texture supports a
pervasive growth mechanism, radial variations within the chemical and isotopic data
support the concentric growth mechanism. As emphasised previously, the majority of
the mechanisms for carbonate concretion formation (Raiswell & Fisher, 2000, 2004;
Coleman & Raiswell, 1993, 1995) are all modelled on mudrocks from marine settings
and the ability to apply these models to volcanic sediment has yet to be established.

However, this new data have demonstrated for the first time that the carbonate
concretions within the bentonite host of the Herefordshire Lagerstétte are not the result
of the decay of more organic matter, as previously suggested by Orr et al. (2000a), but
that they initially formed just below the sediment water interface and continued to form
during the process of compaction.

While it would seem a pervasive growth mechanism would explain the lack of
correlation between the concretion and the fossils, the chemical and isotopic transects
favour the formation of the concretions by concentric growth through the equilibrium
model described by Raiswell and Fisher (2000). There is compelling evidence to
suggest that the volcanic ash has facilitated the growth of these carbonate concretions;
the cation exchanges between the ash and the seawater established the high pH,
supersaturated the pore fluid with carbonate ions, removed the kinetic inhibitor of
dolomite formation and elevated Mg:Ca (and Fe:Ca) ion ratio to promote the

precipitation of dolomite (and ankerite).
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CONCLUSIONS AND FURTHER WORK

Despite the palaeobiological importance of the Herefordshire Lagerstatte, only
one investigation (Orr et al. 2000a) has addressed the mechanics of preservation of this
extraordinary window into a Silurian marine ecosystem. The present study has used a
holistic approach to expand on, test and refine the Orr et al. (2000a) model.

The holistic approach involved not only the analyses of the fossils, but also
examined the concretions and the bentonite host, and defined the chemical pathways
between them. The host bentonite has been geochemically characterised in order to
determine its original source and tectonic setting (Chapter 2). A comparison of four of
the commonly occurring taxa has been carried out to assess any possible species-
specific variation (Chapter 3). Geochemical and isotopic data has been presented for the
growth of the concretions, which encase the fossils and increase their preservation
potential. The present study also examined and discussed the mechanism of formation
of the concretions of the Herefordshire Lagerstatte (Chapter 4).

The style of preservation of the Herefordshire Lagerstatte is rare on a global
scale. This study demonstrates that to truly understand such Lagerstétten it is necessary
to employ a holistic approach that covers multiple fields of geology. The main

conclusions of this study are summarised below.

GEOCHEMISTRY OF THE VOLCANIC ASH
The host metabentonite sediment sits within the Coalbrookdale Shale Formation,
10cm above the Dolyhir-Nash Scar Limestone-Coalbrookdale Formation boundary. The

deposit originated from an andesitic eruption from a destructive plate margin (Chapter
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2). Its unique signature has been confirmed through evaluation and comparison with
other bentonites in the Welsh depositional basin. Evidence has also been presented that
suggests the deposit was emplaced through a sedimentary mass movement flow event.
In addition, geochemical analyses indicate that its source is not the same as that for the
other Welsh Borderland bentonites and suggest two other possible sources: the Dingle
Peninsula in southwest Ireland, or the Mendip Hills in Somerset, England. A
mechanism has also been suggested through the analyses of the host sediment to
account for the accumulation of the carbonates, within the fossils and the concretions:
mobile sodium enhanced and prolonged the alkalinity of the pore fluid. Furthermore, it
has been shown that the andesitic ash would act as another reservoir of the key cations,
such as calcium, magnesium, iron and manganese, which are required for carbonate
precipitation. In contrast, an evolved, acidic magma would only be rich in silica, sodium
and aluminium and therefore would be unable to support the preservation mechanism
proposed, which has been shown to require the availability of calcium. XRD analyses
indicate that, due to the greater proportion of illite to smectite, the host deposit should

be more correctly defined as a metabentonite.

PRESERVATION AND TAPHONOMIC PATHWAY
An assessment of four of the common Herefordshire taxa demonstrates they
have a similar style of preservation, denoting a similar taphonomic pathway. The
association of calcites and kaolinite suggests that the pH of the pore fluid altered during
the preservation process. The authigenic precipitation of the clay minerals surrounding
the organism is regarded as the initial phase; this is associated with the decay of the soft
tissues and is confirmed through decay experiments. Subsequently a link was

established with the decaying organic matter and the composition of the clay minerals

116



CHAPTER 5: CONCLUSIONS AND FURTHER WORK

precipitated. The occurrence of the gut traces in the fossils, in life position, denotes that
these fossils had not gone through a significant amount of decay before the precipitation
of the sparry calcite. This would indicate that there was no void stage as proposed in the
model by Orr et al. (2000a). Rather, this study proposes a model in which the
nucleation and growth of calcite crystals occurred through the soft tissues, moulding
and replacing the organic tissues. The stepwise breakdown of the volcanic ash accounts
for the unusual occurrence of sparry calcite within a marine setting, and explains the

difference between the fossil calcite composition and the matrix of the concretions.

CONCRETION FORMATION

The new isotopic data presented (Chapter 4) indicates that the formation of the
concretions is not due to the decay of more labile organic matter as previously
suggested (Orr et al. 2000a). This study provides evidence for the precipitation of the
concretions as an inorganic event, and suggests that the chemical conditions favourable
to the formation of dolomite occurred during the initial formation. The alteration of
volcanic glass provides a suitable sink for the sulphate ions in the seawater, mitigating
the need for sulphate reduction, but also maintains a pH favourable to the formation of
carbonates and elevates the Fe:Ca and the Mg:Ca ratios. The mechanisms of concretion
formation have been previously developed on concretions which have been formed in
mudrocks and limestones. Therefore, it is not yet fully known if they can be applied to
concretions from volcanic rocks. While concretions formation by the pervasive
mechanism, as defined by Raiswell and Fisher (2000), best accounts for the uniform
mineral texture, zoned ankerite/dolomite, and preserves the fossil, without the need for
the fossil to be the nucleus of the concretion’s formation, and also explains why

concretions are found without fossils preserved within them. Alternatively, the
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concentric growth mechanism, defined by Raiswell and Fisher (2000), is supported by
the radial variation in the chemical and isotope data sets. Interestingly, the equilibrium
model defined by Raiswell (1971), which involves pore fluid supersaturated with
carbonate and a nucleus that does not have to be organic, may have been established
during the volcanic ash — seawater interaction, which promoted the formation of the
Herefordshire Lagerstétte concretions.

Given that both mechanisms do not require an organic nucleus to initiate the
concretion precipitation and growth they are equally as likely to have occurred, but the
majority of the evidence and the hypothesised supersaturation of the pore fluid (see
Chapter 1) would favour the concentric growth mechanism. Interestingly, a concretion
which grew by a concentric growth mechanism initiated through an equilibrium model

would have no direct relationship to the fossil.

OUTCOMES
This study has completed the key objectives, as stated in Chapter 1. In addition,
this study has identified the key factors leading to the formation of the Herefordshire
Lagerstétte:

1. emplacement of the deposit. The rapid emplacement of the
sediment by a sedimentary mass movement flow would acts as a
suitable kill mechanism, because ash falls, typically, do not have a

significant impact on nektobenthic fauna.
2. composition of the volcanic ash and its rapid alteration. As an
andesite, the ash is a likely source of the Ca, Mn, Mg and Fe cations,

which are essential for the formation of the carbonate.
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3. cation exchanges. Removing inhibitors to the formation of sparry
calcite, and the kinetic inhibitors to dolomite formation.

4. clay precipitation. The authigenic precipitation of clay minerals,
templating the organic matter, provides a mould for the calcite and
may extend the preservation window.

5. rate of reaction. Being a fine grained ash, it was able to react at a
fast rate. Decay of the animal carcass and the alteration of the
volcanic ash are the two key processes that would have occurred on
the same timescale, implying the possibility for the two chemical

processes to interact with one-another.

EVALUATION OF THE TAPHONOMIC MODEL
This taphonomic model requires some evaluation to determine if there are any other
possible pathways the preservation could follow.

This model assumes a stepwise release of ions from the volcanic ash. However,
what if there was a total release of the ions from the volcanic ash in one single cation
exchange event? There are two reasons why this can be disregarded. Firstly a single
cation exchange event is unlikely as all experimental work demonstrates stepwise cation
exchanges occur (Shiraki et al., 1987; Stefansdottir & Gislason, 2006). Secondly, sparry
calcite is not typically found precipitating within modern marine environments because
Mg " ions can interact with the growing crystal surface and cause elongation in the c-
axis forming fibrous calcite crystals (Folk, 1974; Davis et al., 2000). The calcite crystals
responsible for the preservation of this fauna are free of impurities of iron and
magnesium and the clay minerals surrounding the fauna also show a lack of

magnesium. Magnesium can exist as an Mg?* ion across a range of pH and Eh (Fig. 3.8
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B) and occurs within significant concentrations within seawater (Krauskopf, 1989). As
2+ ions can readily substitute into the calcite structure, this means that if magnesium
ions had been in solution during the sparry calcite precipitation then the substitution of
magnesium into the calcite crystal structure would have occurred. Therefore, the lack of
magnesium in the sparry calcite of the fossils infers a removal of magnesium ions from
the pore fluid prior to the formation of the calcite, but a release in time for the
concretion formation to form the magnesium calcite and other carbonates.

Another possibility, given that sparry calcite does not usually form within
normal marine settings (Folk, 1974), is that of a precursor precipitation event involving
another mineral prior to the formation of the sparry calcite. The possibility of a
precursor stage is supported by the work of Berner (1968). During his decay
experiments of fish he recorded an increase in the carbonate activity, but was unable to
identify the crystallisation of calcite. Berner (1968) did, however, record the presence of
calcium soaps, which have an alkaline pH. This may suggest that there was a possible
precursor stage to the precipitation of calcite, but there is no evidence of this within the
fossils.

In Chapter 3 evidence was presented to suggest that the void stage suggested by
Orr et al. (2000a) did not occur. Further to this, the evidence used by Orr et al. (2000)
to support the conclusion of a void stage was the presence of fibrous calcite on the edge
of the fossil. Fibrous calcite is typical of a void fill, but the crystals are usually elongate
to the c-axis with a height-to-width ratio of >6:1 (Fligel, 2009). The sparry calcite
crystals at the margins of these fossils have a height to width ratio of 1.3:1, with some
also demonstrating pyramid terminations and undulose extinction. This would indicate
they are bladed or micro-granular rather than fibrous in nature (Flugel, 2009). Although

the pyramid terminations of the crystals do indicate growth normal to the edge of the
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fossil, their formation is the result of a low number of nucleation points, which typically
causes an equant fabric (Gonzales et al., 1990). A total void stage as proposed by Orr et
al. (2000a) is inconsistent with the presence of gut traces of K. clementsi (see Chapter
3), as during a void stage they would collapse against the body. Although the gut traces
show collapse within their own structures, the current specimens found show the gut
preserved within their “life position”. The level of decay suggested (Chapter 3) is
consistent with the decay sequence established by Briggs and Kear (1993). Therefore,
these polychaete fossils represent early stage decay prior to the gut collapse stage,
which occurs when the muscles within the body have completely decayed away.

The possibility that the preservation occurred during illitization also needs to be
considered. The conversion of smectite to illite is a chemical reaction that releases a

host of chemical ions into solution (Equation 5.1) (Elliott and Matisoff, 1996).

3.93K" + 157Smectite — Illite + 1.57Na* + 3.14Ca”" + 4.28Mg?* + 4.78Fe*" +
24.66Si*" + 570% + 11.400H" + 15.7H,0
(EQ. 5.1)
This reaction, however, requires a long time. It is usually associated with
hydrocarbon maturation and is an important diagenetic reaction. There have been
various attempts to model this reaction under controlled laboratory conditions. The
experimental work of Bjgrkym et al., (1993), Cuadros and Linares (1996) and Cuadros
(2006) suggests that the process of illitization typically occurs between 100 and 140°C,
but is thought to initiate at about 70°C. However, other authors have stated even higher
temperatures of 350°C and time spans of 4 to 5 months (Kim et al., 2004). In addition,

the reaction causes an increase in dissolved silica and a decrease in the pH of the pore
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fluid (Cuadros & Linares, 1996), which would put any precipitated carbonates at risk of
dissolution.

Experimental work by Kim et al. (2004) suggested that it was possible for
microorganisms to promote the transformation of smectite to illite. Their experimental
work showed the development of illitization at room temperature and one atmosphere
within 14 days. The reduction of the structural iron(I1l) within the smectite to iron(ll)
promotes the smectite dissolution; it also explains the uptake of the potassium ions
which balances the lost charge resulting in the illite (Kim et al., 2004). This would
certainly put the illitization process on a time scale similar to that required for
preservation of decaying carcasses. However, it is unlikely that the preservation of the
fauna occurred during the conversion of smectite to illite. Comparing the volume of the
host sediment to the number of fossils recovered suggests there is not enough organic
matter there to account for the percentage of illite to smectite recorded in the host
metabentonite (see Chapter 2). This does not rule out any accelerated alteration that

may or may not have occurred around the fossil.

FUTURE WORK

Two areas of research would provide further evidence with which to constrain the

preservation of the Herefordshire Lagerstétte.

1) Decay Experiments. Briggs and Kear (1993) conducted several decay experiments
to examine the chemical changes that occurred during the decay of organic matter. It
seems logical that now the fundamentals of the preservational pathway of the
Herefordshire Lagerstétte are understood, decay experiments could be used to fully
test the model. Using the decay of organic matter and andesitic ash from a suitable,

chemically identical source, the importance of the andesitic ash could be fully
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2)

3)

tested. Removal of samples during the experiments for analysis by SEM could be
used to assess the progress of the reaction. In addition, ICP analysis of the pore fluid
and XRF analyses of the sediment would elucidate the cation exchanges occurring.
Laser ablation ICP-MS. The ankerite crystals (see Chapter 4) could be examined
with laser ablation ICP-MS to determine any isotopic and chemical variation
between ankerite crystals within the concretion core and those on the concretion
edge. Should no variation be found then this would provide strong evidence that
they nucleated at the same time, from the same pore fluid, and would further support
the argument (Chapter 4) that these concretions developed through a pervasive
mechanism.

Comparison with the only other reported example. The style of preservation of
the Herefordshire Lagerstétte is rare within the fossil record. There has been one
other recorded example of fossils preserved in calcite, entombed within a carbonate
concretion (or nodule): the Miocene Barstow Formation, Southern California, USA,
which has exceptionally preserved arthropods (Palmer, 1957). The majority of the
fossils recovered are preserved in alpha quartz, apatite, celestite, or gypsum (Park
1995). However, Palmer (1957) also recorded the preservation of dragonfly larvae
by calcite within the calcium carbonate concretions. A study of the Barstow material
may be used to test the mechanisms described herein for the Herefordshire

Lagerstatte.
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APPENDIX A: POWDER PELLET

Powder pellets are made using 7 grams of the powder weighted out in to a beaker. 10
drops of the binding agent Moviol 88 is used stick the powder together. Moviol 88 is a
solution of polyvinyl alcohol in a 1:6 mix of methanol and distilled deionised H,O and
does not affect any analytical results. The mix is then placed in the die; the die is then
placed in the hydraulic press, 10 tonnes of pressure are then applied to the die. The die
is then removed from the press and the powder pellet removed, while avoiding touching
the analytical faces the pellet is then placed on a drying rack for 12 hours. The die, press

and worktop are cleaned with methylated spirit in-between preparation of each pellet.

APPENDIX B: FUSION BEAD

About 4 to 5 grams are weighed out into a 10 ml glass vial; this is then dried overnight
at 110°C. The first test it the loss on ignition (LOI) some of the sample is transferred to
a fused AI203 ceramic crucible. The initial weight of the empty crucible (W1) is
measured along with the weight of the crucible plus sample (W2). The crucible is then
transferred to a 950°C oven for 1 to 1.5 hours after, which the ignited weight (W3) is

taken; from this the loss on ignition is then calculated (Equation B.1).

LOI = 100*(W2 - W3)/(W2 - W1) (Eq. B.1)

Initially on each day a flux weight loss determination should be made, carbonate

samples the flux used is pure lithium tetraborate. 3 grams of dried flux is weighed in to

a Pt/5% Au crucible and placed on the ‘Spartan’ gas burner for 5 minutes. When cooled
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the crucible and flux are reweighed and the weight loss determined and compensated
for. Then 0.6g of the ignited sample is weighed on top of the flux and placed back on

the burner. The content is then poured in to the Pt/Au casting dish and allowed to cool.
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APPENDIX C: XRD ANALYSES OF HOST BENTONITE

Percentage of minerals presented in Chapter 2.

Table C.2: Mineralogy of bentonite

Sample Numbe DAR_as DAR as DAR_as DAR a DAR a DAR_as DAR_as DAR as DAR_as DAR_ash DAR_ash DAR_ash
h_1 h_2 h_3 h_4 h_5 h_6 h_7 h_8 h_9 _10 11 12
Whole rock analysis % % % % % % % % % % % %
Kaolinite 16.75 12.17 27.65 17.52 18.52 14.44 15.10 13.10 12.28 16.72 15.83 13.60
Chlorite 1.30 0.80 2.00 1.00 1.27 1.02 1.00 1.40 0.66 0.83 1.00 1.20
Ilite/Mica 27.40 27.00 26.00 23.00 26.30 28.00 28.00 34.00 33.00 28.00 29.00 32.00
Ca Smectite 5.00 5.00 2.00 3.40 3.85 5.24 4.30 4.35 8.00 5.00 4.40 5.40
Apatite 1.15 1.01 1.95 1.16 1.34 1.25 1.16 1.21 1.49 1.22 1.21 1.24
Anatase 1.27 1.17 1.91 1.25 1.40 1.36 1.27 1.32 1.52 1.36 1.33 1.37
Albite 0.51 0.59 0.51 0.51 0.50 0.97 0.85 0.85 0.85 0.51 0.85 1.95
K Feldspar 0.59 0.00 0.00 0.00 0.00 0.59 0.59 0.59 0.59 0.59 0.59 0.59
Fe Oxide 2.62 0.97 3.00 2.48 2.00 1.66 1.45 0.00 0.00 1.36 2.19 1.65
Calcite 2.00 3.37 0.00 6.12 3.83 3.35 4.11 3.21 7.59 0.62 3.41 1.16
Quartz 41.33 45.00 34.00 42.00 38.41 39.00 43.00 40.00 29.00 43.00 40.00 39.00
Fe(lI1)(OH)3 0.00 2.79 0.00 2.01 2.40 2.69 0.00 0.00 4.38 0.00 0.00 1.00
Total 99.92 99.88 99.02 100.46 99.82 99.58 100.82 100.03 99.36 99.22 99.80 100.16
<2 Clay fraction
Kaolinite 2.35 9.61 0.95 11.91 10.21 6.79 14.11 6.79 11.76 10.19 13.62 11.57
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Ilite 53.56 51.84 61.28 66.55 62.36 61.28 62.36 31.34 41.54 55.60 66.57 52.07
Chlorite 6.74 1.16 18.75 6.11 6.78 6.73 1.66 0.75 1.89 0.73 2.44 1.14
Smectite 37.36 37.40 271 15.43 20.65 2154 21.87 61.12 44.81 33.48 17.37 35.22

Ilite/Smectite

Interlayering Yes None None None None None None Yes Yes None None None
L, Inie
% Weight of <2um 28.00 24.00 30.00 22.00 26.00 30.00 26.00 30.00 26.00 31.00 30.00 32.00

fraction:

APPENDIX D: EDX POINT-AND-ID DATA OF THE BENTONITE HOST.

Chemical compositions of minerals used in Chapter 2; all data acquired from an Oxford INCA 350 Energy-dispersive X-ray spectroscopy system
attached to a Hitachi S-3600N Environmental Scanning Electron Microscope running at 15 kV. Chemical analysis were normalised to the cobalt

standard (99.99% pure cobalt). Results are expressed as weight percent and oxygen was calculated by stoichiometry. bd = below detection limit.

Table D.1: EDX data of mineral chemical composition from bentonite thin sections

Na Mg Al Si P S K Ca Mn Fe Sr ) Total
1 0.14 0.12 0.16 46.47 bd bd 0.12 0 bd 0.23 bd 52.64 97.81
2 0.12 0.02 0.55 46.58 bd bd 0.11 0.08 0.11 0.13 bd 53.36 99.89
3 0.07 0 0.02 47.56 bd 0.1 0 0 bd 0.21 bd 54.03 100.55
4 bd 0.04 0.49 45.31 bd bd 0.17 0.03 0.08 0.4 bd 51.84 96.92
5 0.12 0.42 0.01 0.88 bd bd 0.05 37.87 0.02 0.14 bd 16.28 55.78
6 0 0.05 1.14 3.12 bd 0.09 0.25 0.38 bd 6.77 bd 6.8 18.66
7 0.14 0.19 1.98 42 bd bd 0.71 0.03 0.05 0.39 bd 49.63 93.89
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431
1.52
6.84
1.56
-0.01

0.23
0.44
0.52
0.56
0.04
0.05
0.1
0.11
0.12
0.15
0.33
0.37
0.39
0.06
0.14
0.14
0.16
0.17
0.21
0.22
0.42
1.09
0.04
0.05
0.1
0.12
0.24
0.26
0.36
38.21

bd
0.03
0.04
0.15
bd
bd
bd

bd
0.1
0.04
0.19
0.29
0.19
bd
bd
bd
0.07
bd
bd
0.11
0.19
bd
0.02
0.05
bd
bd
0.15
0.03
bd

0.29
0.76
2.64
1.22
0.43
0.57
2.61
1.07
0.46
0.55
5.78
0.51
1.37
5.07
4.04
1.46
0.16
0.02
0.13
0.86
0.85
0.88
0.61
4.58
1.2
2.28
2.15
1.79
16.38
0.15

bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
0.07
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
0.2

41.79
42.19
40.93
42.87
52.73
52.09
42.98
38.23
49.62
49.84
11.79
50.94
47.76
42.17
44.74
47.57
47.75
51.13
53.26
49.02
48.71
45.1
41.77
47.65
50.04
45.99
49.38
43.32
40.14
16.26

82.55
84.9
88.81
88.4
98.48
98.95
92.42
74.6
94.7
96.51
27.32
97.82
95.49
93.37
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95.56
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0.1
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0.07
0.09
0.24
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0.39
0.35
0.13
0.2
0.18
0.09
0.04
0.01
0.07
0.05
0.09
0.12
0.05
0.31
0.05
0.11
0.08
0.12
0.03
0.08
0.1
0.24
0.18

0.11
0.06
0.17
bd
0.41
0.63
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0.3
0.19
0.64
0.23
0.01
1.58
0.96
0.04
0.24
0.6
0.29
bd
1.73
1.01
0.03
0.8
0.34
0.15
0.44
bd
0.14
0.21

2.26
1.23
2.86
0.67
5.61
12.82
0.98
1.88
3.67
3.99
11.14
4.39
20.44
12.93
13
20.07
3.08

5.98
0.72
13.44
11.39
20.26
12.08
6.33
19.11
4.87
0.15
2.49
3.7

40.87
43.2
41.08
36.27
38.69
28.21
1.59
3.74
12.67
41.35
27.6
37.9
21.48
25.55
22.06
21.38
41.12
33.09
38.53
36.39
22.88
30.03
21.26
24.9
33.94
22.19
38.11
46.53
41.82
39.2

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.07
0.07
0.07

0.01
bd
0.07
0.01
0.07
0.03
0.17
0.95
0.77
0.04
0.04
bd
0.1
0.08
bd
0.06
bd
0.05
0.09
bd
0.09
0.03
0.03
0.11
0.13
0.02
0.07
0.09
0.1
bd

0.94
0.63
1.18
0.16
2.73
6.32
0.23
1.1
0.71
1.03
5.75
1.97
0.23
8.65
7.76
0.36
11
3.49
1.8
0.14
8.18
6.75
0.19
6.51
2.59
1.07
2.38
-0.01
0.77
1.38

0.09
0.09
0.1
0.11
0.13
0.2
0.26
0.8
1.26

0.05
0.11
0.12
0.13
0.15
0.18
0.19
0.28
0.3

0.05
0.06
0.06
0.11
0.15
0.16
0.2

0.27

0.01
0.12

0.05
0.12
0.08
0.13
0.14
0.01
bd
bd
0.08
-0.11
bd
bd
0.12
bd
bd
0.09
bd
bd
bd
bd
0.08
0.05
bd
bd
0.17
0.15
bd
0.19
0.19
0.02

0.37
0.35
0.48
1.75
0.79
1.67
7.11
0.09
15.88
0.62
2.94
0.9
0.09
5.54
591
0.16
0.41
2.03
0.37
2.07
3.33
3.14
-0.04
2.54
4.6
0.2
1.27

0.21
0.78

0.04
bd
bd
bd
bd
bd
bd
bd
bd
bd

49.01
50.67
49.93
42.44
50.2
45.89
5.23
8.14
24.4
51.12
43.95
47.87
43.01
45.18
40.63
42.48
49.98
47.55
50.08
42.56
42.16
47.38
42.45
41.92
46.62
42.84
49.02
53.28
50.44
48.6

93.2
96.2
95.16
80.67
97.81
95.57
15.93
16.99
59.81
97.39
91.98
92.66
85.48
99.36
90.03
84.09
95.35
95.62
96.79
81.05
92.36
99.58
84.25
88.6
94.07
85.72
95.59
99.54
95.82
93.5

130



APPENDICES

98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
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0.27
0.07
1.46
0.24
0.14
bd
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0.03
0.07
0.23
0.19
0.11
0.13
bd
0.3

0.05
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0.2
0.07
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0.16
0.01
0.14
0.24
0.59
0.06
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0.34
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0.42
0.01
0.26
0.15
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1.05
0.12
0.16
0.6
0.42
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0.14
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0.36
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0.33
0.3
1.01
1.19
0.12
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14.92
19.21
7.68
7.26
1.46
0.09
0.93
3.91
18.55
3.76
7.08
15.25
1.25
5.87
12.9
8.46
2.42
20.5
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19.37
19.32
8.68
7.25
4.43
6.27
5.34
16.04
13.38
0.94
18.04

20.91
21.32
27.39
32.66
44.03
0.36
46.09
37.6
21.83
40.98
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24.04
45.23
38.5
28.33
33.69
12.34
21.41
21.57
20.7
21.72
31.58
30.68
26.54
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23.76
23.73
46.29
22.72

0.07
0.07
0.07
0.07
0.07
0.07
0.08
0.08
0.08
0.08
0.08
0.08
0.09
0.09
0.09
0.09
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0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.11
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0.02
0.11
0.04
0.12
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bd
0.03
0.01
bd
0.07
0.05
0.04
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0.11
0.02
0.15
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bd
0.11
0.12
0.14
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bd
0.01
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0.17
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3.18
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1.22
1.28
3.23
5.6
0.5
1.8
6.22
3.87
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0.23
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0.23
1.23
2.72
2.66
1.85
2.26

6.66
5.46
0.44
0.76

0.13
0.21
0.27
0.34
0.4
38.14
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0.08
0.11
0.15
0.19
0.66
0.1
0.19
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