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The forensic utility of reworked geological materials in soil

James B. Riding
British Geological Survey, Keyworth, Nottingham NG12 5GG, United Kingdom

ABSTRACT

Geological materials such as rock fragments, microfossils and mineral grains are
continuously being entrained (i.e. reworked) into soil during natural weathering processes.
Distinctive reworked rock types in soil, and specific components of them such as
palynomorphs (organic microfossils), can prove extremely useful in forensic investigations,
i.e. to connect (match) people to places. If the outcrop area of a unique rock is small and well
mapped, it potentially has substantial evidentiary value in soil forensic studies. Furthermore,
clay minerals, geochemical data and minerals may support the presence of a suspect at a
crime scene. Modern pollen and spores extracted from soil samples in forensic investigations
can be invaluable in linking suspects to crime scenes. This is because the majority of
localities, especially those with natural vegetation, have characteristic (often unique) floral
character. Reworked (i.e. largely pre-Quaternary) palynomorphs and other microscopic
fossils may co-occur with the in situ (indigenous) pollen and spores. If these reworked forms
have relatively short geological ranges, they can indicate the age of the bedrock, thereby
further helping to place a person at a location. However, stratigraphically recycled
palynomorphs in the soil can be somewhat rare and sporadic, and many rock units are entirely
or virtually devoid of palynomorphs. Furthermore, glacial sediments such as till can provide
highly mixed reworked palymomorph associations due to their typically heterogenous nature.
These diverse assemblages are frequently highly distinctive hence can potentially provide
very powerful forensic evidence. The potential of geological materials derived from bedrock
in soil for forensic investigations is absolutely clear. Hence, the use of reworked microfossils,

minerals and rock should be considered in any major crime where the evidence includes soil.
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1. Introduction

The in situ, or indigenous, pollen and spores which have been incorporated into the
pedosphere, and the type and composition of soil, can be successfully used to connect a
person or persons with a specific locality. If soil, or any adherent pollen and spores, can be
expeditiously collected from the belongings (e.g. clothing, footwear, tools, vehicle etc.) of a
suspect, it is possible that analysis of that material can help to indicate that the owner was
present at a crime scene (e.g. Popp, 1939; Horrocks et al., 1998; Mildenhall, 2006; Wiltshire,
2009, 2016; Warny, 2013; Babcock and Warny, 2014; Wiltshire and Hawksworth, 2014;
Wiltshire et al., 2014, 2015; Williams et al., 2017; Laurence and Bryant, 2019; Warny et al.,
2020).

In many forensic studies, in situ palynomorphs (e.g. pollen and spores) are analysed in
parallel with the chemical/mineral composition of the soil and any characteristic items of
refractory anthropogenic litter such as brick, glass, metal, paper, plastic, synthetic fibre etc.
(Brown et al., 2002). The contemporary pollen/spore assemblages can characterise a specific
location extremely effectively. There are many more plant pollen grain and spore taxa in
comparison to the 12 or so principal silicate mineral species (Moore et al., 1991; Deer et. al.,
2013; Klein and Dutrow, 2007). All plants have unique pollen grains or spores, and every
geographical area (normally intra-biome) is characterised by different plant assemblages.
Hence the huge variation in vegetation types, and taphonomic factors such as insects, water
and wind, that modify terrestrial palynomorph assemblages, ensures that the nature of the
diversity and the species spectra are highly distinctive, if not unique, of the majority of
geographical localities. Most pollen and spores are transported various distances away from
the donor (or source) plants by vectors such as insects and wind, rather than being preserved
directly at or below their point of origin (Wiltshire, 2006). The relevant source areas of pollen
and spores varies according to the specific nature of the landscape and the site (Hellman et
al., 2009). For any site, the pollen and spores include a relatively small far-travelled
component. Despite this, pollen/spore recruitment into soil is generally regarded as being
highly localised, especially where the mode of pollen dispersal is entomophilous (Gavin and
Brubaker, 1999). In summary, this means that the in situ pollen and spore assemblage can
normally fingerprint a specific vicinity (Riding et al., 2007). Fungal spores are also extremely
useful in forensic studies The taphonomy of fungal spores is highly complex. Despite this,

most of these fall close to the parent fungal body and are thus highly characteristic of a small
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area (Wiltshire et al., 2014). Fungal spores have a long fossil record so may also be reworked
into soil (Fig. 1).

Anthropogenic litter, chemical and mineral signatures in soil also vary considerably, and
crime scene-suspect matches based on geochemistry, man-made input and mineralogy can
have considerable value as evidence (e.g. Ruffell and McKinley, 2005; Pye and Croft, 2004;
Pye, 2007; Donnelly et al., 2021). These studies normally corroborate other lines of evidence
such as from DNA and/or pollen and spores.

Most forensic geological investigations are solely concerned with in situ materials. By
contrast, this review, explores the potential of allochthonous microfossils (particularly
palynomorphs), mineral grains and rock fragments reworked from the directly underlying

bedrock into the soil in forensic investigations.

2. Soil and its geological dimension

Soil is a relatively thin layer of a mixture of gases, liquids, mineral grains, organic matter
(humus) and organisms that partially covers the land surface of the planet (White 2006). It is
termed the pedosphere, supports terrestrial plant growth and is a habitat to a diverse, rich soil
biota. Soil is an integral part of the regolith (the layer of loose material overlying solid
bedrock), and forms slowly from the gradual breakdown of bedrock by biological, chemical
and physical weathering. Most soils exhibit a distinct profile with three main horizons, i.e.
surface (A), subsoil (B) and substratum (C); these are overlain by plant litter and underlain by
bedrock (Fig. 2, Weil and Brady, 2017).

The mineral fraction of soil is therefore largely derived from the directly underlying
bedrock. Clearly, geology primarily influences the mineral content of the soil. However, it
should be remembered that some mineral grains can be blown onto the soil, for example in
dust storms derived from arid/desert regions. Therefore a sandstone will produce a dry, loose,
sandy, well-drained soil, and a clay-rich rock such a mudstone, shale or siltstone will
normally be overlain by a clayey, heavy, poorly-drained, wet soil. Soil minerals are normally
medium and fine grained (i.e. the sand, silt and clay fractions). The weathering process does
not always provide finely disseminated rock-derived material such as individual sand grains.
Small rock fragments (i.e. granules and pebbles) may also be present, largely in the B and C
horizons, especially if the overall soil profile is relatively thin (Fig. 2). If the topography is
relatively steep, soil forms sporadically and the bedrock frequently outcrops directly (Fig. 3).
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3. The utility of soil minerals and rock fragments in forensic investigations

Clearly the participants in, and victims of, many crimes may interact with soil. This
means that if the footwear etc. of a suspect yields soil that includes distinctive fossils, rock
fragments or mineral grains, this can help to place a person at a specific locality (section 1).
The geology of much of the developed world, especially western Europe, is typically very
well-known through systematic geological mapping by state and regional geological survey
organisations. The concept of geological mapping was founded in the UK by the pioneering
geologist William Smith (1769—-1839), who produced the first nationwide geological map in
1815 (Sharpe, 2015). The British Geological Survey (BGS) was founded in 1835 and since
then has produced detailed geological maps of the UK at different scales using analog and
digital methodologies (Fig. 4; Wilson, 1985; Bain, 1986; Allen, 2003; Kessler et al. 2009).

If the outcrop area of a highly distinctive lithology (rock type) is small and well
constrained, that rock type has substantial potential evidentiary value. Many igneous rocks
have highly distinctive mineralogies and textures, and are unique to a specific locality. For
example, the Shap Granite of Cumbria, northwest England is a well-known felsic igneous
rock of Devonian age with characteristic potassium feldspar megacrysts which frequently
exhibit Carlsbad twinning and a bimodal (coarse/fine) grain size (Fig. 5; Grantham, 1928;
Cox et al., 1996). Shap Granite is present in a subcylindrical shaped pluton, and has a
relatively small outcrop area of ~8 km? (Fig. 6; Stone et al., 2010, fig. 13). A soil sample
from footwear or a vehicle which includes even part of one of these potassium feldspar
megacrysts would be strong evidence of the presence of the wearer in the area ~3 km south of
the village of Shap, near Penrith, Cumbria, northwest England. Another example of this is
rhomb-porphyry, a porphyritic igneous rock with common diamond/lens (i.e. rhomb) shaped
phenocrysts of anorthoclase feldspar in a fine-grained matrix, typically from the southeast of
Oslo in southern Norway (Neumann et al., 1992). One possible constraint of using Shap
Granite or thomb-porphyry in a forensic case in an urban area is that both these rocks are
extensively used as ornamental stone, hence have been widely transported away from their
source areas.

Many other igneous rocks exhibit distinctive mineralogical and textural characteristics,
and metamorphic and sedimentary rocks may also be highly indicative of a specific
geographical area or rock unit. For example an aeolian (desert) sandstone such as the Dawlish
Sandstone Formation of the New Red Sandstone Supergroup (Permian) will be largely

composed of frosted quartz grains. This distinctive texture is produced by frequent grain
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collisions in windy conditions such as sandstorms, as opposed to quartz grains with a glassy
surface texture in sandstone which accumulated in aqueous settings such as the Millstone Grit
Group of Carboniferous age (Table 1; Tucker, 2001). Similarly, most sandstones include
minor amounts of distinctive heavy (refractory) minerals such as rutile, tourmaline and zircon
(Morton, 1985; Morton and Hallsworth, 1994). These relatively rare mineral species would
potentially be useful in a forensic investigation. A region such as the Northwest Highlands of
Scotland is largely underlain by metamorphic rocks, principally the schists of the Dalradian
Supergroup of mid Neoproterozoic to Early Palacozoic age (Stephenson et al., 2013).
Porphyroblastic minerals such as garnet are resistant to weathering and are readily
incorporated into the soil.

Many rock units such as the Carboniferous Limestone Supergroup (Tournasian—Visean),
the Millstone Grit Group (Serpukhovian—Bashkirian), the New Red Sandstone Supergroup
(Permian—Triassic) and the Chalk Group (Upper Cretaceous) have large outcrop areas in the
UK (Fig. 4). Hence, soil rock fragment analysis on a crime scene based on these units would
be considerably less geographically conclusive than a highly restricted lithotype such as Shap
Granite. Nonetheless, a consistency of rock fragments on footwear etc., and the bedrock
outcropping at a crime scene would nonetheless represent important supplementary evidence.
A listing of the reworking potential of rocks by geological age in the UK, and hence their
potential utility in forensic science is given in Table 1.

Hard, splintery rock types such as granite or limestone are optimal for forensic
investigations because they generally weather relatively slowly. By contrast, clay-rich
siliciclastic sedimentary rocks, such as mudstone, shale and siltstone, tend to weather to soft
clay and silt rapidly and thus their residence time in a coherent state in the soil is relatively
short (but well within the timescale of a forensic case). However, if a mudstone has a highly
distinctive clay mineral signature, the soil overlying outcrops of this rock will reflect the
characteristic clay mineral assemblage (Brindley, 1952; Moore and Reynolds, 1997; Munier
et al., 2021).

This discussion has thus far focussed on physical macroscopic and microscopic rock
fragments and mineral grains. By contrast, geological specimens can be subjected to
geochemical analysis in automated high-resolution core scanners (Croudace et al., 2006).
This can give highly accurate elemental abundance data using X-ray fluorescence (e.g. Ruhl
et al., 2016). It is eminently possible that the elemental chemistry of the soil overlying a

specific bedrock will be similar to the equivalent data from the specific stratum itself.
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Therefore, X-ray fluorescence information based on comparative soil samples is potentially

very useful in forensic studies.

4. Reworked fossils, with emphasis on palynomorphs, in forensic studies

4.1.  Introduction

As with lithic (rock) fragments and mineral grains, fossils from sedimentary rocks can
be reworked into soil profiles and these can be used in forensic studies. Macrofossils such as
ammonites, bivalves, corals, echinoids and trilobites are highly unlikely to be used in this
context because they are normally too large to, for example, become embedded in the treads
of footwear or vehicle tyres. In stark contrast, the small size of microfossils, and their
abundance and ubiquity in most sedimentary rocks, makes them ideal for forensic
investigations (Brown, 2017).

Microfossils are animal or plant remains that have to be studied using a microscope
(Armstrong and Brasier, 2005). They are biologically diverse and are made of calcite (e.g.
calcareous nannofossils, foraminiferal shells and ostracods) complex organic biomolecules
(palynomorphs), phosphate (conodonts) or silica (diatoms and radiolaria). Microfossils are
normally highly abundant in the majority of sedimentary rocks, especially fine-grained
siliciclastic lithotypes, and may occur in rock-forming proportions. An example of the latter
is the Chalk Group (Upper Cretaceous) (Fig. 4, Table 1). This unit is a pure limestone which
is virtually entirely formed of calcareous nannofossils, the remains of unicellular calcifying
phytoplankton (Burnett, 1998; Mortimore et al., 2001; Hopson, 2005). Many microfossil
species have restricted temporal ranges and because of this, together with their robust nature
and ubiquity, are used in the oil and gas industry to constrain the biostratigraphical age of
sedimentary successions penetrated by exploration and production wells (e.g. Stover et al.,
1996; Wynn Jones, 2006).

Due to the stratigraphical restriction of many species, microfossils which are
reworked into the soil profile can reliably indicate the age of the parent bedrock. Clearly this
has major implications for forensic geoscience. If the soil from the property of a suspect
contains in situ pollen and spores together with reworked microfossils characteristic of a
crime scene, this is powerful evidence to place a person at the locality in question (section 1;
Wiltshire, 1998). Certain reworked microfossils are superior to others for forensic work.
Many soils are slightly acidic and this will tend to dissolve calcareous microfossils such as

calcareous nannofossils, foraminiferal shells and ostracods. Furthermore, of the siliceous
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groups, diatoms are similarly susceptible to shell thinning and dissolution, and reducing
levels of silicification (Lewin, 1961; Ehrlich et al., 2010; Petrou et al., 2019). Despite this,
calcareous nannofossils, foraminifera and diatoms have all been used in in forensic studies
(e.g. Bailey et al., 2017; Levkov et al., 2017).

Of the other major microfossil groups, reworked conodonts and palynomorphs are the
most chemically and physically robust, hence will normally remain in the soil for longer than
other microfossils (Riding, 2021). Conodonts are the phosphatic hard part remains of a group
of extinct agnathan chordates which resemble eels (Briggs et al., 1983; Donoghue et al.,
2000). Palynomorphs are organic-walled microfossils such as acritarchs, angiosperm and
gymnosperm pollen grains, chitinozoa, dinoflagellate cysts, fungal spores, microforaminiferal
linings, plant spores, prasinophytes and scolecodonts (Jansonius and McGregor, 1996;
Riding, 2021). Conodonts have a range of Cambrian to Triassic so are entirely absent from
the Jurassic onwards. By contrast, palynomorphs are first found in Proterozoic rocks, and are
extant. The stratigraphical extents and the taxonomic richness of the major ten palynomorph
groups are illustrated in Fig. 1. Furthermore, they are substantially more abundant,
biologically/taxonomically diverse, smaller and ubiquitous than conodonts. Thus, of all the
groups of microfossils, allochthonous palynomorphs have by far the greatest utility in
forensic geocience.

Many soil forensic samples are examined for in Situ pollen and spores, and thus the
same laboratory preparation will also contain any reworked palynomorph (Riding, 2021).
Because of the clear advantages of palynomorphs over the other microfossil groups, the
remainder of this account will concentrate on them. However, the principles discussed are

applicable to all microfossils.

4.2.  Reworked palynomorphs in general

Palynomorphs are common reworked components in sedimentary rocks. Their small
size means that if small fragments of a pre-existing sedimentary rock are mobilised during
weathering, these can be incorporated into a younger sedimentary unit. This scenario means
that the reworked palynomorphs are protected from damage from oxidation as they are fully
surrounded by rock matrix. Palynomorphs are extremely chemically robust, but they can be
degraded and ultimately destroyed by oxidation during weathering and microbial activity
(Riding, 2021). A familiar example of the reworking of pre-Quaternary palynomorphs is the
stratigraphical recycling of Carboniferous spores into Mesozoic strata (e.g. Windle, 1979;

Riding et al., 1999; Hesselbo et al., 2020). Similarly, Palaeozoic and Mesozoic palynomorphs
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may be reworked into Cenozoic strata (e.g. Collinson et al. 1985). Because they reliably
reflect parent material, reworked palynomorphs have been frequently used to determine the
provenance of sedimentary rock units (e.g. Streel and Bless, 1980; Eshet et al., 1988; Riding
et al., 1997; Lopes et al., 2014). If a soil forms above a bedrock of Pleistocene (Quaternary)
age, reworked pollen and spores may be recruited into the soil profile. These allochthonous
palynomorphs will probably be indistinguishable from their modern counterparts because
virtually all Quaternary plants are extant.

As an analogy for forensic studies, one of the most successful use of reworked
palynomorphs is their use in determining the provenance of glacial sediments of all ages, and
hence glaciers. The glacier picks up rock fragments as it slowly moves, and these are
deposited as till when the glacier melts. If palynomorphs extracted from a till are from
distinctive lithostratigraphical units, as determined from biostratigraphy, the flow path of the
glacier can be reconstructed (e.g. Lee et al., 2002; Davies et al., 2009; Powell et al., 2016;
Hall and Riding, 2016; Hall et al., 2016; Rose et al., 2021 for Quaternary glacigenic
sediments). Similarly, Harding et al. (2004) used dinoflagellate cysts and other marine

palynomorphs to help determine the provenance of flint artefacts from the UK.

4.3. Reworked palynomorphs in soil in forensic investigations and some constraints on
their use

Reworked palynomorphs in soil will normally be rare in comparison to the in situ
pollen and spores. It is possible that derived specimens may be relatively common, for
example if a spore-rich coal or highly organic shale is incorporated into the soil profile. In the
case of the latter, Lower and Upper Jurassic black, bituminous shales such as Mulgrave Shale
Member (Lower Toarcian) and the Kimmeridge Clay Formation (Kimmeridgian) regularly
provided stratigraphically recycled palynomorphs into tills in the UK (e.g. Busfield et al.,
2015; Hodkin et al., 2016). This is due to the relative mechanical robustness and the
resistance to oxidation during weathering of these relatively hard and physically strong
lithotypes.

Certain palynomorph groups and ages may be more frequent than others. Some Early
Palaeozoic acritarchs and most chitinozoa of this age can be relatively refractive and hence
may readily survive in soil. Likewise, many Carboniferous spores are thick-walled and robust
(Smith and Butterworth, 1967). Genera such as Cingulizonates, Densosporites Radiizonates
and Tripartities, and species such as Cirratriradites saturni and Lycospora pusilla tend to

rework easily and may even survive more than one sedimentary cycle (Riding et al., 2003).
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Some Mesozoic and Cenozoic dinoflagellate cysts may be thin-walled and, it is the thicker-
walled genera such as Cribroperidinium that tend to be most frequently stratigraphically
recycled (Riding et al., 2003). A montage of palynomorphs which may be regularly reworked
is given as Fig. 7. Table 1 lists the palynomorph groups characteristic of the Phanerozoic of
the UK, period-by-period.

It should not be expected that reworked palynomorphs from bedrock will be present
in every sample of soil. Organic microfossils are only sporadically recorded and this is due to
several factors. These include the dominance of in situ pollen grains and plant spores over
reworked palynomorphs, oxidation or partial oxidation of allochthonous pre-Quaternary
palynomorphs in the soil profile, and palynomorph-free or organic—lean bedrock. The
sporadic nature of reworked palynomorphs in soil may, however, be somewhat of a
misconception. This is because most forensic palynologists are specialists in modern pollen
and spores. If these practitioners encounter aquatic palynomorphs and/or
Palacozoic/Mesozoic pollen and spores, they may simply classify them as indeterminate
forms or ‘reworking’. For the latter reason, it is currently not possible to provide a reliable
guide to the occurrence and relative proportions of reworked palynomorphs in soil.

As mentioned above, not all rock units yield palynomorphs. For example, all igneous
and metamorphic (‘crystalline’) rocks are devoid of any fossils. Another factor is, if the
uppermost part of the bedrock has been heavily weathered, the oxidation during this process
will probably have destroyed much of the sedimentary organic mattter including the
palynomorphs (Riding, 2021). Furthermore, many limestones and sandstones are extremely
organic-lean and will not generally contribute many, if any, palynomorphs to the soil.
Examples of organic-poor lithostratigraphical units are the Carboniferous Limestone
Supergroup and the Millstone Grit Group of Carboniferous age in the UK (Table 1). As
mentioned above, the most promising bedrock type for palynomorphs would be a dark, fine-
grained clay rich sedimentary rock.

Much of the UK is blanketed by various glacial sediments of Quaternary age (e.g.
Clark et al., 2004). These include glaciofluvial deposits, glaciolacustrine clays, outwash sands
and gravels, and till. Of these, the glaciolacustrine clays and till are the most consistent in
yielding palynomorphs. Both these sediments commonly yield palynofloras (Riding et al.,
2003; Hodkin et al., 2016). In the case of till, the content of these assemblages is dependent
on the sedimentary rocks entrained into the ice on route taken by the glacier. Frequently, tills
contain a mixture of Palacozoic, Mesozoic and Cenozoic palynomorphs (Busfield et al.,

2015). For example the Irish Sea Till from offshore west Wales contains a particularly wide
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variety of organic microfossils (unpublished data). This admixture of palynomorphs can be
potentially extremely helpful in forensic cases. If the mixture is highly characteristic of a
specific glacial sediment the palynomorphs from, for example, a glaciolacustrine clay or till
may have substantial evidentiary value. Taphonomic factors dictate the configuration of
reworked palynomorphs in the matrix of a till. This means that the palynomorphs in a till are
substantially variable, and hence could be used to link a suspect to a place via a comparison
between a crime scene and an exhibit. On the other hand, if the abundance and variety of pre-
Quaternary palynomorphs is too low, the association may not be conclusive of a particular

locality.

5. Modus operandus

If there is soil evidence in a crime, especially where there is a specific locus such as a
body deposition site, the geoscientific element should at the very least be considered in any
forensic investigation. The bedrock geology should be identified using up-to-date geological
maps, and consideration should be made if the relevant lithostratigraphical unit would
potentially provide diagnostic lithic fragments, microfossils or mineral grains. A consultant,
or consultants, could then be employed to check any soil samples for these materials. The
same palynomorph slides as used by the expert in modern pollen and spores could be used by
the pre-Quaternary palynology consultant. The same preparation procedures are used to
extract and concentrate modern pollen and spores and their pre-Quaternary counterparts

(Riding, 2021).

6. Conclusions

This article seeks to briefly review the use of geological materials which have been
incorporated into the soil in forensic investigations. These are microfossils (with the
emphasis on palynomorphs), lithic fragments and mineral grains that are entrained into soil
during its formation. The main aim of this paper is to inform investigative authorities of the
potential of reworked materials in the soil as evidence, principally to connect people to
places. Because bedrock is continuously being weathered, microfossils and small rock
fragments enter the pedosphere from below at a relatively constant rate. This means that
potentially distinctive rock types, which may include characteristic palynomorphs and

minerals, become reworked into the soil. If the geological material in soil on the clothing,
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vehicle etc. of a suspect matches that at the crime scene, this helps to link that person to that
place. If the outcrop area of distinctive or unique rock type is relatively small and well
known, it clearly has substantial potential evidentiary value. Similarly, the clay mineral
assemblage, geochemical profile, mineral species and mineral surface texture may help to
link a suspect to a locality. This is especially important in missing person and clandestine
grave searches.

Reworked macrofossils have limited utility in forensic geoscience due to their relatively
large size, however microfossils can potentially be extremely useful largely due to their
abundance, small size and ubiquity. Of the several groups of microfossils, palynomorphs are
most likely to be useful forensically. Any microfossil species with restricted temporal ranges
which are reworked into the soil profile can accurately indicate the age of the bedrock.
Therefore, this also can help place a person at a specific locality. It should be remembered
that reworked palynomorphs in soil can be relatively rare and sporadic, many rock types and
units do not yield palynomorphs, and glacial tills can provide a diverse, mixed (and hence
potentially complex) palynomorph associations.

There are presently no published examples of reworked palynomorphs being used in a
criminal case. In order to better demonstrate the utility of soil geological materials as lines of
forensic evidence, it would be beneficial to undertake pilot studies in the future. These could
be, for example, palynological analyses of soils developed over specific lithostratigraphical
units or in different soil types. Additionally, it would be beneficial to execute detailed studies
of the absolute palynomorph concentrations throughout specific soil profiles. This topic
would also markedly benefit from specialists on modern pollen and spores starting to
document reworking in a much more consistent and robust manner.

In summary therefore, the use of geological materials extracted from soil samples in a
forensic investigation should be seriously considered in any major crime where soil forms

part of the array of evidence.

Acknowledgements

The author is grateful to Stewart Molyneux, Jen O’Keefe and John Powell for helpful
advice. Patricia Wiltshire and an anonymous reviewer also provided many incisive and
perceptive comments which substantially improved this contribution. Thijs R.A.
Vandenbroucke and Sophie Warny are thanked for providing palynomorph images. James B.
Riding publishes with the approval of the Chief Executive Officer, British Geological Survey
(NERC).

11



366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399

References

Allen, P.M., 2003. A geological survey in transition. British Geological Survey Occasional

Publication No. 1, 220 p. Nottingham, UK.

Armstrong, H.A., Brasier, M.D., 2005. Microfossils. Second edition. Blackwell Publishing,
Malden, U.S.A., 296 p.

Babcock, S., Warny, S., 2014. Forensic palynology: A new approach to classroom inquiry.
Science Activities 51, 116-128.

Bailey, H.-W., Gallagher, L.T., Moncrieff, A., Wood, C.J., 2017. Calcareous
micropalaeontology in forensic investigations, with particular reference to the so-called
‘Soham murder case’. In: Williams, M., Hill, T., Boomer, 1., Wilkinson, I.P. (eds). The
archaeological and forensic applications of microfossils: a deeper understanding of human
history. The Micropalaeontological Society, Special Publications. Geological Society,
London, 279-289.

Bain, J.A., 1986. British Geological Survey maps and their availability. Journal of the
Geological Society 143, 569-576.

Boulter, M.C., 1971. A palynological study of two of the Neogene plant beds in Derbyshire.
Bulletin of the British Museum (Natural History) Geology 19, 359—410.

Briggs, D.E.G., Clarkson, E.N.K., Aldridge, R.J., 1983. The conodont animal. Lethaia 16, 1—
14.

Brindley, G.W., 1952. Identification of clay minerals by X-ray diffraction analysis. Clay and
Clay Minerals 201, 119-129.

Brown, A.G., Smith, A., Elmhurst, O., 2002. The combined use of pollen and soil analyses in

a search and subsequent murder investigation. Journal of Forensic Sciences 47, 614—618.

12



400 Brown, T., 2017. Forensic applications of micropalaecontology. In: Williams, M., Hill, T.,
401  Boomer, I., Wilkinson, I.P. (eds). The archaeological and forensic applications of

402  microfossils: a deeper understanding of human history. The Micropalacontological Society,
403  Special Publications. Geological Society, London, 245-260.

404

405  Burnett, J.A., 1998. Upper Cretaceous. In: Bown, P.R. (ed.). Calcareous nannofossil

406  biostratigraphy. British Micropalacontological Society Publications Series. Chapman and
407  Hall, London, 132-199.

408

409 Busfield, M.E., Lee, J.R., Riding, J.B., Zalasiewicz, J., Lee, S.V., 2015. Pleistocene till

410  provenance in east Yorkshire: reconstructing ice flow of the British North Sea Lobe.

411 Proceedings of the Geologists’ Association 126, 86—99.

412

413  Clark, C.D., Evans, D.J.A., Khatwa, A., Bradwell, T., Jordan, C.J., Marsh, S.H., Mitchell,
414  W.A., Bateman, M.D., 2004. Map and GIS database of glacial landforms and features related
415  to the last British Ice Sheet. Boreas 33, 359-375.

416

417  Clarke, R.F.A., 1965. British Permian saccate and monosulcate miospores. Palacontology 8,
418  322-354.

419

420  Clarke, R.F.A., Verdier, J.-P., 1967. An investigation of microplankton assemblages from the
421  Chalk of the Isle of Wight, England. Verhandelingen der Koninklijke Nederlandse Akademie
422 van Wetenschappen, Afdeeling Natuurkunde, Eerste Reeks 24, 96 p.

423

424  Clayton, G., Coquel, R., Doubinger, J., Gueinn, K.J., Loboziak, S., Owens, B., Streel, M.,
425  1977. Carboniferous miospores of western Europe: illustration and zonation. Mededelingen
426  Rijks Geologische Dienst 29, 71 p.

427

428  Collinson, M.E., Batten, D.J., Scott, A.C., Ayonghe, S.N., 1985. Palacozoic, Mesozoic and
429  contemporaneous megaspores from the Tertiary of southern England: indicators of

430  sedimentary provenance and ancient vegetation. Journal of the Geological Society 142, 375—
431 395.

432

13



433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466

Costa, L.I., Davey, R.J., 1992. Dinoflagellate cysts of the Cretaceous System. In: Powell, A.J.
(ed.). A stratigraphic index of dinoflagellate cysts. British Micropalaeontological Society
Publications Series. Chapman and Hall, London, 99—-153.

Cox, R.A., Dempster, T.J., Bell, B.R., Rogers, G., 1996. Crystallization of the Shap Granite:
evidence from zoned K-feldspar megacrysts. Journal of the Geological Society, London 153,

625-635.

Croudace, .W., Rindby, A., Rothwell, R.G., 2006. ITRAX: description and evaluation of a
new multi-function X-ray core scanner. In: Rothwell, R.G. (ed.). New Techniques in

Sediment Core Analysis. Geological Society, London, Special Publications 267, 51-63.

Davies, B.J., Roberts, D.H., O Cofaigh, C., Bridgland, D.R., Riding, J.B., Phillips, E.R.,
Teasdale, D.A., 2009. Interlobate ice-sheet dynamics during the Last Glacial Maximum at
Whitburn Bay, County Durham, England. Boreas 38, 555-578.

Deer, W.A., Howie, R.A., Zussman, J., 2013. An introduction to the rock forming minerals.

Third edition. The Mineralogical Society, London, 498 p.

Donnelly, L.J., Pirrie, D., Harrison, M., Ruffell, A, Dawson, L.A. (eds). 2021. A guide to
forensic geology. Geological Society of London, UK.

Donoghue, P.C.J., Forey, P.L., Aldridge, R.J., 2000. Conodont affinity and chordate
phylogeny. Biological Reviews 75, 191-251.

Dorhéfer, G., 1977. Palynologie und Stratigraphie der Biickeberg-Formation (Berriasium—
Valanginium) in der Hilsmulde (NW-Deutschland). Geologisches Jahrbuch A42, 3—122.

Downie, C., 1958. An assemblage of microplankton from the Shineton Shales (Tremadocian).

Proceedings of the Yorkshire Geological Society 31, 331-350.

Downie, C., 1959. Hystrichospheres from the Silurian Wenlock Shale of England.
Palacontology 2, 56-71.

14



467  Downie, C., 1982. Lower Cambrian acritarchs from Scotland, Norway, Greenland and

468  Canada. Earth and Environmental Science Transactions of The Royal Society of Edinburgh
469  72,257-285.

470

471 Ehrlich, H., Demadis, K.D., Pokrovsky, O.S., Koutsoukos, P.G., 2010. Modern views on
472  desilicification: biosilica and abiotic silica dissolution in natural and artificial environments.
473  Chemical Reviews 110, 4656-4689.

474

475  Eshet, Y., Druckman, Y., Cousminer, H.L., Habib, D., Drugg, W.S., 1988. Reworked

476  palynomorphs and their use in the determination of sedimentary cycles. Geology 16, 662—
477 665.

478

479  Gavin, D.G., Brubaker, L.B., 1999. A 6000-year soil pollen record of subalpine meadow
480  vegetation in the Olympic Mountains, Washington, USA. Journal of Ecology 87, 106—122.
481

482  QGradstein, F.M., Ogg, J.G., Schmitz, M.B., Ogg, G.M. (eds), 2021. The geologic time scale
483  2020. Second edition. Elsevier B.V., Amsterdam, The Netherlands, 1176 p.

484

485  Grahn, Y., Paris, F., 2011. Emergence, biodiversification and extinction of the chitinozoan
486  group. Geological Magazine 148, 226-236.

487

488  Grantham, D.R., 1928. The petrology of the Shap Granite. Proceedings of the Geologists’
489  Association 39, 299-331.

490

491  Hall, A.M., Riding, J.B., 2016. The last glaciation in Caithness, Scotland: revised till

492  stratigraphy and ice-flow paths indicate multiple ice flow phases. Scottish Journal of Geology
493  52,77-89.

494

495  Hall, A.M., Riding, J.B., Brown, J.F., 2016. The last glaciation in Orkney, Scotland: glacial
496  stratigraphy, event sequence and flow paths. Scottish Journal of Geology 52, 90-101.

497

498  Harding, 1.C., Trippier, S., and Steele, J., 2004. The provenancing of flint artefacts using
499  palynological techniques. In: Walker, E.A.,Wenban-Smith, F., Healy, F. (eds). Lithics in
500 action. Oxbow Books, Oxford, 78—88.

15



501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534

Harland, R., 1977. Recent and late Quaternary (Flandrian and Devensian) dinoflagellate cysts
from marine continental shelf sediments around the British Isles. Palacontographica

Abteilung B 164, 87-126.

Hellman, S., Gaillard, M.J., Bunting, M.J., Mazier F., 2009. Estimating the relevant source
area of pollen in the past cultural landscapes of southern Sweden — a forward modelling

approach. Review of Palaeobotany and Palynology 153, 259-271.

Hesselbo, S.P., Hudson, A.J.L., Huggett, J.M., Leng, M.J., Riding, J.B., Ullmann, C.V.,
2020. Palynological, geochemical, and mineralogical characteristics of the Early Jurassic
Liasidium Event in the Cleveland Basin, Yorkshire, UK. Newsletters on Stratigraphy 53,
191-211.

Hodkin, R.G., Lee, J.R., Riding, J.B., Turner, J.A., 2016. Genesis and provenance of a new
Middle Pleistocene diamicton unit at Happisburgh, NE Norfolk, UK. Proceedings of the
Yorkshire Geological Society 61, 25-35.

Hopson, P.M., 2005. A stratigraphical framework for the Upper Cretaceous Chalk of England
and Scotland, with statements on the Chalk of Northern Ireland and the UK Offshore Sector.
British Geological Survey Research Report RR/05/01, 102 p.

Horrocks, M., Coulson, S., Walsh, K., 1998. Forensic palynology: Variation in the pollen

content of soil surface samples. Journal of Forensic Sciences 43, 320-323.

Jansonius, J., McGregor, D.C. (eds). 1996. Palynology: principles and applications. American

Association of Stratigraphic Palynologists Foundation, Dallas, three volumes, 1330 p.

Kessler, H., Mathers, S., Sobisch, H.-G., 2009. The capture and dissemination of integrated
3D geospatial knowledge at the British Geological Survey using GSI3D software and
methodology. Computers and Geosciences 35, 1311-1321.

Klein, C., Dutrow, B., 2007. The manual of mineral science. Twenty third edition. Wiley,

Hoboken, New Jersey, 716 p.

16



535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568

Laurence, A.R. and Bryant, V.M. 2019. Forensic palynology and the search for geolocation:

Factors for analysis and the Baby Doe case. Forensic Science International 302, 109903.

Lee, J.R., Rose, J., Riding, J.B., Moorlock, B.S.P., Hamblin, R.J.O., 2002. Testing the case
for a Middle Pleistocene Scandinavian glaciation in Eastern England: evidence for a Scottish

ice source for tills within the Corton Formation of East Anglia, UK. Boreas 31, 345-355.

Levkov, Z., Williams, D.M., Nikolovska, D., Tofilovska, S., Cakar, Z., 2017. The use of
diatoms in forensic science: advantages and limitations of the diatom test in cases of
drowning. In: Williams, M., Hill, T., Boomer, 1., Wilkinson, I.P. (eds). The archaeological
and forensic applications of microfossils: a deeper understanding of human history. The

Micropalaeontological Society, Special Publications. Geological Society, London, 261-277.

Lewin, J.C., 1961. The dissolution of silica from diatom walls. Geochimica et Cosmochimica

Acta 21, 182-198.

Lister, T.R., 1970. The acritarchs and chitinozoa from the Wenlock and Ludlow Series of the

Ludlow and Millichope areas, Shropshire. Palacontological Society Monographs 124, 100 p.

Lopes, G., Pereira, Z., Fernandes, P., Wicander, R., Matos, J.X., Rosa, D., Oliveira, J.T.,
2014. The significance of reworked palynomorphs (middle Cambrian to Tournaisian) in the
Visean Toca da Moura Complex (South Portugal). Implications for the geodynamic evolution

of Ossa Morena Zone. Review of Palacobotany and Palynology 200, 1-23.

MacRae, R.A., Fensome, R.A., Williams, G.L., 1996. Fossil dinoflagellate diversity,
originations, and extinctions and their significance. Canadian Journal of Botany 74, 1687—

1694.

Mildenhall, D.C., 2006. Hypericum pollen determines the presence of burglars at the scene of

a crime: An example of forensic palynology. Forensic Science International 163, 231-235.

Millay, M.A., Taylor, T.N., 1976. Evolutionary trends in fossil gymnosperm pollen. Review
of Palaecobotany and Palynology 21, 65-91.

17



569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602

Moore, D.M., Reynolds, R.C. Jr., 1997. X-ray diffraction and the identification and analysis

of clay minerals. Second edition. Oxford University Press, Oxford, 378 p.

Moore, P.D., Webb, J.A., Collinson, M.E., 1991. Pollen analysis. Second edition. Blackwell
Scientific Publications, Oxford, 216 p.

Morbey, S.J., 1975. The palynostratigraphy of the Rhaetian Stage, Upper Triassic in the
Kendelbachgraben, Austria. Palaeontographica Abteilung B 152, 1-75.

Mortimore, R.N., Wood, C.J., Gallois, R.W., 2001. British Upper Cretaceous stratigraphy
Geological Conservation Review Series, No, 23, 558 p. Joint Nature Conservation

Committee, Peterborough, UK.

Morton, A.C., 1985. Heavy minerals in provenance studies. In: Zuffa G.G. (ed.). Provenance
of Arenites. NATO ASI Series (Series C: Mathematical and Physical Sciences) 148, 249—
277. Springer, Dordrecht.

Morton, A.C., Hallsworth, C., 1994. Identifying provenance-specific features of detrital

heavy mineral assemblages in sandstones. Sedimentary Geology 90, 241-256.

Munier, T., Deconinck, J.-F., Pellenard, P., Hesselbo, S.P., Riding, J.B., Ullmann, C.V.,
Bougeault, C., Mercuzot, M., Santoni, A-L., Huret, E., Landrein, P., 2021. Million-year-scale
alternation of warm-humid and semi-arid periods as a mid-latitude climate mode in the Early

Jurassic (late Sinemurian, Laurasian Seaway). Climate of the Past 17, 1547—1566.

Neumann, E.-R., Olsen, K.H., Baldridge, W.S., Sundvoll, B., 1992. The Oslo Rift: a review.
Tectonophysics 208, 1-18.

Orbell, G., 1973. Palynology of the British Rhaeto-Liassic. Bulletin of the Geological Survey
of Great Britain 44, 44 p.

Peat, C.J., 1984. Precambrian microfossils from the Longmyndian of Shropshire. Proceedings

of the Geologists’ Association 95, 17-22.

18



603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636

Petrou, K., Baker, K.G., Nielsen, D.A., Hancock, A.M., Schulz, K.G., Davidson, A.T., 2019.
Acidification diminishes diatom silica production in the Southern Ocean. Nature Climate

Change 9, 781-786.

Popp, G., 1939. Botanische Spuren und Mikroorganismen im kriminalverfahren, Archiv fiir

Kriminologie 14, 231-237.

Potter, T.L., 1974a. The stratigraphic palynology of some Cambrian successions in North
Wales, England and northwest Spain. PhD Thesis, University of Sheffield, U.K., 295 p.
(unpublished).

Potter, T.L., 1974b. British Cambrian acritarchs — a preliminary account. Review of

Palaeobotany and Palynology 18, 61-62.

Pound, M.J., Riding, J.B., 2015. Miocene in the UK! The Geoscientist 25, 20-22.

Powell, A.J., 1992. Dinoflagellate cysts of the Tertiary System. In: Powell, A.J. (ed.). A
stratigraphic index of dinoflagellate cysts. British Micropalaeontological Society Publications

Series. Chapman and Hall, London, 155-251.
Powell, J.H., Ford, J.R., Riding, J.B., 2016. Diamicton from the Vale of Pickering and
Tabular Hills, north-east Yorkshire: evidence for a Middle Pleistocene (MIS 8) glaciation?

Proceedings of the Geologists’ Association 127, 575-594.

Pye, K., 2007. Geological and soil evidence: Forensic applications. CRC Press, Boca Raton,
Florida, USA, 356 p.

Pye, K., Croft, D.J. (eds), 2004. Forensic geoscience: Principles, techniques and applications.
Geological Society, London, Special Publications, 318 p.

Richardson, J.B., 1965. Middle Old Red Sandstone spore assemblages from the Orcadian
basin, north-east Scotland. Palacontology 7, 559—605.

19



637  Richardson, J.B. and Lister, T.R., 1967. Upper Silurian and Lower Devonian spore

638  assemblages from the Welsh Borderland and South Wales. Palacontology 12, 201-252.

639

640  Riding, J.B., 2021. A guide to preparation protocols in palynology. Palynology 45

641  Supplement 1, 110 p.

642

643  Riding, J.B., Thomas, J.E., 1992. Dinoflagellate cysts of the Jurassic System. In: Powell, A.J.
644  (ed.). A stratigraphic index of dinoflagellate cysts. British Micropalaeontological Society
645  Publications Series. Chapman and Hall, London, 7-97.

646

647  Riding, J.B., Moorlock, B.S.P., Jeffery, D.H., Hamblin, R.J.O., 1997. Reworked and

648  indigenous palynomorphs from the Norwich Crag Formation (Pleistocene) of eastern Suffolk:
649  implications for provenance, palaeogeography and climate. Proceedings of the Geologists’
650  Association 108, 25-38.

651

652  Riding, J.B., Fedorova, V.A., Ilyina, V.I., 1999. Jurassic and lowermost Cretaceous

653  dinoflagellate cyst biostratigraphy of the Russian Platform and northern Siberia, Russia.
654  American Association of Stratigraphic Palynologists Contributions Series, No. 36, 179 p.
655

656  Riding, J.B., Rose, J., Booth, S.J., 2003. Allochthonous and indigenous palynomorphs from
657  the Devensian of the Warham Borehole, Stiffkey, north Norfolk, England; evidence for

658  sediment provenance. Proceedings of the Yorkshire Geological Society 54, 223-235.

659

660 Riding, J.B., Rawlins, B.G., Coley, K.H., 2007. Changes in soil pollen assemblages on

661  footwear worn at different sites. Palynology 31, 135-151.

662

663  Rose, J., Turner, J., Turton, E., Riding, J.B., Palmer, A., Wright, J.K., Lee, J.R., Bullimore,
664  N.S.J.Q., 2021. Organic and soil material between tills in east-midland England — direct
665  evidence for two episodes of lowland glaciation in Britain during the Middle Pleistocene.
666  Journal of Quaternary Science 36, 547-569.

667

668  Ruhl, M., Hesselbo, S.P., Hinnov, L., Jenkyns, H.C., Xu, W., Riding, J.B., Storm, M.,

669  Minisini, D., Ullmann, C.V., Leng, M.J., 2016. Astronomical constraints on the duration of

20



670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703

the Early Jurassic Pliensbachian Stage and global climatic fluctuations. Earth and Planetary
Science Letters 455, 149-165.

Ruffell, A., McKinley, J., 2005. Forensic geoscience: applications of geology,
geomorphology and geophysics to criminal investigations. Earth-Science Reviews 69, 235—

247.

Sharpe, T., 2015. The birth of the geological map. Science 347, 230-232.

Smith, A.H.V., Butterworth, M.A., 1967. Miospores in the coal seams of the Carboniferous
of Great Britain. Special Papers in Palaeontology 1, 324 p.

Smith, C., Warny, S., Shevenell, A.E., Gulick, S.P.S., Leventer, A., 2019. New species from
the Sabrina Flora: an early Paleogene pollen and spore assemblage from the Sabrina Coast,

East Antarctica, Palynology, 43, 650—659.

Srivastava, S.K., 2011. Spore-pollen biostratigraphy of the English Jurassic.
Palaeontographica Abteilung B 285, 113-201.

Stephenson, D., Mendum, J.R., Fettes, D.J., Leslie, A.G., 2013. The Dalradian rocks of

Scotland: an introduction. Proceedings of the Geologists’ Association 124, 3—82.

Stone, P., Millward, D., Young, B., Merritt, J. W., Clarke, S.M., McCormac, M., Lawrence,
D.J.D., 2010. British Regional Geology: Northern England. Fifth edition. British Geological
Survey, Keyworth, Nottingham, 293 p.

Stover, L.E., Brinkhuis, H., Damassa, S.P., de Verteuil, L., Helby, R.J., Monteil, E.,
Partridge, A.D., Powell, A.J., Riding, J.B., Smelror, M., Williams, G.L., 1996. Mesozoic-
Tertiary dinoflagellates, acritarchs and prasinophytes. In: Jansonius, J., McGregor, D.C.
(eds). Palynology: principles and applications. American Association of Stratigraphic

Palynologists Foundation, Dallas 2, 641-750.

Streel, M., Bless, M.J.M., 1980. Occurrence and significance of reworked palynomorphs.
Mededelingen Rijks Geologische Dienst 32-10, 69—-80.

21



704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737

Strother, P.K., Battison, L., Brasier, M.D., Wellman, C.H., 2011. Earth’s earliest non-marine
eukaryotes. Nature 473, 505-5009.

Strother, P.K., Brasier, M.D., Wacey, D., Timpe, L., Saunders, M., Wellman, C.H., 2021. A
possible billion-year-old holozoan with differentiated multicellularity. Current Biology 31, 1—

8.

Tucker, M.E., 2001. Sedimentary petrology: An introduction to the origin of sedimentary
rocks. Third edition. Blackwell Science Limited, Oxford, 272 p.

Turner, R.E., 1984. Acritarchs from the type area of the Ordovician Caradoc Series,

Shropshire, England. Palaecontographica Abteilung B 190, 87-157.

Turner, R.E., 1985. Acritarchs from the type area of the Ordovician Llandeilo Series, South
Wales. Palynology 9, 211-234.

Vandenbroucke, T.R.A., Munnecke, A., Leng, M.J., Bickert, T., Hints, O., Gelsthorpe, D.,
Maier, G., Servais, T., 2013. Reconstructing the environmental conditions around the Silurian
Ireviken Event using the carbon isotope composition of bulk and palynomorph organic

matter. Geochemistry, Geophysics, Geosystems 14, 86—101.

Warny, S., 2013. Museums’ role: Pollen and forensic science. Science 339, 1149—1149.

Warny, S., Ferguson, S., Hafner, M.S., Escarguel, G., 2020. Using museum pelt collections to
generate pollen prints from high-risk regions: A new palynological forensic strategy for

geolocation. Forensic Science International 306, 11006.

Warrington, G., 1970. The stratigraphy and palaeontology of the ‘Keuper’ Series of the
central Midlands of England. Quarterly Journal of the Geological Society of London 126,
183-223.

Warrington, G., Scrivener, R.C., 1990. The Permian of Devon, England. Review of
Palaeobotany and Palynology 66, 263-272.

22



738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770

Waters, C.N., Smith, K., Hopson, P.M., Wilson, D., Bridge, D.M., Carney, J.N., Cooper,
A.H., Crofts, R.G., Ellison, R.A., Mathers, S.J., Moorlock, B.S.P., Scrivener, R.C.,
McMillan, A.A., Ambrose, K., Barclay, W.J., Barron, A.J.M., 2007. Stratigraphical Chart of
the United Kingdom: Southern Britain. British Geological Survey, 1 p (poster)
(http://www.nhm?2.uio.no/stratlex/UK_Stratchart_South.pdf).

Weil, R.R., Brady, N.C., 2017. The nature and properties of soils. Fifteenth edition. Pearson
Education Limited, Harlow, UK, 1104 p.

Wellman, C., 1993. A land plant microfossil assemblage of Mid Silurian age from the
Stonehaven Group, Scotland. Journal of Micropalaeontology 12, 47—66.

White, R.E., 2006. Principles and practice of soil science: the soil as a natural resource.

Fourth edition. Wiley-Blackwell, Oxford, 376 p.

Wilkinson, G.C., Boulter, M.C., 1980. Oligocene pollen and spores from the western part of
the British Isles. Palacontographica Abteilung B 175, 27-83.

Williams, M., Hill, T., Boomer, I., Wilkinson, I.P. (eds), 2017. The archacological and
forensic applications of microfossils: a deeper understanding of human history. The

Micropalaeontological Society, Special Publications. Geological Society, London, 296 p.

Wilson, H.E., 1985. Down to earth: One hundred and fifty years of the British Geological
Survey. Scottish Academic Press, Edinburgh and London, 189 p.

Wilson, G.J., 1974. Upper Campanian and Maastrichtian dinoflagellate cysts from the
Maastricht Region and Denmark. PhD Thesis, University of Nottingham, U.K., 601 p.

(unpublished).

Wiltshire, P.E.J., 1998. Operation Gratis: Report for Hertfordshire Constabulary
(unpublished).

23



771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804

Wiltshire, P.E.J. 2006. Consideration of some taphonomic variables of relevance to forensic

palynological investigation in the UK. Forensic Science International 163, 173—182.

Wiltshire, P.E.J. 2009. Forensic ecology, botany, and palynology: Some aspects of their role
in criminal investigation. In: Ritz K., Dawson L., Miller D. (eds). Criminal and

Environmental Soil Forensics. Springer, Dordrecht, p. 129—-149.

Wiltshire, P.E.J. 2016. Protocols for forensic palynology. Palynology 40, 4-24.

Wiltshire, P.E.J. and Hawksworth, D.L., 2014. Palynology and mycology: forensic evidence
from soil, clothing, corpses, carpets, walls and food. Expert Witness 1, 28-31.

Wiltshire, P.E.J., Hawksworth, D.L., Webb, J.A., Edwards, K.J., 2014. Palynology and
mycology provide separate classes of probative evidence from the same forensic samples: A

rape case from southern England. Forensic Science International 244, 186—195.

Wiltshire, P.E.J., Hawksworth, D.L., Webb, J.A., Edwards, K.J., 2015. Two sources and two
kinds of trace evidence: enhancing the links between clothing, footwear and crime scene.

Forensic Science International 254, 231-242.

Windle, T.M.F. 1979. Reworked Carboniferous spores: an example from the Lower Jurassic

of northeast Scotland. Review of Palaecobotany and Palynology 27, 173—-184.

Wynn Jones, R., 2006. Applied palacontology. Cambridge University Press, Cambridge, 434
p.

Display materials:

Fig. 1. The overall stratigraphical extents of the ten most important palynomorph groups
adapted from Riding (2021). The relative widths of the lines indicate overall trends in
taxonomic richness. Note that the diversity variations depicted here are strictly indicative in
that the breadths of the lines are not precisely calibrated to numbers of taxa. The dashed lines

indicate that the respective palynomorph group is relatively sparse. The ranges and
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taxonomic richness trends are taken from key publications such as Millay and Taylor (1976),

MacRae et al. (1996) and Grahn and Paris (2011).

Fig. 2. A typical soil profile illustrating the three main soil horizons overlain by an organic-
rich layer of plant litter and underlain by solid bedrock. The A (surface) horizon comprises
humus-rich topsoil and is underlain by clayey subsoil (the B horizon or subsoil). The C
(substratum) horizon consists of weathered rock fragments. This diagram is adapted from

several sources including Weil and Brady (2017).

Fig. 3. A small outcrop of bedrock in moderately steep grassy terrain within an upland
setting; note the relatively thin soil surrounding the outcrop. The very thin soil at these type
of localities will be very rich in fragments of the bedrock. This locality is ~0.75 km NNW of
Wildboarclough, Cheshire, UK (NGR SJ 98017 69312) and the rocks exposed are dark shales
of the Millstone Grit Group intercalated between a Bilinguites superbilinguis marine band

and the Chatsworth Grit (Pennsylvanian).

Fig. 4. A small scale geological map of the UK and Ireland produced by the British
Geological Survey (BGS) illustrating the principal rock types, and the ages of the
metamorphic and sedimentary rocks. Individual lithostratigraphical units, such as the
Millstone Grit Group mentioned in the text, are not distinguished at this scale. Substantially

larger scale maps are available from BGS. Geological map BGS © UKRI (2019).

Fig. 5. A cut and polished hand specimen of Shap Granite from Shap Quarry, Cumbria,
northwest England (NGR NY 55884 08519). The specimen is curated in the National
Building Stone Collection of BGS. This image is BGS number P750651 and is used with
permission. The size of the specimen is 150 mm x 115 mm. Note the highly distinctive
texture of abundant potassium feldspar megacrysts in a much finer-grained groundmass. This
bimodal crystal size in indicative of two distinct phases of cooling. The first of these stages
was slow, in a deep crustal setting which allowed the potassium feldspar megacrysts to form.
By contrast the second was substantially faster, clearly in a shallower position in the crust

thereby causing the minerals in the groundmass to crystallise (BGS © UKRI).
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837  Fig. 6. A geological map of the Lake District in northwest England to illustrate the relatively
838  small areal extent (~8 km?) of the Shap Granite outcrop. The Shap Granite Pluton (Sh) is

839 located in the Shap Fells of Cumbria, adjacent to the northeast corner of the Windermere

840  Supergroup and is part of the Northern England Devonian Plutonic Suite. This map is themed
841  to illustrate the principal Ordovician and Devonian igneous bodies and their relationship to
842  major structural features. This figure is from Stone et al. (2010, fig. 13) and BGS file

843  P916043.jpg is reproduced with permission BGS © UKRI

844  http://earthwise.bgs.ac.uk/index.php?title=File:P916043.jpg&filetimestamp=2016041217111
845 3&.

846

847  Fig. 7. A montage of nine selected aquatic and terrestrial palynomorphs from the Silurian,

848  Carboniferous, Jurassic, Cretaceous and Paleogene.

849 1. The cryptogam spore Reinschospora speciosa (Loose 1934) Schopf, Wilson &

850 Bentall 1944 from the Argill Shell Bed at Argill Beck, Stainmore, Cumbria, UK

851 (Lower Pennsylvanian [Bashkirian]). BGS specimen number MPK 7433; 94 um in
852 diameter.

853 2. The cryptogam spore Concavissimisporites sp. from the Wealden Group (lowermost
854 Cretaceous [Berriasian]) of southeast England. BGS specimen MPK 14717; 62 pm in
855 diameter.

856 3. The gymnospermous pollen grain Callialasporites trilobatus (Balme 1957) Sukh Dev
857 1961 from the Brent Group (Middle Jurassic) of the northern North Sea. BGS

858 specimen MPK 14718; 51 um in diameter.

859 4. The bisaccate gymnospermous pollen grain Alisporites sp. from the Brent Group

860 (Middle Jurassic) of the northern North Sea. BGS specimen number MPK 14719; 87
861 um wide and 62 pum high.

862 5. The netromorph acritarch Dorsennidium europaeum forma wenlockianum (Downie
863 1959 ex Wall & Downie 1963) Sarjeant & Stancliffe 1994 from the Silurian of Wales.
864 BGS specimen MPK 14723; 56 pm in diameter.

865 6. The angiosperm pollen grain Gambierina edwardsii Stover in Stover & Partridge

866 1973 from the Paleogene of the Sabrina Coast, East Antarctica (Smith et al., 2019).
867 The diameter of this specimen is 35 pm. Scanning electron microscope image by

868 Sophie Warny and reproduced with permission.
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7. The dinoflagellate cyst Senoniasphaera jurassica Gitmez & Sarjeant 1972) Lentin &
Williams 1976 from the Kimmeridge Clay Formation (Upper Jurassic [Tithonian]) of
Warlingham, Surrey, southern England. BGS specimen MPK 1265; 89 pm long and
75 um wide at the cingulum.

8. The dinoflagellate cyst Oligosphaeridium complex (White 1842) Davey & Williams
1966 from the Cromer Knoll Group (Lower Cretaceous) of the central North Sea.
BGS specimen MPK 14587; the cyst body (which is subcircular in outline) is 50 um
in diameter

9. A representative of the chitinozoan genus Ancyrochitina from the Visby Formation of
the Lusklint 1 section, Gotland, eastern Sweden (Silurian) (Vandenbroucke et al.,
2013, fig. 5D). The overall length is 100 um. Scanning electron microscope image by

Thijs R.A. Vandenbroucke and reproduced with permission.

Table 1. A listing of the typical palynomorph spectra from the Proterozoic and Phanerozoic
successions of the UK and adjacent areas, their potential for reworking into the soil profile,
examples of relevant lithostratigraphical units and selected references. Generally, reworking
potential increases with decreasing geological age because younger lithostratigraphical units
generally have higher palynomorph concentrations. The Carboniferous and Cretaceous
periods have been subdivided because of the substantial disparity in palynological
productivity between their constituent epochs. The geochronological scale is taken from
Gradstein et al. (2021). Certain lithostratigraphical units such as thermally-altered strata,
highly oxidised/red-brown sedimentary rocks and highly crystallised and/or pure limestones
are unlikely to release large numbers of palynomorphs into the soil profile due to their
relatively organic-lean nature (Riding, 2021). In particular, geographically extensive units
such as Lower Palacozoic slaty mudstones, the Old Red Sandstone Supergroup, the
Carboniferous Limestone Supergroup, the New Red Sandstone Supergroup and the Chalk
Group of the UK are all organic-lean. There is, nonetheless, some variation. For example
some Lower Palaeozoic and Devonian units are highly palyniferous, whereas palynomorphs
are effectively absent throughout the Carboniferous Limestone Supergroup. Whereas some
lithostratigraphical units are geographically widespread, others are local in distribution. The
supergroups, groups and formations listed are generally southern UK-centric (Waters et al.,
2007). For example, the Lower Cretaceous and Paleogene units are largely confined to
southern England. Other major units which are of local extent are the Longmyndian

Supergroup, and the Sleat, Stoer and Torridon groups; these are only present at outcrop in the
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903
904
905
906
907
908

Welsh Borderland and northwest Scotland respectively. Similarly, the Cambrian through
Silurian lithostratigraphical units mentioned are those that are found in the Welsh Borderland
and the West Midlands of England. There are no widespread Neogene deposits in the UK
(Boulter, 1971; Pound and Riding, 2015). Abbreviations: angio. = angiosperm; gymno. =

gymnosperm; dino. cysts = dinoflagellate cysts; p. spores = plant spores.
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