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Abstract:

The Early Cretaceous Nova Olinda Member (Crato Formation) of Brazil boasts the most
exceptionally well-preserved non-amber Mesozoic fossil insects. In this project these insect
fossils are comprehensively studied. Their fidelity of preservation is investigated, the
mechanisms that allowed for it are modelled, and the palaeoenvironments that they lived in

are hypothesised.

The Nova Olinda Member fossil insects have a broad range of preservational fidelities. At their
lowest-fidelity, they are fragmented low-relief ‘scrappy’ traces. At their highest-fidelity, they
are complete, fully-articulated, high-relief specimens with submicron-scale replication of both
external and internal morphology. Cuticular structures (setae, scales, ommatidia, etc.) are
sometimes replicated to the submicron-scale via nano-crystalline impregnation of the
epicuticle. Internal labile soft-tissues (genitals, guts, tracheal system, etc.) are replicated with
high fidelity by globular encrustations and impregnations. The remaining tissues are
obliterated by pseudomorphed pseudoframboids (or pseudoframboid-like aggregates), which
also protected the carcass from compaction. Globular/granular fabrics generated by decay are
proposed based on their consistent occurrence with particularly decay-prone tissues. Artefacts
of preparation/curation (cracks, punctures, etc.) are distinguished based on their occurrence

without associated mineralogical fabrics.

Statistical analyses are undertaken to quantify the preservational fidelity of the Nova Olinda
Member fossil insects and identify taphonomic trends. Although the collection analysed is
biased towards members of Orthoptera and Blattodea, results indicate that taxonomy has no
control over preservational fidelity. As no other Lagerstatten has been quantitively analysed in
this manner, qualitative comparisons are undertaken. Eleven other Lagerstatten are examined,
revealing that none yielded fossils as well-preserved as the Nova Olinda Member. In all cases
where fossils are examined, they either have their micron-scale morphology obliterated by
coarse mineral growth, are compacted to compressions, or are encrusted by irremovable

microfossils.

The chemistry and preservational fabrics of the Nova Olinda Member fossil insects are
analysed to determine the mechanisms of their exceptional preservation. The fossils are
largely preserved in goethite, which pseudomorphs pyrite. The pyrite has two distinct fabrics: a
nano-crystalline impregnation of the epicuticle and a coarser pseudoframboidal infill of the
remaining carcass. Precipitation of both of these fabrics was stimulated by the metabolic
activities of a sulphate reducing microbial mat, with the framboids only forming once pyrite

had reached supersaturation. The globular encrustations/impregnations of internal labile soft



tissues are a result of apatite precipitation brought about by ‘minor’ decay. This decay created
‘active sites’ for mineralisation and liberated ions which, combined with dissolved porewater
ions, allowed for calcium phosphate precipitation. These fabrics were deposited in a specific
order that prevented compaction and allowed for submicron-scale preservation of tissues:
Firstly, internal labile tissues were impregnated and encrusted in apatite. Secondly, the
epicuticle was impregnated by nano-crystalline pyrite. Thirdly, pyrite overgrew/obliterated the
remaining tissues as pseudoframboids. This process is presented in a novel multi-step

preservational model.

To understand the biases and controls on the preservation of these fossil insects, their
environmental preferences (and modes-of-life where applicable) are comprehensively
analysed and compared to modern relatives. The modern environmental preference of each
family (or order) reported from the Nova Olinda Member are grouped into simplified
environments and tabulated. The data are analysed and three hypothetical regions proposed
in a novel palaeoenvironmental reconstruction. These include: an arid scrubland around the
palaeolake, a humid fluvio-deltaic region, and a distant forested region. Hypothetical
ecological niches are also reconstructed, with xerophytic plants and arthropods, as well as
burrowing arthropods, living in the arid scrubland, aquatic/semi-aquatic arthropods living in
marginal ‘tongues’ of freshwater at the palaeoshore, and a further fluvial/deltaic freshwater
niche inhabited by aquatic/semi-aquatic/riparian plants and arthropods. These reconstructions
reveal that the articulated insect fossils were transported to the site of deposition alive or
shortly after death by seasonal small-scale flash-floods (caused by seasonal rains). These flash-
flood events allowed for insects to be preserved indiscriminate of taxon, size, robustness, or

mode-of-life. Finally, a new taxon of fossil wasp is described and its systematics discussed.
Aims:

1. Toinvestigate the fidelity of preservation of the Nova Olinda Member fossil insects by
examining which tissues are preserved, quantifying how well-preserved they are,
identifying if any taxonomic trends are present (using statistical analyses), and
qualitatively comparing them to other Lagerstatten.

2. To determine the replacing minerals and their fabrics through elemental, chemical,
and textural analyses, as well as produce a model for the process of fossilisation.

3. Toinvestigate the taxonomic diversity of the Nova Olinda Member insect fauna and
present a novel palaeoenvironmental reconstruction based on modern insect

preferences.



Scope:

As this project is multidisciplinary, clear boundaries are established for each discipline to

maintain achievable goals.

1.

Entomology: Insects are the most diverse macroscopic organisms and entomology,
particularly its systematics, is an extremely broad and dynamic topic, and cannot be
examined comprehensively in this project. General insect anatomy and the diversity
and ecology of several families are examined in this thesis. The systematics of
Hymenoptera are explored in more detail during the description of a new taxa.
Taphonomy: Taphonomic analysis is restricted to controls affecting insects (and other
terrestrial arthropods) in laminated limestones and is discussed in generalised terms
rather than the specifics of each specimen.

Statistics: Taphonomic data is subject to explorative cluster and principal coordinate
analyses to determine trends between insect groups or ecological roles. Both R-mode
and Q-mode cluster analyses are undertaken.

Geochemistry: Iron sulphide geochemistry is described, including controls and phase
pathways, although is restricted to the minerals and fabrics observed in Nova Olinda
Member insect fossils.

Sedimentology: Descriptions of sedimentological features identified during this project
are restricted to the laminated limestones of the Nova Olinda Member. Only brief
descriptions of other well-known Lagerstatten are otherwise presented here, based on
published data.

Palaeontology: Palaeontology is inherently multidisciplinary, and this project combines
several other aspects of palaeontology. Entomological, taphonomic, and
sedimentological data are examined to produce palaeoenvironmental and ecological
reconstructions.

Energy-dispersive X-ray spectroscopy: Energy-dispersive X-ray analyses in this project
have specific limitations. Prior agreements required most specimens be double Au-Pd
coated. In some cases, this results in partially obscured spectra, with C also excluded
from most spectra due to the use of a C filament. To preserve insect morphology, no
specimens are polished, leading to topographic artefacts in some analyses. Other
analyses are undertaken under time constraints, resulting in low counts. Finally, only
Nova Olinda Member fossils are subject to energy-dispersive X-ray analysis, as
examining the eleven other fossil Lagerstatten is beyond the scope of this project.
Instead, mineralogical identifications in other Lagerstatten are based on published

data.
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Contribution:

Several key contributions to knowledge are made during this project:

Recording and presenting examples of exceptional preservation of Nova Olinda
Member fossil insects, highlighting the preservation of tissues that are previously
unreported on both the macro- and micro-scale. (Published in Cretaceous Research).
Recording and explaining the various mineralogical textures that replace Nova Olinda
Member fossil insect tissues.

Creating a novel six-step taphonomic model for the mineralisation of Nova Olinda
Member insects based on chemical analyses, textural observations, and the current
understanding of iron sulphide geochemistry.

Presenting a novel adaptation of the ‘resin-transfer technique’, allowing its use for
three-dimensional arthropod fossils in semi-porous carbonate sediments.

Creating a multi-stage transport model for the Nova Olinda Member insects, including
different palaeoenvironments, different starting conditions, and how these affect an
insect carcass.

Presenting a revised palaeoenvironmental reconstruction of the Nova Olinda Member
hinterland, including the identification of multiple environments and seasonal climatic
conditions, supported by entomological, taphonomic, and sedimentological data.
Describing a new taxon of fossil wasp (Hymenoptera). (Published in Cretaceous

Research).
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0. 6. Abbreviations:

AMNH: American Museum of Natural History. EDX: Energy-dispersive X-ray. EP LC: Department
d’Estratigrafia | Paleontologia La Cabrua. EPDS: Extracellular polymeric diatomatic substances. EPS:
Extracellular polymeric substances. FFCLRP/USP, #DBRP: University of Sdo Paulo, Departamento de
Biologia. DHG: Nanjing Institute of Geology and Palaeontology, the Chinese Academy of Sciences
(Daohugou Formation). FLFO: Florissant Fossil Beds National Monument. FLO: Specimens numbered by
Florence Gallien. GR: Green River. HT: Helmut Tischlinger. IEI LC/P: Institut d’Estudis llerdencs La
Cabrua/Pedrera. JW: Specimens numbered by Judith Wohlrabe. LC: London Clay. MPV: Museo de
Historia Natural Valencia. Mont#4: Montsec. MPZ: Museo de Paleontologia de la Universidad de
Zaragoza. NBRL#(resi): Residue of a specimen mounted on a separate stub. NBRL: Fossil insect
specimens numbered by Nathan Barling. NBSED: Sedimentological specimens numbered by Nathan
Barling. NBSTUB: Residue (not from other specimens) or modern insect stubs numbered by Nathan

Barling. NHM: Natural History Museum, London. NIGP and DHG: Nanjing Institute of Geology and



Palaeontology, China. NIGP: Nanjing Institute of Geology and Palaeontology. NMVP: National Museum
of Victoria (Palaeontology). OM: Organic matter. RdM: Rubielos de Mora. PAST: PAlaeontological
STatistics. SEES: School of Earth and Environmental Sciences (at the University of Portsmouth). SEM:
Scanning electron microscope. SH: Solnhofen. SMNK PAL: Staatliches Museum fir Naturkunde,
Karlsruhe (Paleontological). SMNS: Staatliches Museum fiir Naturkunde, Stuttgart. TEM: Transmission

electron microscopy. UnNum: Unnumbered specimens. YPM: Yale Peabody Museum.
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Formation (Lower Cretaceous) of Brazil. The Palaeontological Association Newsletter

(Sylvester-Bradley Report), 88, 66-69.

0. 9. 3. Presentations and posters:
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On April 26" 2016, the findings of this project were presented in a talk at the 7th International

conference on fossil Insects, Arthropods, and Amber in Edinburgh, Scotland (International

Paleoentomological Society).

In 2013, the findings of this project were presented in an hour-long presentation to an

amateur geological society at Southampton University.

In December 2012, the preliminary findings of this project were presented in a poster at the
Palaeontological Association’s 56 annual meeting in Dublin, demonstrating the potential of

the Nova Olinda Member fossils for study.

Two other PowerPoint presentations on the findings of this project were presented at two

internal University of Portsmouth conferences.
0.9. 4. Press and Outreach:

On Boxing Day morning of 2013, | was interviewed by BBC Radio Solent live on air about the
significance of Parviformosus wohlrabeae (Barling et al., 2013).



Chapter 1. Introduction

1. 0. Preamble

Insects are the most diverse and ecologically important macroscopic organisms, constituting a
fundamental component of every terrestrial ecosystem since the Lower Devonian (Grimaldi
and Engel, 2005). Their importance is derived from their abundance, diversity, wide array of
ecological roles, and their intimate relationships with other organisms (particularly
angiospermes, i.e. flowering plants) (Grimaldi and Engel, 2005; Mohr et al., 2007). To
understand, manage, and maintain modern ecosystems, it is essential to establish how these
relationships and roles evolved. This can only be achieved by examining and interpreting the

insect fossil record.

The Early Cretaceous was a critical period for insect evolution (Grimaldi and Engel, 2005). It
saw a major insect radiation, as well as the establishment of their modern faunal composition
(in terms of orders and families represented) (Grimaldi and Engel, 2005; Mohr et al., 2007;
Penney and Jepson, 2014). This period also marked the simultaneous rise and radiation of
angiosperms globally, as well as the decline of gymnosperms (‘naked-seed’ producers, such as
conifers) (Mohr et al., 2007). Although insect fossils can be found in many Early Cretaceous
Lagerstatte (Penney and Jepson, 2014), the Crato Formation (Araripe Basin, north-eastern
Brazil) is the only one to preserve insect fossils abundantly with a high-fidelity from South
America. It does so because some of its sediments were deposited in a hypersaline palaeolake,
located within an arid region of Gondwana (Martill et al., 2007a). The depositional setting, and
its subsequent geochemical processes, facilitated high-fidelity preservation of numerous and
diverse insect carcasses from the surrounding hinterland, offering a unique opportunity to
study Gondwanan insect evolution during this critical period. To accurately interpret these
fossils, their preservational fidelity must first be investigated. This will determine the degree of
carcass alteration by preservational processes and help frame them in a wider ecological

context.

Excluding some of the sedimentary observations presented for the Nova Olinda Member
(discussed in section 1. 3. 3. 4.), this chapter summarises previous work published on the Crato

Formation and other topics relevant to this project.



1. 1. Location

The Crato Formation of north-east Brazil crops out at the borders of the states of Cear3,
Pernambuco, and Piaui (Figure 1, A). It is exposed along the north-eastern, eastern, south-
eastern, and western flanks of the Chapada do Araripe (a ~150 km east-west by ~50 km north-
south plateau), as well as a handful of small outliers to the southeast (Figure 1, B). Outcrops
are also reported from the southwest, near Gergelim (Martill pers. comm., 2017). The
formation forms a distinctive topography and its composition also results in a distinctive flora
(Martill et al., 2007a). Where not overgrown, the outcrop is easily discernible as its laminated

limestones are highly distinctive and field brash is markedly slabby (Martill, 2007a).
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Figure 1. Outcrop locations. A, Map of the location of the Chapada do Araripe. B, The approximate
position of Crato Formation outcrops around the Chapada do Araripe, along with the locations of
sedimentary logs and the largest settlements. Green squares indicate the locations of logs for composite
stratigraphic log for the Crato Formation: 1) Nova Olinda log; 2) Santana do Cariri log; 3) Tatajuba log
(see Figure 4). Image adapted from Barling et al. (2015). Red lines indicate faults from sigmoidal shears

highlighted by Heimhofer et al. (2010).

1. 2. Commercial uses

The Crato Formation is quarried commercially for paving slabs (Figure 2) and previously for
cement manufacture. This has resulted in a large number of quarries that provide excellent
access to the fossiliferous strata, and these are where the fossil specimens are collected. Many
specimens are collected by quarry workers who, despite little palaeontological knowledge, find

large numbers of well-preserved fossils (Andrade, 2007).



Figure 2. Photograph of the Crato Formation being quarried for paving slabs. Image © D. M. Martill,

quarry location near Nova Olinda.

1. 3. Geology
1. 3. 1. The Araripe Basin

The Araripe Basin contains a heterolithic sedimentary sequence (Figure 3) that is exposed
along the flanks of the Chapada do Araripe plateau, as well as in numerous stream sections
and quarries. The basin is, in part, fault bounded and covers approximately 8,000 km? (Assine,
2007; Martill and Heimhofer, 2007). Its geological history is significant for several reasons. Not
only does it contain both of the only known Lower Cretaceous terrestrial South American
Lagerstatten, but the Crato Formation also coincides with Oceanic Anoxic Event 1b, which is
often linked to climate change and extinctions (Alexandre et al., 2010). In addition, it is
important for the correlation of Brazilian marginal basin development and was deposited
during a critical part of the tectono-sedimentary evolution of Brazil: namely, the opening of
the south Atlantic Ocean (Ponte, 1992; Martill et al., 2007a; Neto et al., 2013). The main phase
of basin deposition occurred between the Upper Jurassic (Tithonian) and Lower Cretaceous

(Albian) (Neto et al., 2013).
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The Araripe Basin sedimentary succession has been divided into several lithologically
distinctive formations (Brejo Santo, Missao Velha, Abaiara, Rio da Batateira, Crato, Ipubi,
Romualdo, Ararjara, Exu, etc.) (Assine, 1992, 2007; Neumann et al., 2003), however

disagreements over the definitions, names, and rankings of several of them persist.
1. 3. 2. Basin age and evolution

The Araripe Basin (Figure 3) is one of several north-east south-west trending half-grabens in
the Cariri Valley and was formed when extensional tectonics reactivated a pre-existing
sigmoidal shear zone (Figure 1; Heimhofer et al., 2010). This period of extensional tectonics
was linked to the opening of the northern part of the south Atlantic Ocean during the Late
Jurassic to Early Cretaceous (Chang et al., 1988; Mattos, 1992, 1999; Neumann et al., 2003;
Heimhofer et al., 2010). In the Late Jurassic (Tithonian), prior to the extensional tectonics, the
Brejo Santo (shales and clay-rich sandstones) and Missdo (coarse sandstones) formations were
deposited (Neumann et al., 2003). This was later followed by the Abaiara Formation (clay-rich
sandstones) in the earliest Aptian, during the extensional tectonics (Neumann et al., 2003).

Together these sediments make up the Cariri Group (Figure 3).

Extensional tectonics ceased during the Aptian (between the Abaiara and Rio da Batateira
formations) and a transitional post-rift phase began, resulting in a significant hiatus
represented by a major unconformity (Coimbra et al., 2002). Above this unconformity lies the
Santana Group (Figure 3), which was deposited during a period of reduced subsidence
between the Late Aptian and Early Albian. The Santana Group is sedimentologically complex,
with a variety of sediment types at its base, including fluvial, lacustrine, deltaic, and shallow
marine (Martill pers. comm., 2017). However, the sequence can be simplified to represent the
transition from a fluvial-deltaic environment (Rio da Batateira Formation) to a restricted,
stratified (with hypersaline lower levels) lake/lagoon with seasonal rains (Crato Formation),
and finally to evaporites (Ipubi Formation), which is unconformably (minor) overlain by
marginal marine shales (Romualdo and Arajara formations) (Heimhofer et al., 2010). This
group is unconformably overlain by a massive succession of fluvial siliciclastics (Exu Formation)

(Ponte and Appi, 1990; Heimhofer et al., 2010).

The Crato Formation is latest Aptian in age, with terrestrial palynological data placing it within

the Sergipea variverrucata palynozone (Coimbra et al., 2002; Batten, 2007). At this time, it was
located 520 km inland from the eastern coast of the newly forming South America, during the

breakup of Gondwana. It had a palaeolatitude of 10°-15° south of the equator, placing it

within the tropical-equatorial hot arid belt (Chumakov et al., 1995; Heimhofer et al., 2010).
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Figure 3. Litho- and Chronostratigraphic log of the Araripe Basin. Figure based on stratigraphic

descriptions, names, and rankings presented by Neumann et al. (2003). Additional minor unconformity

added between Ipubi and Romualdo formations (Martill pers. comm., 2017). Ages are presented in

accordance with palynological data provided by Coimbra et al. (2002). The sedimentology and sediment

type of the Crato Formation (marked with an asterisk) is further described in Figure 4.



The Crato Formation contains alternating clay-carbonate rhythmites (discussed further below),
which are believed to represent alternating lake levels (Heimhofer et al., 2010). During periods
of high lake-level, the laminated carbonate facies were deposited. Neumann et al. (2003)
suggested that this was a result of a seasonal climate, however work by Heimhofer et al.
(2010) alternatively suggests that the lake level change was a result of tectonic activity (as has
already been proven for the nearby Codé Formation) (Paz and Rossetti, 2006). During the Early
Cretaceous, global eustatic sea-level rise would have episodically established a highly
restricted (epeiric) seaway, linking the Araripe Basin with the newly opening south Atlantic
Ocean (Arai, 2000). With the information presented above, combined with discussions
presented below (section 1. 4. 2.), a marine water influence (albeit with varying salinity) is
confirmed for the Crato Formation, as has already been done for the Ipubi and Romualdo

formations.
1. 3. 3. Stratigraphy and sedimentology
1. 3. 3. 1. Underlying formations

The Crato Formation is underlain by different lithologies in different areas. In the west, it
unconformably overlies Precambrian gneiss basement (Neto et al., 2013). In some other areas,
it unconformably overlies Jurassic alluvial sediments (Cariri Group) (Neumann et al., 2003;
Scherer et al., 2015). However, in most areas it is underlain by the Rio da Batateiras Formation
(Ponte and Appi, 1990), which is rich in microfossils (specifically ostracods and conchostracans)
that indicate a non-marine aquatic environment with variable (0-15%) salinity (Syrio and Riso-

Netto, 2002).
1. 3. 3. 2. Names and status of the Crato Formation

The Crato Formation takes its name from the town of Crato, a large settlement to the
northeast of the Chapada. The formation has a history of controversy with regards to its name.
It was originally referred to as the ‘Calacreo do Sant’Anna’ (Small, 1913) and was later included
as a member of the Santana (now Romualdo) (Beurlen, 1971; Maisey, 1990, 1991) and
Araripina (Silva, 1986) formations. It was first considered a discrete formation by Beurlen
(1963), who later referred to it as a member again (Beurlen, 1971). Other publications
concerning the nomenclature of the Crato limestones include; Ponte and Appi (1990), Assine
(1992), Martill and Wilby (1993), Beurlen (1994), Ponte and Ponte Filho (1996), Assine (2007),
and Martill et al. (2007a).

Even in recent publications, the Crato Formation is still referred to as a member within the

Santana Formation (e.g. Prado et al., 2016). This is a result of two conflicting publications from



the same year: Assine (2007) and Martill et al. (2007a). Assine (2007) reasserted the Crato
limestones as a member of the Santana Formation based on the recommendations of the
Brazilian Code of Stratigraphic Nomenclature, whereas Martill et al. (2007a) re-established it as

a distinct formation for the following reasons:

- The unit can be easily mapped due to its distinctive laminated limestones.

- A basin-wide disconformity separates it and the overlying Ipubi and Santana (Romualdo)
formations.

- It has both a distinct palaeobiota and distinct preservational style from the Romualdo

Formation, which is also a Konservat-Lagerstatte.

Of these two classifications, Martill et al. (2007a) is followed here as it is internationally the
most widely accepted nomenclature. This acceptance is partially a result of Assine (2007) being
published in Portuguese (and is therefore not as easily accessible to most of the international
scientific community), but mostly due to the robust argument presented by Martill et al.

(2007a).
1. 3. 3. 3. Crato Formation members

There have been numerous discussions over the type section for the Crato Formation. Martill
and Wilby (1993) and Berthou (1994) previously outlined type sections (Rio Batateiras log and
a Riacho Jacu river log respectively), but these proved inadequate to describe the Crato
Formation. Martill et al. (2007a) suggested three type sections at Nova Olinda, Santana do
Cariri, and Tatajuba (Figure 4, A). Despite the difficulty in identifying a type log, four members
were recognised by Martill et al. (2007a) (Figure 4, B):

- The Nova Olinda Member

The Caldas Member (previously named the Barbalha Member by Martill and Wilby, 1993)
- TheJamacaru Member

- The Casa de Pedra Member
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Figure 4. Crato stratigraphy. A, Stratigraphic logs of marked areas in Figure 1. B, Simplified general
vertical section (composite log) of the Crato Formation. Logs adapted from Martill and Heimhofer

(2007) and Heimhofer et al. (2010).

The formation can reach a thickness of up to 60 m and is comprised of the Nova Olinda
Member at its base (limestone), overlain by the Caldas Member (silts and clays), then the
Jamacaru Member (limestone), and finally the Casa de Pedra Member (silts, clays and black
shales in the west). The lowermost Nova Olinda Member is the thickest laminated limestone of
the formation and is interbedded at its base with clays. It varies laterally and is reported to
differ in thickness and lithology considerably towards the east of the Chapada do Araripe
plateau (Martill, 2007a). To the east, the entire formation is dominated by sandstones and
some of the most prominent limestone beds are absent, suggesting interdigitation between
two distinct formations (Martill, 2007a). Although this hypothesis is supported by the
consistent interbedding between laminated limestones, clays, and sandstones throughout the
formation, it is yet to be proven. All four members of the Crato Formation are described
below. However, this thesis focuses solely on fossils of the Nova Olinda Member and

consequently it is examined in greater detail.
1. 3. 3. 4. The Nova Olinda Member

The Nova Olinda Member is up to 13 m thick and has two distinguishable macrofacies and four
microfacies (Neumann et al., 2003; Catto et al., 2016). The macrofacies are: clay-carbonate
rhythmites that are rusty-brown in colour, finely laminated with varying amounts of organic
matter, and a laminated limestone facies that resembles a typical ‘plattenkalk’. No samples of

the clay-carbonate rhythmites are analysed, as the exceptionally preserved insects are
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restricted to the ‘plattenkalk’ macrofacies. Consequently, further sedimentological

descriptions in this section are only of the ‘plattenkalk’ macrofacies.

The sedimentology of the plattenkalk is macroscopically uniform and typically each limestone
bed can be traced laterally over tens of metres (Heimhofer et al., 2010). Samples analysed in
this project reveal that the majority sedimentary fabric is that of discrete interlocking
rhombohedra (Plate 1; also see EDX Plates 11 and 12), which is typical of recrystallized
carbonate sediment and is consistent with previous observations (Heimhofer et al., 2010;
Heimhofer pers. comm., 2014). This fabric is superficially similar to that of dolomite, however
further alizarin red staining reveals a 99% calcium carbonate content (Figure 5). Dolomite does
occur within the member, but is restricted to rare and isolated pipe-like structures (Martill et
al., 2008a). The matrix crystals vary in size between 5 and 10 um (Figure 6). The origin of the
calcium carbonate has been debated over the last 24 years (Martill and Wilby, 1993;
Heimhofer et al., 2010; Catto et al., 2016). It was originally considered to be the result of
benthic microbial mats (Martill and Wilby, 1993), however a later study (Heimhofer et al.,
2010) suggested authigenic precipitation in the upper water column (‘whitings’, possibly by
Micrococcus luteus). Heimhofer et al. (2010) supports this with a consistently negative 5§20
signature for the authigenic calcite, which indicates an ¥0-poor meteoric source, such as a
freshwater river input. However, the lack of a cyclic stable isotopic pattern could be the result
of homogenization of the signal during diagenesis, resulting in a false reading (Heimhofer et
al., 2010). New research by Catto et al. (2016) demonstrates that the limestones were
precipitated in situ by benthic microbial mats. Observations of low amplitude ripple-like
structures and ‘tearing’ structures (created by halite crystal growth) by Martill et al. (2007b)
indicates that a benthic microbial mat was present, further supporting this hypothesis (Figure
7; Martill et al., 2007b; Heimhofer et al., 2010). Given the presence of these structures, the
fabric of the matrix, and the possibility of false isotopic readings, it is likely that the calcium
carbonate was precipitated in situ by a microbial mat. The confirmation of a microbial mat
does not exclude the possibility of ‘soupy’ sediment as proposed by Martill (1993b) (discussed
later in section 1. 3. 3. 5.), as microbial mats are known to commonly form masses that can

float in marine waters (Bender and Phillips, 2004).
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Larger calcite crystals occur, but are typically restricted to mineral infills of fossil cavities
(Plates 2, 3, and 4). On rare occasions, these larger crystals can reveal moulds of the

rhombohedral matrix (Plate 5).

Figure 5. Chemical staining of Nova Olinda Member limestone. Photograph of hand specimen
sediment samples. Leftmost is untested ‘unweathered’ sample. The middle sample is a red alizarin
stained ‘unweathered’ sample. Rightmost is a ‘weathered’ sample, with the front face red alizarin

stained. Dark red colours indicate 99% calcium carbonate content. Scale bars =1 cm.

Figure 6. Evidence of discernible matrix crystals in the Nova Olinda Member. A, Acid etched Nova Olinda

Member sediment sample showing individual rhombohedral calcium carbonate crystals of varying sizes.
B, Rhombohedral termini of calcium carbonate matrix crystals preserved in calcite cement moulds,
within posterior abdomen of insect. C, Etched calcite rhombohedra in calcite cement, centre of
abdomen. All highlighted by arrows. A, Specimen NBRL11(Stub)-015. B, Specimen FLO36-72. C,
Specimen FLO43-55. A and C, Scale bars = 10 um. B, Scale bar =5 um.



Figure 7. Sedimentary structures of the Nova Olinda Member. A, Halite crystal growths with ‘tear’

structures (‘ghosts’) indicating that the sediment was microbially bound together. B, Ripple marks
along a single laminae indicating a lithified microbial mat. Images adapted from Heimhofer and

Martill (2007). Scale bars = 10 mm.

The laminae examined here have an average thickness of 1 mm, but can be up to 5 mm thick.
They alternate between light and dark-blue grey colours when freshly exposed, and between
cream buff and rusty-brown colours when weathered (Plate 6). The alternating light and dark
colours are probably varves, with the darker laminae representing a wet season with increased

microscopic detritus influx (Heimhofer et al., 2010).

Figure 8. Light microphotograph of a thin section through Nova Olinda
Member sediment. Chains of hollow spheres highlighted by arrows,
possibly representing chains of algae preserved as iron sulphide fossils.

Specimen NBRLO17-TS21. Scale bar = 100 pix (~50 pum).

Scanning electron microscopic analyses (SEM, see Chapter 2. 3. 1.) revealed that the sediment,
particularly the darker laminae, contain abundant globular and spherical microscopic material,
likely representing fossilised microscopic detritus (‘organic matter’) and microfossils. Where

subject to energy dispersive X-ray analyses (EDX, see Chapter 2. 3. 2.), this material was
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identified as iron sulphide or its weathering products (EDX Plates 13 and 15-17). The
microfossils appear to be photosynthetic algae (possibly Micrococcus luteus as noted above)
and are often found linked together in chains (Figure 8). The globular material is present as
aggregates, often concentrated in abundant 3 — 7 mm bacillus-like structures that coat the
surfaces of many laminae (Figure 9; Plates 7, 8, and 9). These structures are predominately
made of the globular material, but also contain detrital clay minerals not found elsewhere in
the sediment (Figure 10 and Plate 10; also see EDX Plates 13 and 14). This, combined with their
size and shape, suggests that they may be from filter-feeding fish, which are known to deposit
suspended clay particles in their coprolites (Zhou Y. et al., 2014). Juveniles of the abundant fish
Dastilbe are likely filter-feeders and, as such, these coprolites are attributed to them
(Bagarinao, 1994). These structures and Dastilbe fossils are discussed further in sections 1. 4.

2.and 1. 5. 4. respectively. No clays were observed outside of the bacillus-like structures.

Figure 9. Enigmatic bacillus-like structures that are abundant in the Crato Formation limestones. These
structures were previously interpreted as disarticulated Cheirolepidiaceae-like branchlets (Neumann et
al., 2003) and Dastilbe coprolites (Martill et al., 2007a). Here the interpretation of fish coprolites is
followed and supported with additional evidence. A-B, Arrows highlight bacillus-like structures coating
the surface of many laminae. C, Scanning electron micrograph of internal contents of coprolites,
displaying globular fabric mixed with blades of clay. A, NBRLO15 photo 05. B, NBRL024 photo 01. C,
NBRLO11(stub)-18. A and B, Scale bars = 1 mm. C, Scale bar = 10 um.
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Figure 10. Clay minerals. Scanning electron micrograph of a sediment sample perpendicular to bedding,
along with energy dispersive X-ray elemental maps, highlighting clay minerals within Dastilbe coprolites
in the Nova Olinda Member. The clay minerals are chemically distinct from the surrounding calcium
carbonate matrix. A, Scanning electron micrograph. Other images are labelled with their respective
elements. EDX Plate 14 also indicates the presence of Mg. Elemental composition and morphology
suggests that the clay is likely detrital platy illite. Specimen NBRLO11. Number of counts = 15848. Scale
bars =80 um.

1. 3. 3. 5. Nova Olinda Member microfacies

The Nova Olinda Member was examined microscopically by Catto et al. (2016), and its facies
re-interpreted as four distinct microfacies: rhythmic, nodular, planar laminated, and

crustiform. These are characterised as follows:

e Rhythmic microfacies: 0.5-2 mm long lenses composed of micritic calcite, organic
matter, and clay. These also contain a mineralised organic matrix, in the form of
microspheres.

e Nodular microfacies: interbedded micritic lenses, organic rich clays, and 1-2 mm
spherical/elongate micrite and quartz nodules. The nodules distort laminae and
irregular layers are composed of calcite spherulites and peloidal matrix, with some
recrystallized euhedral and subhedral calcite. Gypsum and pyrite are also present,
along with calcified bacteria.

e Planar laminated microfacies: micrite with planar parallel laminations and dark lenses
of organic matter. These lenses are interpreted as Dastilbe coprolites here (as outlined
in section 1. 3. 3. 4.). Its matrix consists of euhedral to subhedral calcite rhombohedra.

e Crustiform microfacies: prismatic calcite crystals forming palisades, coated in biofilms,
and separated by laminites. They also contain dendritic spherical to subspherical

calcite clusters.
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In this revised scheme, the rhythmic and nodular microfacies correspond to the clay-carbonate
rhythmite macrofacies, and the planar laminated and crustiform microfacies correspond to the
typical ‘plattenkalk’ macrofacies. The specimens analysed in this project match descriptions of
the planar laminated microfacies. Catto et al. (2016) interpreted many of the lenses, nodules,
and spherulites in these facies as remnants of bacterial body fossils, bacterial trace fossils
(filaments etc.), or, more frequently, extracellular polymeric substances (EPS). They also
attributed much of the variation in these structures to differing environmental conditions (e.g.
water-level, CO, pressure, hydrodynamic energy, pH). They concluded that 90% of the
carbonate was generated in situ and that, based on well-preserved tetrads and sporomorphs,
the terrestrially derived organic matter travelled a short distance from an arid environment to
a low-energy site of deposition, with the crustiform microfacies representing a higher-energy
aqueous environment. Additionally, they attribute some of the bacterial fossils to shallow-

water filamentous benthic bacteria (Catto et al., 2016).

While it is undoubtable that the calcification of EPS and bacterial cells account for some of the
spherical calcitic structures (Plate 11), some of the organic material origin and environmental
interpretations conflict with previous studies. The descriptions of various clays and organic
material lenses (in the rhythmic, nodular, and planar microfacies) do not consider the
abundant macrofossils (Dastilbe). Here, these structures are interpreted as Dastilbe coprolites.
Such an interpretation accounts for their size, shape, clay mineral content, and their
occurrence with the abundant fish Dastilbe. The environmental interpretation by Catto et al.
(2016) also includes shallow-water bacteria and a high-energy environment. This conflicts with
the macro-sedimentological data, as the formation of extensive laminae, in a somewhat soupy
sediment (Martill, 1993b; Barling et al., 2015), requires deposition below storm wave base and
a significant distance from the paleoshore (Heimhofer and Martill, 2007; Nichols, 2009;
Heimhofer et al., 2010; Martill pers. comm., 2015). Additionally, the extensive gypsum (~30 m
thick) of the overlying Ipubi Formation may have required a significantly deep (> 50 m) water
body prior to its formation (Silva, 1988; Heimhofer and Martill, 2007; Oliveira et al., 2011;
Martill pers. comm., 2015). Although this deep-water requirement could be replaced by a
restricted connection to the south Atlantic Ocean (Wilby pers. comm., 2017), the undisturbed
laminae still indicate that deposition was below storm wave base. Regardless, the in situ model
for the origin of the Nova Olinda Member calcium carbonate is well supported and agreed with

here.
1. 3. 3. 6. Nova Olinda Member cementation and diagenesis

Despite the relatively uniform nature of the Nova Olinda Member, its diagenesis is complex.

Early diagenetic concretions are present in the form of infrequent carbonate concretions and
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rarer silicified concretions (Martill et al., 2008a). There are also reports of authigenic barite
and pyrite, as well as aggregates of galena and sphalerite (Martill et al., 2008a). While galena
and sphalerite are present throughout the Nova Olinda Member, the other minerals are
generally restricted to the lower portion, near the basal disconformity (Martill pers. comm.,
2016). Additionally, as noted above (section 1. 3. 3. 4.), iron-rich dolomite occurs within the
member in the form of a massive brecciated, pipe-like structure reaching 5 —6 m in height
(Martill et al., 2008a). Diagenesis may have also resulted in the homogenisation of the cyclic

stable isotope pattern noted by Heimhofer et al. (2010).

Further discussions of the complex diagenetic alterations that insect carcasses underwent in
the Nova Olinda Member will be presented later in this thesis (throughout Chapters 3 and 4.
2.).

1. 3. 3. 7. Caldas Member

The Caldas Member, originally called the Barbalha Member (Martill and Wilby, 1993), overlies
the Nova Olinda Member. The name was proposed original by Martill and Wilby (1993),
however the name had previously been used by Assine (1992) for a different range of strata
while Martill and Wilby (1993) was in press. As such, Martill and Heimhofer (2007) formally
renamed it the Caldas Member. It is a 10 — 30 m thick series of heterolithic siliciclastics and
carbonates (Martill and Heimhofer, 2007). The siliciclastics consist of well-bedded thin black
shales, silty shales, variegated clays, and sandstones. The carbonates are typically thinly

laminated and micritic limestones (Martill and Heimhofer, 2007).

Excluding some horizons particularly rich in ostracods and conchostracans, the member has

few fossils, only containing rare and poorly preserved bivalves (Martill and Heimhofer, 2007).
1. 3. 3. 8. Jamacaru Member

The Jamacaru Member (Martill and Wilby, 1993) overlies the Caldas Member and is similar to
the Nova Olinda Member in many ways. The sedimentological similarity is such that it can be
indistinguishable in small outcrops (Martill and Heimhofer, 2007). It is the first substantial
series of laminated limestones above the Nova Olinda Member and is approximately 4 m thick.
It consists of a basal < 1 m thick limestone unit, separated from the rest of the limestone by a

0.5 m thick silty shale unit (Martill and Heimhofer, 2007).

The Jamacaru Member can be distinguished from the Nova Olinda Member by its rarity of
fossils (rare Dastilbe, conchostracans, and wood), abundant halite pseudomorphs, and a
silicified stromatolitic top (Martill and Heimhofer, 2007). However, this rarity of fossils could

be a result of small outcrop exposure.
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1. 3. 3. 9. Casa de Pedra Member

The uppermost member of the Crato Formation is the Casa de Pedra Member (Martill and
Heimhofer, 2007). It is estimated to be approximately 10 m thick with no known lateral
variation in thickness (Silva, 1988; Martill and Heimhofer, 2007). It consists largely of laminated
pyritic black shales, but also contains thin sandy layers (Martill and Heimhofer, 2007). Towards
the top of the unit, at least one thin sandstone layer is present with mudcracks. The member is
rich in ostracod fossils, with occasional fossils of small fish, typically Dastilbe (Martill and

Heimhofer, 2007).
1. 3. 3. 10. Overlying formation

The Crato Formation is overlain by the Ipubi Formation, a ~30 m thick sequence of gypsum and
rare anhydrite with thin clay partings. This formation represents the evaporation of the water

body in which the Crato Formation was deposited (Silva, 1988).

1. 4. Palaeoenvironment
1. 4. 1. Nova Olinda waterbody

The Nova Olinda Member was deposited in a large body of water, approximately 100 km by 50
km in area. The depth of this water body has been disputed, and it has even been suggested
that the sediment was sub-aerially exposed (Silva, Unpublished Thesis, 1990). This is widely
disregarded as the presence of extensive laminae indicates that deposition occurred below

storm wave base, likely exceeding a depth of 50 m (Heimhofer and Martill, 2007).

It has previously been suggested that the Nova Olinda Member was deposited under
freshwater conditions (Mabesoone and Tinoco, 1973). However, the current consensus is that
the water column was stratified, with relatively oxygen-rich brackish-to-fresh (fluctuating?)
upper layers, and anoxic hypersaline lower layers (Heimhofer and Martill, 2007; Heimhofer et
al., 2010). There may have been thin, perhaps seasonal, ‘tongues’ of freshwater at the very top
of the water column, originating from rivers (Martill and Wilby, 1993). Recent studies have
shown that spider leg flexure can be used as a proxy to measure salinity and spiders from the
Nova Olinda Member indicate hypersaline waters (Downen et al., 2016). The water-sediment
interface was extremely hostile, with only microbial communities thriving as shown by the
complete lack of autochthonous benthic fauna, lack of bioturbation, and the presence of
laterally persistent laminae (Martill and Wilby, 1993; Heimhofer et al., 2010). The bottom-
water salinity was sufficiently elevated to induce hopper-faced halite crystal growth on the

sediment surface (Martill et al., 2007b; Heimhofer et al., 2010). The sediment, sediment-water
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interface, and lower water column were anoxic, as demonstrated by the formation of finely
disseminated sedimentary pyrite and other iron sulphides (Berner, 1970), as well as the
presence of anoxygenic photosynthetic brown ‘green’ sulphur bacteria (Chlorobiaceae)

biomarkers (isorenieratene derivatives) (Heimhofer and Martill, 2007).

Heimhofer et al. (2010) suggested that the waterbody of the Nova Olinda Member represents
a lacustrine environment, and this is supported by stable C and O isotopic signatures.
However, there is a lack of a cyclic stable isotope pattern that is perhaps a result of
homogenization of the signal during diagenesis (Heimhofer et al., 2010). This may have
resulted in a false lacustrine reading, as input from seasonal rains and flooding skews results
towards a lacustrine setting. The carbon isotopic signature may also suggest equilibration with

atmospheric CO; (Heimhofer et al., 2010).
1. 4. 2. Fish as environmental indicators

As discussed above, the presence of abundant fish fossils and coprolites within the formation
indicates that there was a substantial fish community living in the upper water column.
Dastilbe is a gonorynchiform fish, the juveniles of which are the only abundant fish within the
formation (Brito, 2007). Modern gonorynchiformes (e. g. Chanos chanos, the ‘milkfish’) are
anadromous and can tolerate varying salinities (Bagarinao, 1994; Davis and Martill, 2003).
Dastilbe fossils have been found in several other localities in the Lower Cretaceous of Brazil
and Africa, suggesting that they were present in the opening south Atlantic Ocean (Davis and
Martill, 2003). Additionally, Dastilbe are often found in mass mortality events, which were
likely the result of algal blooms depleting oxygen (Martill et al., 2008b). As such, the Nova
Olinda Member water body probably acted as a nursery for Dastilbe, with the adults migrating
to spawn. These juveniles were the only fish persistently living in the paleolake (Davis and

Martill, 2003).

Other taxa (and ontogenetic stages) are present, but are considerably rarer and are believed to
represent fish ‘washed’ into the basin, either from freshwater tributaries or via the restricted
connection to the south Atlantic Ocean (Martill pers. comm. 2015). The fish fauna is discussed

further in section 1. 5. 4.

In conclusion, the Nova Olinda Member sediments were deposited in a restricted, stratified,
largely hostile, lacustrine or lagoonal setting with freshwater input, seasonal rain, and a
restricted connection to the south Atlantic Ocean. The precise details of the type of water

body and its distance from the newly opening south Atlantic Ocean remain to be established.
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1. 5. Fossil diversity

The Nova Olinda Member boasts a remarkable assemblage of palaeo- flora and fauna. It is best
known for its well-preserved insects, abundant Dastilbe, and pterosaur assemblage (Martill et
al., 2007a). Although this project focuses on the insect assemblage, many other organisms are
important environmental indicators or can directly influence the taphonomy of insects and are
therefore discussed below. Due to the large catchment areas of the palaeolake and its
tributaries (discussed further in Chapter 5. 1), the Nova Olinda fossil assemblage contains

representatives of a variety of environments.
1.5. 1. Insects

The Nova Olinda Member boasts a high and broad diversity of insects (Grimaldi, 1990; Martill
et al., 2007a). Over 350 species have been described and at least 55 more are reported, but
awaiting description (Figure 11; see Appendices 8. 4.). These are spread across 21 orders, from
the primitive Diplura to the derived Diptera and encompass a vast diversity of body-forms.
Here, the Nova Olinda Member insect fauna is summarised. Further discussion of the insects,

and their environmental preferences will be presented in Chapter 5. 1.

The majority of Nova Olinda Member insect diversity lies within the orders Hemiptera,
Neuroptera, Orthoptera, and Odonata. Following this, Coleoptera, Ephemeroptera, and
Hymenoptera are also relatively diverse. Many other insect orders are present, but are

considerably less diverse.
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Figure 11. Number of species and percentage of total diversity of Nova Olinda Member insect orders,
including undescribed, but distinct species. Includes taxa reported until 2016, see Appendices 8. 4. for

full species list. Orders presented from primitive to derived according to Misof et al. (2014). n = 392.

In the Nova Olinda Member, insect fossils are allochthonous, thus providing
palaeoenvironmental information about the catchment area. To illustrate this, six examples
from the Nova Olinda Member were selected from families that are suggestive of specific
environments. These include; a family that generally inhabits hot dry climates (Sapygidae); a
family of soft-substrate burrowing insects (Gryllotalpidae); a family of insects that live in
woody trees (Trogossitidae); a freshwater aquatic family (Dytiscidae); a family that is typically
associated with shrubby plants (Rhinotermitidae); and a family that requires rotten and wet
decaying substances (Zhangsolvidae) (Figure 12). A comprehensive list of insect orders, or
families where appropriate, known from the Nova Olinda Member and their environmental

preferences are presented in Chapter 5. 1.
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Figure 12. Six fossil insect taxa yielded by the Nova Olinda Member that are suggestive of different

environments. A, Sapygidae suggestive of a hot dry climate (Cretofedtschenkia santanensis Holotype:

SMNS 66594) (Osten, 2007). B, Gryllotalpidae from a cryptic burrowing niche (Cratotetraspinus fossorius
Holotype: SMNK PAL 5477) (Martins-Neto, 1995b; Heads and Martins-Neto, 2007). C, Trogossitidae
which are intimately associated with woody plants (Peltinae, SMNS 66467) (Popov and Bechly, 2007). D,
Dytiscidae, an aquatic family of beetles (Unnumbered specimen in University of Portsmouth collection)
(Martill pers. comm., 2014). E, Rhinotermitidae suggestive of shrubby plants (Cretarhinotermes

novaolindense Holotype: SMNS 66196) (Bechly, 2007d). F, Zhangsolvidae associated with rotten plant
matter and wet decaying substances [moist environment] (Cratomyia macrorrhyncha Holotype: FFCLRP
#DBRP-0050) (Mazzarolo and Amorim, 2000). B, Scale bar =5 mm. C and E, Scale bars =2 mm. D, Scale

bar = 2 mm. Other scales unknown.

The collection donated to this project was selectively weighted to members of Blattoidea and
Orthoptera, and so was not used to discuss the taxonomic diversity of the Nova Olinda
Member insects. Instead, the collection analysed by Menon and Martill (2007) is considered.
Menon and Martill (2007) provided an order-level summary of the diversity of their specimens
(Figure 13). The fauna was dominated by Hemiptera (29%), Orthoptera (16%), Ephemeroptera
(14%), and Odonata (14%). Neuroptera were also reasonably common (8%). Menon and
Martill (2007) also identified insect life strategies (Figure 14), finding that adult aerial and
strong fliers accounted for 50% of the arthropod assemblage, with the rest divided between
aquatic larvae (14%), mainly terrestrial non-fliers (19%), adult fliers living in proximity to water

(7%), aquatic adults (8%), and terrestrial non-insect arthropods (2%).
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Figure 13. Diversity of Nova Olinda Member insect collection examined by Menon and Martill (2007).
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Figure 14. Percentages of insects associated with different life-strategies in the collection examined by

Menon and Martill (2007).
1. 5. 2. Arachnids and myriapods

There are several groups of terrestrial non-insect arthropods that share many general

taphonomic characteristics with insects and, as such, are also well-preserved in the Nova
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Olinda Member. Most notable are the arachnids (spiders, scorpions, harvestmen, mites, and
their kin). The Nova Olinda Member is extremely important for the fossil record of arachnids,
as it contains a well-preserved, well-sampled, and diverse assemblage of spiders, which is
exceptionally rare for non-amber deposits (Selden and Shear, 1996; Selden et al., 2006;
Dunlop, 1996, 1998, 2007; Dunlop and Martill, 2002, 2004; Dunlop et al., 2007). More recently,
many arachnid specimens have been discovered as various amber inclusions and compression
fossils in shales (Downen and Selden, 2016). Despite this, the Nova Olinda Member still yields
the widest range of arachnid groups of any Mesozoic locality, is one of the only arachnid-
bearing formations in the southern hemisphere, and contains the only known Mesozoic camel

spiders, whipspiders, and whipscorpions (Dunlop et al., 2007).

There are three species of Araneae (spiders) in the Nova Olinda Member and many more yet
to be described (Dunlop et al., 2007; Downen and Selden, 2016): Cretaraneus martinsnetoi
(Mesquita, 1996), Cretadiplura ceara, and Dinodiplura ambulacra (including several specimens

of adults and juveniles) (Selden et al., 2006).

Scorpiones (scorpions) are considered diverse in the Nova Olinda Member despite only two
separate taxa reported (Dunlop et al., 2007): Araripescorpius ligabues (Campos, 1986; Maisey,
1991; Carvalho and Lourengo, 2001; Dunlop and Martill, 2002; Menon, 2007) and
Protoischnurus axelrodorum (Carvalho and Lourenco, 2001; Menon, 2007). This ‘high’ scorpion
diversity is usually associated with an arid environment (Dunlop et al., 2007). Although much
of the hinterland was undoubtedly arid, fossils of Araripescorpius ligabues suggest the
presence of a more seasonally wet/dry tropical habitat, as modern Chactidae inhabit these
settings (Menon, 2007). However, modern Hemiscorpiidae are a diverse group that mostly
inhabit arid environments and care should be taken when making this assumption (Monod and

Lourencgo, 2005). In addition, this is the first Cretaceous record of Hemiscorpiidae.

Acari (mites) occupy a broad range of habitats and lifestyles. There are three putative records
of mites or mite activity in the Nova Olinda Member: possible feather mite eggs (Martill and
Davis, 1998) that were later suggested to be ostracod eggs (Proctor, 2003), undescribed
possible leaf-inhabiting mites (inhabiting Schizaceae), and terrestrial free-living mites
(Erythraeoidae) (Dunlop, 2007). These terrestrial mites are remarkably large, and may have

filled a more spider-like niche (Dunlop, 2007).

Solifugae (camel spiders or sun spiders) are known from six specimens, all attributed to
Cratosolpuga wunderlichi (extant family Ceromidae: Selden and Shear, 1996; Dunlop, 1996;
Punzo, 1998; Harvey, 2002, 2003; Dunlop and Martill, 2004). Dunlop and Martill (2004)

described four specimens of Cratosolpuga wunderlichi, despite minor morphological
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differences. Modern camel spiders appear to vary in morphology in a way that is taxonomically
irrelevant, and so these minor differences did not warrant the erection of a new taxon. They

are also typically found in arid environments.

Thelyphonida (whipscorpions) are known from two specimens in the Nova Olinda Member:
Mesoproctus rowlandi (Dunlop, 1998) and another poorly preserved specimen attributed to
Mesoproctus sp., but may in fact represent an adult M. rowlandi (Dunlop and Martill, 2002;
Dunlop et al., 2007). Modern analogues of these taxa tend to desiccate easily and so live
underground, only emerging during the night or after periods of heavy rain. Dunlop et al.
(2007) suggested that the Nova Olinda examples may represent individuals washed into the

paleolake during flash floods after heavy rain.

Amblypygi (whipspiders) have an extremely sparse fossil record. Specimens from the Nova
Olinda Member represent the majority of their fossils, with the only other specimens
described from the Late Carboniferous of Europe and North America, and some undescribed
taxa from the Dominican amber. All Nova Olinda specimens are assigned to Britopygus
weygoldti (Dunlop and Martill, 2002), which is suggested to be a neotropical species. As with
whipscorpions, modern whipspiders generally inhabit arid environments but desiccate rapidly

(Dunlop et al., 2007).

One other fossil arachnid specimen that may represent another arachnid group has been

reported, but this is yet to be confirmed (Dunlop et al., 2007).

Chilopoda (centipedes) are extremely rare in the fossil record due to the poor sclerotisation of
their exoskeleton (Grimaldi and Engel, 2005; Shear and Edgecombe, 2010). At least four
species within three genera are known from the Nova Olinda Member: cf. Rhysida (Dunlop et
al., 2007), Cratoraricus oberlii (Wilson, 2003), Velocipede bettimari (Martill and Barker, 1998;
Menon et al., 2003), and Fulmenocursor tenax (Wilson, 2001). Aside from a single Late Jurassic
German specimen (Schweigert and Dietl, 1997), these are the only reported Mesozoic

centipedes.
1. 5. 3. Crustaceans

A single decapod shrimp is described from the Nova Olinda Member, Beurlenia araripensis
(Schweigert et al., 2007). This taxon was originally described as a palaemonid shrimp (Martins-
Neto and Mezzalira, 1991), but is now considered family incertae sedis (Maisey and Carvalho,

1995).

Ostracoda (ostracods) are ‘superabundant’ to the point of forming ostracod limestones at

several horizons in the Crato Formation (Schweigert et al., 2007). However, in the Nova Olinda
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Member, their diversity is low with only a few species of smooth-shelled crypridids reported
(Silva, 1978a-c, 1979; Depeche et al., 1990; Silva-Telles and Viana, 1990), including
Theriosynoecum silvai (Silva, 1978a-b), T. munizi (Silva, 1978a-b), T. quadrinodosa (Silva,
1978b), Harbinia micropapillosa (Bate, 1972), H. angulate (Krémmelbein and Weber, 1971),
Darwinula martinsi (Silva, 1978a-c), and Crypridea araripensis (Silva, 1978a-c). The ostracod
assemblage is regarded as non-marine, due to the presence of limnetic taxa (Candona sp. see
Gobbo-Rodrigues et al., 2005) and species that can tolerate a range of salinities (Darwinula
martinsi see Syrio and Rios-Netto, 2002). Several other taxa are considered in ‘open

nomenclature’: Harbinia, Brasacypris, Candona, and Zonocypris(?) (see Carmo et al., 2004).

Conchostracans (clam shrimp) of the Nova Olinda Member are understudied, with only three

publications briefly discussing them: Martill (1993a), Carvalho and Viana (1993), and Viana and
Neumann (1999). Three species of Cyzicus are described from the very base of the Nova Olinda
Member (possibly not within it). Conchostracans typically inhabit ephemeral water bodies and
can tolerate fresh-to-brackish waters, however their occurrence in the Nova Olinda Member is

sporadic at best.

Additionally, an isopod specimen has been reported from the Nova Olinda Member, but is yet

to be described (Heads pers. comm., 2014).
1. 5. 4. Fish

As discussed in section 1. 4. 2., the gonorynchiform teleost Dastilbe crandalli is abundant
within the Nova Olinda Member and accounts for the overwhelming majority of fossils (Brito,
2007). Although the genus Dastilbe has often been used as a ‘waste-basket’ taxon for small
Cretaceous gonorynchiform fish, it has now been revealed to contain two separate species (D.
crandalli and D. moraesi). Two previous species attributed to the genus have been removed. D.
elongatus has been synonymised with the type species and D. batai likely represents a taxon
within the genus Parachanos (Dietz, 2007). Other fish taxa are present in the Nova Olinda
Member, but are incredibly rare. These include the ophiosid Placidichthys bidorsalis, the
ichthyodectiform Cladocyclus gardneri, a semionotiform cf. Araripelepidotes sp., the
coelacanth cf. Axelrodichthys sp., an aspidorhynchiform Vinctifer longirostris, the tiny
ostariophysan Santanichthys sp., and the amiiform Cratoamia gondwanica (Brito, 2007; Brito
et al., 2008). A gar, perhaps close to Atractosteus, has also been found (Martill pers. comm.,

2016).

1.5. 5. Pterosaurs

Pterosaurs probably represent the most sought-after fossils found in the Nova Olinda Member

and have attracted much scientific attention over the years (Martill and Frey, 1998, 1999;
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Saydo and Kellner, 1998, 2000, 2006; Unwin and Martill, 2007; Elgin and Frey, 2012). Despite
this, the Nova Olinda Member yields a modest number of specimens when compared to
similar deposits, even though they are the second most abundant vertebrate group (Martill
pers. comm., 2016). For example, the Solnhofen Limestone has yielded thousands of pterosaur
fossils, whereas the Nova Olinda Member has only produced hundreds of specimens. This,
however, may be an artefact of the relatively recent scientific interest in the Nova Olinda
Member fossils (since the 1980s, whereas the Solnhofen Formation has been studied for over
250 years). This assemblage is similar to, albeit smaller than, the younger Romualdo Formation
(see: Frey and Martill, 1994; Campos and Kellner, 1996, 1997; Martill and Frey, 1998, 1999;
Sayado and Kellner, 1998, 2000, 2006; Frey and Tischlinger, 2000; Nuvens et al., 2002; Sayao,
2003; Frey et al., 2003a-c). There are 33 species of pterosaur in eight genera described from
the Nova Olinda Member (Unwin and Martill, 2007; Elgin and Frey, 2012), of which three
genera are unique to the formation: Arthurdactylus, Ludodactylus, and Ingridia (Frey and
Martill, 1994; Frey et al., 2003b; Unwin and Martill, 2007). In addition, there are at least three
new genera awaiting description (Martill pers. comm., 2017). The Nova Olinda Member
assemblage is distinct in that it contains few juvenile and perinatal individuals and that there

are no small pterosaurs with a wingspan of less than 1.5 m (Unwin and Martill, 2007).
1. 5. 6. Other vertebrates

Anurans (frogs and toads) were first reported in the Nova Olinda Member by Kellner and
Campos (1986), and three species have been identified since then (Leal and Brito, 2006; Leal et
al., 2007; Bdez et al., 2009). They are extremely rare, but when found are usually complete and
fully articulated, often with soft tissue outlines. Originally all specimens were attributed to
Arariphrynus placidoi, however Béez et al. (2009) redescribed two additional species;
Eurycephalella alcinae and Cratia gracilis. Both A. placidoi and E. alcinae are nested among
hylid taxa, whereas C. gracilis appears to be a stem neobatrachian. Additionally, one specimen
representing a possible pipoid has been reported but is yet to be described (Leal et al., 2007
Baez et al., 2009).

Testudines (turtles) are neither abundant nor diverse in the Nova Olinda Member (Naish,
2007). Only two species are known from a handful of specimens, both within the genus
Araripemys (A. barretoi (Oliveira and Kellner, 2005) and A. arturi (Fielding et al., 2005)) and
may even be synonymous (Oliveira et al., 2011). For a review of Nova Olinda Member turtles,

see Naish (2007) and Oliveira et al. (2011).

Squamata (lizards) are extremely rare in the Nova Olinda Member (Martill, 2007c; Frey and

Salisbury, 2007; Naish et al., 2007). Two lizard specimens representing basal terrestrial forms
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are known and each is attributed to a separate taxon (Olindalacerta brasiliensis and Tijubina
pontei) (Evans and Yabumoto, 1998; Bonfim, 2002). Tijubina pontei was re-described in 2012
to present more diagnostic characters and a clearer demonstration of its validity (Simoes,
2012). Serpentes (snakes) are exceptionally rare within the Nova Olinda Member. In 2015, a
remarkable fossil snake was described from the Nova Olinda Member (Tetrapodophis
amplectus) that retained primitive limbs (Martill et al., 2015). This has arguably made the Nova

Olinda Member the single most important Lagerstatte for understanding snake evolution.

Four possible Crocodilia (crocodile) fossils are described, with two reported as tentative:
Susisuchus anatoceps, cf. Araripesuchus, and cf. Susisuchus sp. (with distinct hind-limbs)
(Salisbury et al., 2003a; Frey and Salisbury, 2007; Figueiredo and Kellner, 2009 respectively).
However, these specimens are fragmentary and so their validity is questionable (Figueiredo et
al., 2009, 2011). One extremely well-preserved, articulated and mostly complete juvenile

crocodile has been discovered, but is yet to be described (Martill pers. comm., 2014).

Theropoda (birds and theropod dinosaurs) are extremely rare in the Nova Olinda Member,
however isolated feathers are relatively common (Naish et al., 2007). Bird and/or non-avian
dinosaur feathers were first reported by Martins-Neto and Kellner (1988), later figured by
Kellner (1991), and described by Martill and Filgueira (1994). Several other feathers are
reported (Kellner et al., 1994; Martill and Davis, 2001; Kellner, 2002; Prado et al., 2016). The
morphology of these feathers matches a flightless animal (either a flightless bird, non-avian
theropod, or another feathered archosaur) and they do not fit the morphotype of
Tyrannosauroidea, Compsognathidae, Therizinosauroidea, or Dromeosauridae (Sayao et al.,
2011). The most recently described feathers are attributed to coelurosaurian theropods (Prado
et al., 2016). Two skeletal remains associated with feathers have been reported, but could not
be attributed to any specific taxa (Naish et al., 2007). However, in 2015 a remarkable, near
complete, bird skeleton (Cratoavis cearensis), with feathers and other possible soft tissues was

recorded from the Nova Olinda Member (Specimen UFRJ-DG 031 Av., Carvalho, et al., 2015).
1. 5. 7. Flora (excluding amber)

The Nova Olinda Member is one of the most important palaeobotanical Cretaceous
Lagerstatten as it preserves a large number of diverse terrestrial and aquatic plants during the
radiation of angiosperms and global decline of gymnosperms (Mohr et al., 2007). Additionally,
fossil plant remains are often preserved intact with roots, stems, leaves, reproductive organs,
and even paleosols (Mohr et al., 2007). Early palaeobotanical work on the formation focused
on its palynology (Lima, 1978, 1979, 1980, 1989) and this has continued into the 2000s (Pons

et al., 1996; Arai et al., 2001). Studies on the macrofossil flora began in the mid-1980s (Duarte,
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1985) and is ongoing (Duarte, 1993; Crane, 1991; Oliveira-Babinsky and Lima, 1991; Bernardes-
de-Oliveira et al., 1993; Martill, 1993a; Barreto et al., 2000; Mohr and Friis, 2000; Mohr and
Eklund, 2003; Kunzmann et al., 2004; Mohr and Bernardes-de-Oliveira, 2004; Silva et al., 2013;
Coiffard et al., 2013, 2014; de Lima et al., 2014). Over 90 species of fossil plant have been

described from the Nova Olinda Member, with many more awaiting description.

Apart from a few putative algal groups, all major tracheophyte groups known from the Middle
to Lower Cretaceous are present in the Nova Olinda Member. Its assemblage is dominated by
gymnosperms (approximating 60% of total diversity), followed by angiosperms (~30%) and,
finally, other seed-bearing plants (~10%) (Mohr et al., 2007). Although angiosperm pollen is
common, macrophyte angiosperm remains are rare. Several key species provide insights into
the hinterland areas around the Nova Olinda paleolake, including Cariria orbiculiconiformis and
Schenkeriphyllum glanduliferum, which both indicate arid environments (Kunzmann et al.,
2011; Mohr et al., 2013). Another species (Duartenia araripensis) has growth patterns and
leaves characteristic of a seasonally dry climate (Mohr et al., 2012). Additionally, C.
orbiculiconiformis is proposed to fill a niche of rapid reproduction in disturbed habitats (i.e.
after floods or fires) (Kunzmann et al., 2011). Some examples of Schenkeriphyllum
glanduliferum are preserved with multi-part flowering structures in differing stages of maturity

(Mohr et al., 2013).

Other notable taxa include: Novaolindia dubia, which displays an unusual combination of
characters, possibly indicating an unknown plant group (Kunzmann et al., 2007), and Cearania
heterophylla which has affinities to ephedroid Gnetales, but is also likely a new unknown group
(Kunzmann et al., 2009). Several specimens of Friedsellowia gracilifolia are present at a variety
of life stages, including seedlings, young plants, and mature plants (Loewe et al., 2012). Many
of these specimens also preserve roots, axes, leaves, and reproductive organs (Loewe et al.,
2012). Friedsellowia gracilifolia probably grew in an open sunny habitat, and may have filled a
reed-like niche on the edge of the Nova Olinda palaeolake (Loewe et al., 2012). Spixiarum
kipea is a basal monocot that likely had a halophytic ecology (Coiffard et al., 2013). Cratosmilax
jacksoni is the first terrestrial monocot from the member, and all monocots described before
2014 are re-appraised as aquatic taxa (de Lima et al., 2014). Cratosmilax jacksoni also
represents the oldest known member of the family Smilacaceae and the first example from
Brazil. Finally, Hexagyne philippiana is an ‘understorey’ plant that thrived in shaded
environments (Coiffard et al., 2014). It is the first macrofossil piperalean, possibly indicating a

Gondwanan origin for this group (Coiffard et al., 2014).
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1.5. 8. Amber

Amber is extremely rare in laminated limestones, but does occur very rarely in the Nova Olinda
Member (Martill et al., 2005; Mohr et al., 2007). The amber has been found in association with
resin-filled cones, foliage, and palynomorphs that are attributed to the family Araucariaceae (a
type of conifer) (Brachyphyllum sp., cf. Wollemi sp. and cf. Agathis sp.). The rarity of amber,
combined with the fact that all quarries are believed to be > 1 km distance from the
palaeoshoreline, suggests a primary allochthonous deposit, whereby the amber drifted into
the site of deposition with plant material, or a re-worked forest soil deposit (Mohr et al., 2007,
Martill pers. comm., 2015). Amber floats in saline waters, depending on density and gas
inclusions (Rasnitsyn and Quicke, 2002). Given that the Nova Olinda Member had hypersaline

waters, it is highly likely that the amber floated for a prolonged period of time.

Chemosystemtic biomarkers and the absence of angiosperm triterpenoids and diterpenoids,
such as ozic acid, demonstrate that this amber originated from a conifer (Pereira et al., 2009).
Zhangsolvidae flies and fungal microfossils are known to be preserved as amber inclusions in
the Nova Olinda Member (Martill et al., 2005; Wilkommen and Grimaldi, 2007; Arillo et al.,
2015).

1. 5. 9. Other fossils

A few additional miscellaneous biota are recorded from the Nova Olinda Member by Martill
(2007d). Among these are unionid bivalves, viviparid gastropods, and other pulmonate
gastropods are reported to occur within the other members of the Crato Formation,

suggesting that the basin was periodically filled with freshwater (Martill et al., 2005).

1. 6. Catchment area

The Nova Olinda Member catchment area is often considered to represent an arid
environment (Grimaldi, 1990; Dunlop, 1998; Dunlop and Martill, 2002; Martill et al., 20073;
Heimhofer et al., 2010; Osés et al., 2016). This interpretation is supported by an abundance of
taxa that typically are associated with arid regions, namely abundant cockroaches, crickets,
grasshoppers, and wasps (Grimaldi, 1990; Martill et al., 2007; Osés et al., 2016). In addition,
non-insect terrestrial arthropods have been used as environmental indicators for the Nova
Olinda Member catchment area, suggesting that a ‘jigsaw’ of arid habitats were present

(Dunlop, 1998; Dunlop and Martill, 2002; Dunlop et al., 2007; Heimhofer et al., 2010).

In this project, the insect diversity of the Nova Olinda Member is investigated

comprehensively. The purpose of this is to gain a better understanding of the ecology of the
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insects present, allowing for a more complete understanding of their taphonomy. In doing so,
dozens of families were recognised as suggestive of other environments. Later in this thesis, a
novel alternative palaeoenvironmental reconstruction is proposed. Multiple
palaeoenvironments are identified and simplified as: 1) an arid scrubby region, 2) a humid
riparian/deltaic region, and 3) a forested upstream region. The environmental associations of
each family will be presented and discussed in Chapter 5. 1., along with detailed descriptions

of the palaeoenvironments.

1. 7. Insect Anatomy

Before the taphonomy of these insects can be analysed, their anatomy must first be outlined.
Here, the general anatomy of insects is described, and a simplistic insect body plan is
presented highlighting the fundamental components of most insects (Figure 15). The
summarised insect anatomy presented below is based on descriptions by Grimaldi and Engel
(2005). Insects possess a bewildering diversity of forms and, for each insect anatomical

characteristic described here, drastically different variations exist.
1. 7. 1. Body segments

Fundamentally, insects are composed of, or evolved from, the same basic body plan. These are
a series of repeated units (metameres) that are organised into three major tagmata: head,
thorax, and abdomen. The head consists of one metamere, the thorax three, and the abdomen
ancestrally eleven. Typically, the head is adapted for feeding and sensory input, whereas the
thorax is primarily used for locomotion, and the abdomen is used for digestion, reproduction,

and other visceral bodily functions.
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Figure 15. Simplified insect body plan (composite female Orthopteran). Images adapted from Hermann

(1966) with information from Grimaldi and Engel (2005). A, Dorsal view highlighting major body

segments. B, Lateral view highlighting additional segments. C, Simplified internal organs in lateral view.
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1. 7. 2. Limbs and wings

Insects are hexapods and so possess three pairs of limbs. Each limb consists of several
segments (coxa, trochanter, femur, tibia, tarsomeres, and claws) and articulate to the thorax
via the coxa. Muscles that operate the limb articulation are extrinsic, whereas the other
segments are operated by intrinsic muscles. Aside from locomotion, some insect limbs are
adapted for burrowing, grasping prey, visual signalling, audial signalling, and many other

functions. Several groups have convergently developed raptorial forelimbs for catching prey.

Insects are ancestrally wingless, and several primitive insect orders still are. However, most
insects possess two pairs of wings. A few of the more advanced groups can have wingless
members (e.g. worker ants do not possess wings, but alates do), or have a reduced number of
wings (e.g. Diptera). Wings articulate from the thorax and are powered by powerful flight
muscles. Flight muscles rarely act directly on the wing (excluding Odonata) and instead attach
to the thoracic wall or cuticular invaginations (phragma). These produce alternating variations
in the length and height of the thoracic segments, which create a flapping motion of the wings.
Wings consist of two extremely thin, often transparent, fluted epidermal layers supported by a
system of veins. The veins not only support the structure of the wing, but also support all
metabolic functions of living cells within it. Insect wing venation is also a rich source of

characters for systematic studies.
1. 7. 3. Cuticle

Insects are arthropods, and so possess an exoskeleton (cuticle) that covers their body as a
series of cuticular plates (sclerites) sutured together (Figure 16). Cuticle serves a myriad array
of functions, but is primarily for protection and locomotion. It is a tough flexible material
composed of multiple layers (epi- exo- and endocuticle). Chemically, it is a polymer of N-
acetylglucosamine (a derivative of glucose). Cuticle can be reinforced to be more rigid
(sclerotized) or incorporate heavy metals to make it extremely hard (Gonzalez-Davila and

Millero, 1990). To grow, insects periodically moult their cuticle or undergo metamorphosis.
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Figure 16. Schematic diagram showing structure of insect cuticle, including several scale morphotypes.
1, Rhombohedral-shaped cuticular scales. 2, Spined cuticular scales. 3, Seta. 4, Long thin cuticular scales.
5, Spiracle. 6, Cuticular scales with ‘microspines’ (microtrichinum). 7, Dermal gland duct. 8, Pore canal
filament. 9, Endodermal cells. 10, Dermal gland cell. 11, Oenocyte. 12, Trichogen cell and cells

associated with seta function. 13, Tracheal tube. Figure adapted and expanded from Filshie (1980).
1.7. 4. Sensory organs

Insects possess an array of sensory organs. Eyes are compound and composed of interlocking
repeating hexagonal units (ommatidia), which are in turn composed of a lens (dioptric
apparatus) and receptor cells that connect to the brain via an optic nerve. In addition to
compound eyes, insects possess multiple simple eyes (ocelli). These are composed of a

transparent cornea and can only detect light/dark.

Insects are covered in unicellular projections through their cuticle called setae. These are often
mistakenly called ‘hairs’, as they can give insects a ‘bristly’ appearance. Although typically rigid,
their articulation allows them to move. They are hollow and are frequently associated with

hydro-, thermo-, chemo-, and mechano-reception, but can also excrete silk, irritants, or have a

variety of other functions (Watling and Thiel, 2013).

Antennae are flexible segmented appendages on the head that can vary greatly in shape, size,
and segment number. They are covered in setae, allowing them to function as the primary

olfactory and mechanosensory organs. Some insects also possess paired segmented organs on
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the posterior of their abdomen (cerci), which may also be covered in setae, allowing them to

also function as sensory organs.
1. 7. 5. Internal systems (excluding reproductive)

As with all insect anatomy, their internal structure can vary greatly. Although the fundamental
components may be similar, insects from the orders Blattodea, Coleoptera, Dermaptera,
Diptera, and Lepidoptera have specially adapted internal systems that may not adhere to the

descriptions below.

The insect nervous system consists of a brain, a ventral nerve cord, and multiple ganglia
(clusters of nerves cell bodies along the ventral nerve cord). The brain is located in the head
and the first three ganglia are fused with it. Several other ganglia are fused above the salivary
glands, and the number of ganglia along the nerve cord varies between taxa. These ganglia are

also connected by pairs of nerves (interganglionic connectives).

Insects possess an organ called ‘fat body’ that is distributed throughout the entire body, with
the majority of it in the abdomen. Its primary roles are essentially the same as a vertebrate
liver: energy storage, metabolism, and metabolic regulation. It stores nutrients and synthesises
lipids, proteins, and carbohydrates for other tissues. For a detailed description of these

processes, see Arrese and Soulages (2011).

The insect respiratory system is composed of a series of relatively simple interconnected
internal tubes (trachea), connected to openings in the cuticle (spiracles). This system allows for
gases to diffuse throughout the insect body, or to be actively ‘pumped’ in. Trachea branch into

finer tracheoles that also act as connective tissue, binding organs together.

As the insect respiratory system allows for the diffusion of gases throughout the body, their
circulatory system is ‘open’ and relatively simple. A series of tubes are connected in a one-way
dorsal vessel system that is pulsed by a dorsal heart. This pumps hemolymph towards the
head, where it enters the body cavity (haemocoel) and flows posteriorly towards the
abdomen. Upon reaching the abdomen, it is drawn back into the dorsal vessel through valves
(ostia) by the heart. Hemolymph is the arthropod analogue to blood (albeit without red blood
cells), which transports hormones, metabolites, and waste. The circulatory system is also

important for immunity control, homeostasis, osmoregulation, and moulting.

Connected to the circulatory system is a complex endocrine system, which assists in regulating
insect bodily functions. Notably, the prothoracic glands regulate moulting and the corpus allata
regulate ‘juvenile hormone’ (which is critical for metamorphosis in holometabolous taxa) and

egg production in females.
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The insect digestive system (alimentary canal) is composed of three main sections. The foregut
is a reinforced canal that allows the movement of food from the mouth to the midgut, while
bathing it in saliva to begin digestion. In many taxa, the foregut is also adapted into a food-
storing crop. The midgut (mesenteron) is where the majority of digestion and nutrient
absorption takes place. Digestive enzymes are secreted by specialised microvilli. Finally, the
hindgut is where undigested food is combined with water, salts, waste products, and toxins
(via malpighian tubes that extend into the haemocoel) to form faecal pellets. Prior to

defecation, water, salts, and some small metabolites are absorbed by the rectum.
1. 7. 6. Reproductive system

Insect reproductive systems are diverse, including laying hundreds of tiny eggs, producing a
single tough oothecae, giving birth to live young, and many other strategies. Insects ancestrally
lay eggs, and the majority of them still do. In addition, they can receive, store (in the
spermatheca), and manipulate sperm from different males. Eggs are made by pairs of ovaries,
which consist of a number of egg tubes (ovarioles), depending on species. Accessory glands
assist in maintaining sperm, fertilization, and oviposition. Many taxa have specialised accessory
glands that also produce venoms or cements. Some taxa also have ovipositors to assist in egg

laying, which may in turn be weaponised into ‘stingers’ (especially in Hymenoptera).

Males have testes, usually as a pair. These are connected via seminal vesicles and an
ejaculatory duct to external genitals. Males also have accessory glands that assist in protecting
and preserving sperm. Some males produce a spermatophore that encapsulates sperm, which
can then be transferred to the female during mating. External male genitalia are incredibly
diverse and can be exceedingly complex. They are the richest source of morphological
characters and are almost universally used as the diagnostic feature for species identification
in extant specimens. The penis can be flanked by associated appendages, including the
gonoxocae, gonostyli, and parameres. The latter of these are typically used for clasping

females.

1. 8. Insect taphonomy

Taphonomy is often portrayed as the study of how an organism decays and fossilises,
frequently called the ‘laws of burial’ (Martin, 1999). In reality, taphonomy is much more
diverse and encompasses many aspects of ecology and is sometimes extended to include the
collection and curation of fossils (Behrensmeyer et al., 2000). At its core, taphonomy is an

attempt to understand the processes and biases that change or remove information during the
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transition of an organism from the biosphere to the lithosphere (Efremov, 1940;

Behrensmeyer et al., 2000).

Insects are the most speciose macroscopic organisms (May, 1986; Gaston, 1991; Misof et al.,
2014). As such, there are no comprehensive studies of insect taphonomy that treat every
family. Nevertheless, the taphonomy of insects (and other arthropods) has been studied
extensively (Allison, 1986; Allison and Briggs, 1993; Briggs and Kear, 1993a,b; Briggs, 1995a,b,
1999; Aller, 1982; Simon et al., 1994; Martinez-Délclos and Martinell, 1993; Smith, 2000, 2006;
Martinez-Delclos et al., 2004; etc.). These studies overcome the issue of high diversity by
grouping taxa based on morphological or structural similarities (e.g. high sclerotisation vs low
sclerotisation, large vs small, or strong vs weak fliers) (Martinez-Délclos and Martinell, 1993;
Smith, 2006). This allows for certain aspects of their taphonomy to be investigated and, from
these studies, a semi-complete picture of insect taphonomy can be created. Below, the major

processes that control insect preservation are reviewed briefly, based on published data.
1. 8. 1. Insect decay

Several key controls must be considered when examining insect taphonomy, particularly for
the preservation of internal ‘soft’ tissues. The primary control for the preservation of labile
‘soft’ tissues is rapid fossilisation (early mineralisation) (Briggs and McMahon, 2016). Any
factor that stimulates early mineralisation contributes significantly to the preservation
potential of a carcass. One such factor is decay, which, when occurring in small amounts, can
stimulate (and in some instances is necessary for) mineralisation (Allison and Briggs, 1993;
Briggs and Kear, 1993a,b; Briggs, 1995a,b; Martinez-Délclos and Martinell, 1993; Duncan et al.,
2003; Forbes, 2008; Chen et al., 2009; Briggs and McMahon, 2016). In these instances, a
balance must be achieved whereby enough decay occurs to stimulate mineralisation, but not
so much that fidelity is lost (Briggs and McMahon, 2016). Excessive decay will result in carcass
destruction and so processes that slow decay contribute significantly to the preservation
potential of a carcass (Efremov, 1950; Schopf, 1975; Plotnick, 1986; Gall, 1990; Potts, 1994;
Wilby et al., 1996; Petrovich, 2001; McCoy, 2013; Briggs and McMahon, 2016).

Insect cuticle is decomposed largely by bacteria from the genus Chitinophaga, a type of
environmental bacteria, which are almost exclusively aerobic (Martinez-Delclos and Martinell,
1993; Lee et al., 2007). In extreme environments (i.e. high temperatures), cuticle can be
decomposed by thermophilic bacteria (Suzuki et al., 2006). As such, cuticular decomposition is
greatly hindered by anoxia and low temperatures (Bunch, 2009). Additionally, actualistic

studies have established that the distance an invertebrate carcass travels has little impact on
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its state of preservation compared to the duration of travel (Allison, 1986; Duncan et al.,

2003).

When decay occurs, morphologically similar arthropods generally follow the same sequence of
decay stages (Allison, 1988b; Briggs and Kear, 1993a; Briggs, 1995a,b). Additionally, arthropods
have decay ‘threshold points’, whereby structurally critical tissues are lost, often resulting in

carcass disintegration (Allison, 1990; Briggs and Kear, 1993a; Briggs, 1995a,b).

For deposition in a lacustrine setting, the transition of an insect from the biosphere to the
lithosphere can be separated into four distinct stages. In each stage, there are different

controlling factors and decay may affect the carcass differently.
1. 8. 2. Stage One: Transport

An insect carcass (or even a live insect) must be transported rapidly away from predators and
scavengers if it is to avoid destruction. Although insects are extremely diverse and occupy a
broad range of habitats, the size limitations of their body plan and the similarities between
Cretaceous and modern insect communities allows us to hypothesise predatory influences
with accuracy (Briggs and Crowther, 2001; Penney and Jepson, 2014). In modern
environments, insects are predated upon by small-to-medium terrestrial vertebrates (the
largest preying upon colonies of eusocial insects, e.g. anteaters, chimpanzees, and bears),
small flying vertebrates (bats and birds), terrestrial invertebrates (including other insects, but
especially arachnids), and aquatic vertebrates and invertebrates (predominantly fish and
predatory aquatic insects) (Labandeira, 1997). The Early Cretaceous undoubtably had
analogues to these groups, perhaps excluding medium-sized terrestrial vertebrates. This is
because colonies of eusocial insects were relatively small in the Early Cretaceous (Grimaldi and
Engel, 2005). Particularly nimble birds are also able to catch insects on-the-wing (e.g.
hirundines, bee eaters, and some raptors), and it is probable that equally nimble fossil taxa,
perhaps some pterosaurs, were also able to (Yuan et al., 2006; Osi, 2011; Penney and Jepson,
2014). To preserve an insect carcass, it must avoid these predators and scavengers via rapid

transportation.

Immediately after death, slowing/retarding decay is critical for retaining labile tissues (Allison
and Briggs, 1993; Briggs and Kear, 1993a,b; Briggs, 1995a,b; Martinez-Délclos and Martinell,
1993). The general environment in which an insect dies can greatly control its preservation
potential (Smith et al., 2006). In an arid environment, insect carcasses rapidly desiccate and
subsequently disintegrate upon entering water (Smith et al., 2006). In a humid environment,
bacterial proliferation is favoured and insect carcasses decay rapidly (Martinez-Delclos and

Martinell, 1993; Smith et al., 2006). If an insect dies long (days) before being transported to
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the site of deposition, labile tissues will not be retained, and the carcass may be preserved
only as fragmentary remains (Allison, 1986; Martinez-Delclos and Martinell, 1993; Duncan et
al., 2003; Smith et al., 2006). In instances of exceptional insect preservation, it is likely that the

insect died immediately before or during transport to the site of deposition.
1. 8. 3. Stage Two: Water surface

Most insects tend to float upon contacting water, with only denser wingless insects (e.g. many
larvae) or insects with ‘covered’ wings (e.g. some Coleoptera and most Dermaptera)
plummeting through the water surface tension (Martinez-Delclos and Martinell, 1993; Hass et
al., 2000). Floatation duration depends on numerous factors, including density, wing size, body
size (subsequent tracheal system size), and whether it entered alive or dead (Martinez-Delclos
and Martinell, 1993; Briggs, 1995a,b). Insects that enter water alive actively ‘inhale’ it through
their tracheal system drowning them, as demonstrated with water dyed with black chlorazol
indicator by Martinez-Delclos and Martinell (1993). This rapidly increases their density and
reduces floatation time. Larger and more complex tracheal systems have wider channels and
more air sacs, resulting in faster flooding, rapid density increase, and ultimately a shorter
floatation time (Martinez-Delclos and Martinell, 1993; Briggs, 1995a,b). An insect that enters a
water body dead may remain floating and articulated for up to six months in undisturbed
conditions, whereas an insect that enters the water alive will typically sink after four-to-

fourteen days (exceptions below) (Martinez-Delclos and Martinell, 1993).

The ability of an insect to escape from water depends on its wing and body size. A large (5-20
mm) winged insect will attempt to escape the water by raising its wings and flapping
vigorously periodically. It will either escape or die of exhaustion after several attempts (Lutz,
1984, 1990). Insects with very large (> 20 mm) wings, such as some Lepidoptera and
Orthoptera, will often be unable to move and lie laterally on the water surface. The poorly
sclerotized cuticle of Lepidoptera decays rapidly, and they typically disarticulate within two
days (Martinez-Delclos and Martinell, 1993; Etter and Kuhn, 2000). Particularly small winged
insects cannot break surface tension and may remain there until carcass disintegration.
Consequently, small insects outnumber larger insects on the water surface by as much as 25
times (Martinez-Delclos and Martinell, 1993). Some Odonata can easily escape water and ‘spin
dry’ themselves (Corbet and Brooks, 2008). Some Blattodea simply crawl out along the water
surface (Martinez-Delclos and Martinell, 1993). Small non-winged insects (e.g. worker ants)
can scuttle along the water meniscus, holding their abdomens high above the water surface.
This allows them to breathe and escape, or remain alive for a prolonged period (Lutz, 1984,

1990; Martinez-Delclos and Martinell, 1993). Any process that destabilises the surface tension
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of a waterbody (e.g. heavy rain), can cause all insect carcasses to sink (Martinez-Delclos and

Martinell, 1993).

During these varying floatation times, once dead, decay will act rapidly on an insect carcass,
obliterating its internal tissues (Allison, 1988b; Briggs and Kear, 1993a; Briggs, 1995a,b). This
decay is hindered by hypersalinity, which slows the metabolic processes of decompositional
bacteria, essentially ‘pickling’ the carcass (Ollivier et al., 1994; Briggs and Kear, 1994b; Boyero
et al., 2014). Additionally, the absence of scavenging fish is vital as they are known to remove
almost all insect carcasses within hours (Martinez-Delclos and Martinell, 1993). Small (~ 10 cm)
scavenging fish may result in the loss of the softest segments of a carcass (e.g. abdomen),
however care should be taken not to confuse this with in-vivo interactions (Martinez-Delclos

and Martinell, 1993; Penney and Jepson, 2014).

Carcasses that experience different floatation times can be concentrated at a single site of
deposition by gyres, resulting in varying levels of decay among carcasses (Martill pers. comm.,
2014). During longer floatation times, a carcass may be ‘bound’ by a microbial biofilm,
protecting it from physical damage, as well as causing it to adhere to any other flotsam it

contacts (Gall 1995; Harding and Chant, 2000; Martinez-Delclos et al., 2004).
1. 8. 4. Stage Three: Water column

Insect carcasses sink slowly and vertically, typically completing this stage in minutes to hours
depending on water depth and carcass density (Martinez-Delclos and Martinell, 1993). The
presence of a thermocline or halocline can cause a ‘second floating’, whereby the carcass
density is too low to sink through the lower layers, extending the duration in which decay can
act (Margalef, 1983). However, in waters where a thermocline or halocline is present, decay is

likely hindered by high salinity or low temperatures.

Scavenging fish must also be absent to prevent carcass destruction or fragmentation
(Martinez-Delclos and Martinell, 1993). Despite the relatively short duration of this phase,
exceptional preservation requires that these factors are met. Although each carcass has
unique fluid dynamics, complete and articulated specimens of the same taxon typically come

to rest in similar positions (Martinez-Delclos and Martinell, 1993).
1. 8. 5. Stage Four: Sediment surface and burial

Upon reaching the sediment surface, carcass articulation will depend largely on the
depositional environment (salinity, oxygen levels, sediment composition, and rates of
sedimentation), and the robustness of that particular taxon (Martinez-Delclos and Martinell,

1993). Insect carcasses can remain articulated, but not preserving labile internal tissues, for
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almost a year if undisturbed, even if the water is well oxygenated (Martinez-Delclos and
Martinell, 1993). In addition to calm conditions, the absence of benthic scavengers and

bioturbators is vital for complete articulation.

Historically, rapid burial has been considered necessary for exceptional preservation (Clarkson,
1998), although it is now known that early mineralisation is the most important factor (Briggs
and McMahon, 2016). However, to stimulate mineralisation a carcass typically needs to be
entombed, either by sediment or a microbial mat. This can be achieved without rapid burial by
the presence of a ‘soupy’ sediment substrate (Martill, 1993b). Once entombed, the metabolic
activities of sedimentary microbes can form sharp geochemical boundaries around the carcass
that ‘isolate’ it, retarding decay, promoting mineralisation, and even concretion formation
(Berner 1968; Briggs and Kear, 1993; Gall et al., 1994; Sagemann et al., 1999). Alternatively, a
carcass could come to rest on a microbial mat and be rapidly over-grown by it. Modern
microbial mats only stimulate mineralisation of carcasses in extreme environments, including
sabkhas, intertidal flats, anoxic marine sediments, and restricted hypersaline lacustrine

settings (Martinez-Delclos et al., 2004).

Following mineralisation, the insect fossil is subject to the same defamatory and destructive
factors as most other fossils. These include deep burial, high temperatures, excessive
compaction, re-working, dissolution, etc., which must all be absent for exceptional
preservation (Clarkson, 1998; Nichols, 2009; Brett and Thomka, 2013). The fossilisation of
insect tissues can involve complex geochemistry, particularly so for some of the minerals
observed in this project. Below, the most common fossilising minerals and their fabrics are

discussed.

1. 9. Fossilising minerals and their fabrics

There is a diverse array of authigenic minerals that can replicate insect soft tissues, some of
which form distinctive mineral fabrics. A brief summary of those commonly found in laminated
limestones (and relevant to the Nova Olinda Member insects) is presented here. Previous
descriptions and identifications of the minerals replacing Nova Olinda Member insects (and
their associated fabrics) are reviewed later in section 1. 10. Mineral identifications and fabrics

observed in this project are presented in Chapters 3. 3. and 3. 4. respectively.

Some ions will readily bond to organic material (e.g. silica) (Lockley and Rice, 1990). However,
they must be present in high concentrations to stimulate mineralisation (Canfield and Raiswell,

1991). The movement of ions in high concentrations results in a geochemical gradient. When
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this gradient is in contact with a carcass, the tissues act as a template for mineral growth,
replicating them (Berner, 1981; Sorensen and Jorgensen, 1987; Allison, 1988a; Henrichs, 1992;
Briggs and Kear, 1993b; Aller, 1982; Simon et al., 1994). Some of these gradients are
postulated to be intimately associated with the metabolic activities of chemoautotrophic
bacterial mats (Briggs and Kear, 1994b; Briggs and McMahon, 2016). The type of mineral
precipitated depends on the chemistry of the environment and sometimes the taxa of bacteria

present (Efremov, 1950; Allison, 1988b).
1. 9. 1. Calcium carbonate

Calcium carbonates are a common constituent of many fossils. Despite this, they do not
usually replace soft tissues. Instead, they tend to fill voids, form cements, and sometimes form
nodules (Weeks, 1956; Berner, 1968). Void infills are typically calcite or aragonite, which can
be distinguished by their differing crystal structure, with calcite forming trigonal crystals and
aragonite forming orthorhombic crystals (Minerals.net, 2018). Calcite void infills and cements
are constituted of either very fine grained (1 —5 um) crystals (micritic) or larger (20 — 100 um)
crystals (sparry) (Boggs, 2006). These cements can encrust fossils extensively, to the point of
obscuring surface detail (Bao et al., 1998). Calcium carbonate precipitation does not require
bacterial mediation and it precipitates abundantly abiotically (Boggs, 2006). During carcass
mineralisation, calcite will cease to precipitate if pH decreases, which occurs when hydrogen

sulphide is released by decay (Briggs and Kear, 1994b).
1. 9. 2. Calcium phosphate

Calcium phosphate is commonly known to replicate soft-tissues and it is often associated with
Konservat Lagerstatte (e.g. Cerin, Hakel and Hjoula, Monte Bolca, Oland, Santana, Solnhofen)
(Martill, 1990; Martill, et al., 1992; Wilby and Briggs, 1997; Martinez-Delclos et al., 2004;
Eriksson et al., 2012). Of these Lagerstitte, Oland (‘Orsten’-type) and Santana (‘Medusa-
effect’) preserve soft tissues with the highest fidelity (Martill, 1990; Maas et al., 2006). Their
preservational fidelity is remarkable, with subcellular ultrastructure retained (Martill, 1990). To
achieve this, mineralisation likely occurred very soon after death, although in some laboratory
experiments calcium phosphate replacement occurs over weeks-to-months (Martill, 1990;
Briggs et al., 1993; Maas et al., 2006). This preservational fidelity is achieved by calcium
phosphate encrustation and impregnation of soft tissues, resulting in distinctive high-fidelity
replications that possess a sub-micron granular coating (Figure 17). This type of preservation is
attributed to bacterially-mediated calcium phosphate precipitation (Briggs et al., 1993;
Martinez-Delclos et al., 2004; Maas et al., 2006). Although it has been observed that arthropod

carcasses can supply enough phosphate for mineralisation of their own tissues (Briggs and
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Kear, 1994b), some authors propose that a build-up of phosphates in the sediment, rather
than in the carcass, is also required (Briggs et al., 1993; Martinez-Delclos et al., 2004). This
could be achieved by an abundance of bony fish skeletons in the surrounding sediment (Briggs

et al., 1993; Martinez-Delclos et al., 2004).

ety
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Figure 17. Figure adapted from Mass et al. (2006). Phosphatised muscle tissue with distinctive granular
surface fabric of a possible immature pentastomid from the Isle of Oland, Sweden. Original image

captured by D. Andres, Berlin (Andres, 1989).

1. 9. 3. Silica

Unlike other minerals discussed here, silica (ions) can readily bond to soft tissues without
bacterial mediation, if appropriate sedimentological conditions are present (Lockley and Rice,
1990; Butts, 2014). Silica fossilisation occurs as either permineralization, entombment, or
replacement, all of which require an abundance of sedimentary silica (Butts, 2014). For
replacement to occur, some decay is required to create ‘active sites’ for silica nucleation
(Butts, 2014). Terrestrial Lagerstatten preserving in silica are typically associated with volcanic
sediments, whereas in marine settings, silica nodules preserve body and trace fossils

abundantly (McCoy, 2013; Butts, 2014).

Taphonomic experimentation demonstrates that sub-cellular structures of metazoans can be
preserved readily in silica (Chen et al., 2009), however this is reflected rarely in the fossil

record (Butts, 2014). More frequently, specimens appear ‘perfectly preserved’ to the naked
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eye, but scanning electron analyses reveal a low-fidelity of micron-scale preservation (Butts,
2014). Large scale (entire fossil) silica replacements can result in beekite ring formation,
whereby the fossil contains concentric rings representing fluctuations in silica supply,
generating artefacts (Butts, 2014). When a fossil is entombed by silica, the precipitate is
cryptocrystalline and can vary in thickness from a thin ‘halo’ to a large nodule (e.g. chert, flint,

and jasper) (Boggs, 2006).
1. 9. 4. Pyrite

Pyrite is a common sedimentary mineral, however it rarely replicates soft tissues (Boggs,
2006). When it does, it can do so exceptionally and many Konservat Lagerstatten have pyrite
as the primary preserving mineral (e.g. Beecher’s Trilobite Beds, Daohugou Beds, London Clay
Formation, Yixian Formation, etc.) (Allison, 1988c; Farrell et al., 2009; Wang et al., 2012; Zhang
and Li, 2012). As pyrite is the dominant mineral replacing Nova Olinda Member insects (now
pseudomorphed in goethite), understanding its formation and replacement fabrics are integral

to this project (Delgado et al., 2014; Osés et al., 2016).

Pyrite possesses a cubic crystal structure and, while abiotic pyrite has been successfully
synthesised in laboratory settings (Wang and Morse, 1996; Morse and Wang, 1997), current
research indicates that its fossilisation of tissues is intimately associated with sulphate
reducing bacteria (Schoonen, 2004; Ohfuji and Rickard, 2005; Briggs and McMahon, 2016). It
has many fabrics, but only two have been observed replacing soft-tissues: nano-to-submicro-
crystalline replacements, directly replicating soft tissues with a sheet of nanometre-sized
crystals, resulting in high-fidelity replications (e.g. Beecher’s Trilobite Beds, Farrell et al., 2009),
and a coarser framboidal replacement fabric that obliterates original micron-scale morphology
(e. g. Yixian Formation, Wang et al., 2012). These two fabrics can be present within the same
fossil. Pyrite can also infill cavities and form concretions around fossils (Allison, 1988c; Boggs,

2006).
1.9. 4. 1. Pyrite geochemistry

Pyrite geochemistry is complex, polyphase, and extremely oxygen-sensitive (Wolthers et al.,
2003; Ohfuji and Rickard, 2005). It is typically stable at surface temperatures and pressures but
can be metastable depending on the size and nature of its crystals (Berner, 1970; Newman,
1998; Joeckel et al., 2005; Ohfuji and Rickard, 2005; Rickard, 2012). It has been established
that a series of metastable non-pyritic iron sulphides must precipitate before pyrite can form
(Berner, 1964, 1967, 1970; Rickard, 1969; Vaughn and Craig, 1978). These include non-
crystalline “‘amorphous iron monosulphide’ (FeS, sometimes called disordered mackinawite),

mackinawite ((Fe,Ni)So.s), and greigite (FesS4) (Skinner et al., 1964; Jeong et al., 2008). Of these,
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amorphous iron monosulphide is the first phase to precipitate during the reaction between
Fe?*,q and S under ambient conditions, and does so during early diagenesis just below the
sediment surface (Berner, 1970; Lennie and Vaughan, 1996; Wolthers et al., 2003). Two
different reactions can occur depending on the acidity and temperature of the aqueous

solution:

pH <7:Fe? + H,S = Fesamorphous +2H*
pH > 7: Fe2+ + ZHS- 9 Fe(HS)Z 9 FeSamorphous + HZS

As these reactions progress in a closed system, the pH of the host solution decreases,
eventually causing them to stop (Wolthers et al., 2003; Ohfuji and Rickard, 2005).
Consequently, time is also a controlling factor in these reactions. These reactions form
‘subparticles’ (nano-crystals) between 20 — 400 nm in diameter, which are difficult to discern,

even under high magnification (Wolthers et al., 2003).

After an iron monosulphide phase has precipitated, it reacts with elemental sulphur (S°),
polysulphides (H,Sn), or hydrogen sulphide (H,S) to form pyrite (Schoonen, 2004; Wu et al.,
2012). If elemental sulphur and S% ions are present, both will react (Ohfuji and Rickard, 2005).

Rickard (1997) simplified the typical pyrite formation reaction to:
FeS + H,S(aq) > FeS; + Ha

More recent studies have demonstrated that an intermediate phase of greigite may form
during the conversion of mackinawite (disordered or ordered) into pyrite (Hunger and

Benning, 2007). Several complex steps occur that can be summarised in the following reaction:

1 1
Amorphous 1 Greigite : Pyrite
Mackinawite : 1
-2¢e -2¢e”
4Fe?*S* > Fe23+Fe12*S42‘ > 2FEZ+521_
.Fez+ _Fe2+

As shown above, mackinawite can alternatively transform into pyrite via iron loss (as oppose
to sulphur gain) (Butler and Rickard, 2000; Hunger and Benning, 2007). Iron loss in this manner
results in significant volume shrinkage (up to 41.7% iron loss), which would drastically alter

fossil tissues if it occurred in them.

Ultimately, while the reaction pathways and metastability of mackinawite and pyrite are
approximately understood, experiments yield drastically varying conclusions regarding Eh, pH,

and pressure preferences for all phases (Lennie and Vaughan, 1996; Schoonen, 2004). It is not
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certain if greigite is involved at all (Schoonen, 2004). Clearly, more research is necessary, and it
appears that sulphate reducing bacteria play a much larger role than simply providing H,S
(Schoonen, 2004; Wu et al., 2012; Briggs and McMahon, 2016). Due to these complexities,

current models for pyrite framboid formation should only be considered estimations.
1.9. 4. 2. Pyrite framboids

The description above accounts for nano-to-submicro-crystalline replacement fabrics
observed, however pyrite framboid fabrics require further discussion. Pyrite framboid
formation has been, and continues to be, an important topic of geochemical investigations
(Berner 1969; Farrand, 1970; Sweeney and Kaplan, 1973; Kribek, 1975; Stanton and Goldhaber,
1991; Lennie and Vaughan, 1996; Wang and Morse, 1996; Morse and Wang, 1997; Butler and
Rickard, 2000; Wolthers et al., 2003; Schoonen, 2004; Ohfuji and Rickard, 2005; Wu et al.,
2012; Vietti et al., 2015). Many palaeontologists refer to globular, grape-like pyrite grains as
‘framboids’. However, pyrite true framboids have the distinct definition of ‘microscopic
spheroidal to sub-spheroidal clusters of equidimensional and equimorphic microcrystals’
(Ohfuji and Rickard, 2005). They may have disorganised, partially organised, or regularly
organised interiors and range in diameter between 1 — 250 um, but are typically ~10 um in
diameter and constructed of regularly ordered (or occasionally disordered) equant pyrite

crystals (Figure 18) (Ohfuji and Rickard, 2005).

Figure 18. Scanning electron micrographs of different ‘natural’ pyrite true framboids, showing both
internal and external views. A, disorganised. B, organised. C, partially organised. D, external surface.
Images from Ohfuji and Rickard (2005).
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As with non-framboidal pyrite formation, framboidal pyrite formation below 100°C is complex,
polyphase, and inherently difficult to study due to its oxygen-sensitive nature and the
difficultly in distinguishing reaction stages (Lennie and Vaughan, 1996; Schoonen, 2004;
Hunger and Benning, 2007; Wu et al., 2012). Nevertheless, numerous experiments have
attempted to characterise its constraints and chemical pathways (Berner 1969; Farrand, 1970;
Sweeney and Kaplan, 1973; Kribek, 1975; Stanton and Goldhaber, 1991; Wang and Morse,
1996; Morse and Wang, 1997; Butler and Rickard, 2000; Wolthers et al., 2003; Ohfuji and
Rickard, 2005; Rickard, 2012). These indicate that pyrite supersaturation is necessary for
framboid formation, along with anoxia and abundant sulphate reducing bacteria. However,
recent experimentation by Vietti et al. (2015) replicated framboid-like structures (interpreted
as precursor ‘protoframboids’) in oxic experimental conditions. This highlights the possibility
that the controls for framboid formation occur on the microgeochemical scale, rather than at

the overall sedimentary scale.

1. 10. Previous descriptions of Nova Olinda Member preservation and mineralisation

The insects of the Nova Olinda Member Lagerstatte have been studied extensively, and several

publications have examined their preservation and mineralisation. Below, these are discussed.

The exceptional preservation of Nova Olinda Member fossil insects was formally highlighted
first by Brito (1984) at the 33™ annual Congresso Brasileiro de Geologia, in Rio de Janeiro.
Subsequently, Martins-Neto (1987a) described numerous insect species from a collection of 56

specimens and further highlighted their remarkable preservation.

The first in-depth analysis of the preservation of Nova Olinda Member insects was included in
the introductory chapter in a comprehensive review of them by Grimaldi and Maisey (1990).
Approximately 3000 specimens were analysed, highlighting the unusual diversity, along with
SEM and automated X-ray diffraction analyses. High relief and micron-scale details of the
cuticle surface, including ommatidia, spines, microtrocia, and setae were reported (Grimaldi
and Maisey, 1990). The dominant preserving mineral was identified as goethite and ashing
tests revealed no carbon content within the fossils. Matrix analysis revealed a 99% calcium
carbonate content, with traces of apatite and pyrolusite (Grimaldi and Maisey, 1990). A
preservational model was presented, suggesting replacement of insect tissues by iron minerals

in well oxygenated freshwater.

The preservation of Nova Olinda Member fossil insects was discussed later by Bechly (1998c).

The entomofauna was introduced as recognisably ‘among the greatest even [at] a casual
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glance’, with an ‘unusual taxonomic composition’. This bold statement was supported by
examples of preserved micron-scale structures and internal tissues, including stomach and gut
tissues, structural colour, and high relief (Bechly, 1998c). The preserving mineral was
suggested to be limonite (goethite) and the average preservation was reported to far exceed

that of other insect Lagerstatten (Bechly, 1998c).

A comprehensive analysis of the taphonomy of the Nova Olinda Member insects was
undertaken by Menon and Martill (2007). Not only did these authors provide further evidence
for the exceptional preservation of Nova Olinda Member insects, they also considered the
mineralogy of preservation and controlling factors. Two distinct preservational mineralogies
were identified: a brown hydrated iron mineral (goethite) and ‘black carbonaceous replicas’
associated with pyrite. This description of the fossils as ‘black carbonaceous replicas’ is not
reflected in the black specimens examined in this project, and may represent the
misinterpretation of iron sulphide preservation. These preserving minerals were correlated
with weathering, whereby goethite occurred in weathered (cream) limestone and pyrite
occurred in unweathered (blue grey) limestone (Menon and Martill, 2007). The degree of
weathering was then correlated with overburden thickness. They concluded that the brown
hydrated iron mineral (goethite) represents a weathering product of the ‘black carbonaceous
replicas’ (pyrite). Importantly, it was highlighted that morphological details are often
exquisitely preserved in both mineral phases, indicating remarkably little morphological loss

during weathering (Menon and Martill, 2007).

Other rarer preservational mineralogies were reported, most notably phosphatised muscle
tissues, voids infilled with clear calcite, and rare silicified concretions nucleating on the fossils
(Menon and Martill, 2007). It was established that microbial mats played an important role in
the preservation of these insects, with sulphate reducing bacteria likely dominating the
microbial diversity at the anoxic, sulphur-rich, and hypersaline sediment-water interface
(Menon and Martill, 2007). In addition to descriptions of exceptional preservation, Menon and
Martill (2007) were the first to highlight the variability in the preservational fidelity of these
insects. While compaction is generally minor, rarely, the insect fossils can be restricted to a
single lamina (Menon and Martill, 2007). Fragmentary specimens are also rare, only accounting
for approximately 6% of specimens (Menon and Martill, 2007). Additionally, there appears to
be no control for size or robustness for these insects, as well as no clear evidence for mass

mortality events (Menon and Martill, 2007).

Menon and Martill (2007) also noted that strong flying, burrowing, and cryptic insect taxa are
common (discussed further in Chapter 5. 1.), along with rarer freshwater insects. This unusual

faunal composition was attributed to the periodic influx of insects, either blown into the water



47

while flying, or flushed in during small-scale floods (Menon and Martill, 2007). Rapid
transportation by these processes is hypothesised to bypass most of the normal taphonomic
controls for insects, of which scavenging and decay are the most destructive (Menon and
Martill, 2007). This, combined with rapid microbial envelopment and early diagenesis of iron
minerals and phosphates, allowed for the preservation of labile tissues (Menon and Martill,
2007). Finally, the weathering was identified as deep, slow, and in situ, resulting in goethite

pseudomorphs of original pyrite fabrics.
1. 10. 2. Delgado et al. (2014) and Osés et al. (2016)

This project began in 2011. Since then, two additional studies examining the taphonomy and
preservational mechanics of the Nova Olinda Member insects have been published (Delgado et
al., 2014; Osés et al., 2016). Delgado et al. (2014) examined Nova Olinda Member insects using
diffuse reflectance infrared and energy dispersive X-ray spectroscopy. This elemental analysis
indicated the presence of Fe and O, as well as small amounts of P and Mg (Delgado et al,
2014). It was also suggested that at least two modes of preservation may have occurred,
whereby the external most cuticle was replaced in a different fabric than the internal tissues,
albeit in the same mineral phases (a hypothesis which is supported here). A scanning electron
microscope figure was also presented, showing what are described as framboidal pyrite
pseudomorphs and mineralised EPS (Delgado et al, 2014: Fig. 7). Delgado et al. (2014) further
elaborated that the cuticle-replacing microfabrics are composed of pseudomorphed pyrite
framboids, a statement which is not agreed with here. Although pseudomorphed pyrite
framboids are present, they replace the internal tissues (and possibly some of the
endocuticle), but the external cuticle is not preserved in them. Instead, it is preserved as a
nano-crystalline non-framboidal pyrite replacement, and the pseudoframboids are only
revealed where the exocuticle is lost (discussed further below and in Chapters 3. 4. and 4. 2.,

also see Figure 34).

Finally, post (initial-)submission of this thesis, a comprehensive analysis of the mechanism of
preservation of the Nova Olinda Member insects was undertaken (Osés et al., 2016). This
summarised all previous taphonomic work on these fossil insects, confirmed the fabrics of
preservation reported by Barling et al. (2015) (outlined in Chapter 3. 4.) and presented
hypotheses for their mode of preservation (Osés et al., 2016). The fossils were subject to
numerous microscopic and elemental analyses including energy dispersive X-ray analysis,
energy dispersive X-ray fluorescence, soft X-ray spectroscopy, particle induced X-ray emission,
and Raman spectroscopy (Osés et al., 2016). Iron hydroxides were detected as the primary
preserving mineral and proposed to be pseudomorphs of pyrite, based on mineral fabrics. A

differing preservational fabric was reported for both external cuticle and internal tissues, with
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the external tissues (exoskeleton) replaced by non-framboidal pyrite nanocrystals and the
internal tissues replaced by micro-framboidal pyrite (based on the Canfield and Raiswell (1991)
and Butler and Rickard (2000) definitions of framboidal pyrite). Osés et al. (2016) suggested
that sulphate reducing bacteria entombed and infiltrated the carcasses. Their metabolic
activities stimulated pyrite precipitation, but the variation in iron and sulphur ion
concentrations between the exterior tissues and internal tissues resulted in differing
preservational fabrics, including variations in framboid size (Osés et al., 2016). lon diffusion
was hypothesised to be controlled by compaction-induced cuticular micro-cracks, as well as
the microbial biofilm (Osés et al., 2016). The origin of sulphate ions is discussed, and it is noted
that sulphate is not present in environments similar to the Nova Olinda palaeolake in
sufficiently high concentrations to stimulate mineralisation without associated volcanic
sediments (Osés et al., 2016). To account for this, Osés et al. (2016) suggested that the
abundance of sulphate originated from ‘evaporites’ (presumably referring to the only
evaporites in the basin, the overlying Ipubi Formation, which was deposited after the

fossilisation of these insects).

The most labile soft tissues were identified as preserved in calcium phosphate, rather than
pyrite (Osés et al., 2016). It was noted that only calcium poor continental waters typically
contain phosphate in concentrations high enough to stimulate phosphatisation, and that the
Nova Olinda Member is unlikely to have had such an input. Instead, it is proposed that ions
liberated by partial decay of the most labile tissues allowed for phosphatisation to occur (Osés

etal., 2016).

Several fabrics associated with fossilisation were also described. Cuticle-replacing grains were
reported to possess dissolution cavities. Web-like structures were reported on many fossils
and suggested to be fossilised EPS. However, this identification was based largely on anecdotal
evidence and chemical analyses only report a high carbon content. It is probable that these
structures instead represent modern fungal contamination (discussed further in Chapter 2. 1.
3.). Both original and templates of euhedral to subhedral or anhedral microcrystals are
reported, although only moulds of euhedral microcrystals are figured (Figure 3: C in Osés et al.,

2016).

Further aspects of Nova Olinda Member insect taphonomy were discussed by Osés et al.
(2016), including decay-controlling environmental factors and the taxonomic diversity of the
assemblage. They noted that many taxa present in the Nova Olinda Member relied on fresh
water for reproduction and that the abundance of aquatic taxa may be the result of mass
mortality events caused by a periodic increase of H,S (Osés et al., 2016). The prevention of

decay is attributed to an euxinic photic zone, which was hypothesised based on previously
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published sedimentological data (Heimhofer and Martill, 2007). The importance of anoxia, high
salinity, absence of scavengers, and a low concentration of sedimentary organic matter is also

noted for this mode of fossilisation (Osés et al., 2016).
1. 10. 3. Critique of Osés et al. (2016)

The hypotheses presented by Osés et al. (2016) are based on a combination of novel analyses
and published data. Many (if not most) of the textural descriptions refer to those observed by
Barling et al. (2015). As Barling et al. (2015) is a major component of this thesis, it is natural
that there are similarities between the hypotheses presented by Osés et al. (2016) and those
presented here. However, there are several components of the model proposed by Osés et al.
(2016) that are disagreed with here. Firstly, although the presence of at least three
preservational fabrics (high fidelity non-framboidal pyrite replacements, (pseudo)framboidal
pyrite infills/overgrowths, and calcium phosphate impregnations/overgrowths) is agreed with,
the relationship between the two types of pyrite preservation is not. Osés et al. (2016) follow
the interpretation of Delgado et al. (2014), whereby the external cuticle is replaced by
pseudomorphed framboidal pyrite with the high-fidelity non-framboidal replacement a result
of later pyrite overgrowth. They support this with the presence of polygonal lamellae
associated with individual framboids (see page 9 of Osés et al., 2016). In this thesis, the reverse
is proposed, whereby the high-fidelity non-framboidal replacement precipitated first and the
pyrite (pseudo)framboids overgrew its internal surface (as well as elsewhere within the
carcasses). Secondly, the timing of mineralisation proposed by Osés et al. (2016) is ambiguous.
They conclude that it occurred during early diagenesis, yet a fundamental component of their
model is the presence of cuticular microcracks, allowing for ion movement. Insect cuticle is a
relatively flexible material in vivo and does not crack in this manner prior to mineralisation
(Hopkins and Kramer, 1992). In addition, the requirement for microcracks conflicts with the
previously discussed point (i.e. how can cracks in the cuticle control internal mineralisation if
the cuticle is yet to be mineralised?). Consequently, they are excluded from the model
proposed in this thesis. Finally, the origin of the ions necessary for mineralisation is
ambiguous. They are described as originating from ‘evaporites’, with the only evaporites in the
basin being the overlying lpubi Formation. It is possible that Osés et al. (2016) are instead
referring to sedimentary halite growth, as reported by Martill et al. (2007b), but this is lost in

translation.

In these regards, the model presented later in this thesis differs from that of Osés et al. (2016)

and this is discussed further in Chapter 4. 2. 1. and 4. 2. 4.
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Chapter 2: Materials, preparatory methods, and analyses

2. 0. Preface

In this chapter the number, acquisition, and curation of specimens examined in this project is
outlined, followed by descriptions of the preparatory methods implemented. The techniques
used to analyse these fossils are then described, along with their equipment and operating
parameters. Finally, explorative statistical analyses applied to these fossils to detect

taphonomic trends are outlined.

2. 1. Materials
2. 1. 1. Specimens

The specimens used in this project were originally obtained as part of a different Ph.D. project
for another student (J. Wohlrabe) at the University of Portsmouth. They were, ironically,
donated as ‘poor quality’, ‘unsellable’ fossils from an anonymous donor in Germany.
Additionally, several specimens were collected by both J. Wohlrabe and D. M. Martill over
multiple excursions to the Nova Olinda Member quarries. The project undertaken by J.
Wohlrabe focused on the taphonomy of Blattodea (cockroaches) and, as such, the taxonomic
diversity of the collection is skewed towards them (as well as Orthoptera, probably as a result
of original misidentification). J. Wohlrabe became a distance student several years before this
project began, but was unable to complete it for personal reasons. In early 2011, Dr D. M.

Martill contacted J. Wohlrabe and arranged for the transfer of the specimens for this project.
2. 1. 2. Prior storage and number of specimens

Originally, over 140 fossil specimens were supplied by J. Wohlrabe, including several that were
pre-prepared and mounted for scanning electron analyses. However, many of the specimens
were damaged prior to their acquisition for this project. Unmounted specimens had been
stored in a large plastic container, stacked in layers separated by newspaper for several years.
This meant that lower specimens were not adequately protected from abrasion/compression
by overlying specimens. Stub mounted specimens were stored in plastic containers, with
typical stub slots to hold them in place. However, some had detached from their slots and

abraded against the container walls.

From this collection, a total of 92 unmounted specimens were recovered. These included

residues and sedimentological samples that were cut into smaller samples for different
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analyses. Several specimens had been damaged heavily and were used as examples of
problems faced during curation (described further below in section 2. 1. 3.). From the mounted
specimens, 15 were recovered for study, including a new taxon of fossil wasp (SMNS 700902,
Parviformosus wohlrabeae, described in Chapter 5. 4.). The remaining specimens, most of

which were heavily damaged by improper storage, were set aside for future analyses.

Six additional sedimentological specimens were cut from sediment samples collected by D. M.
Martill, including examples of ‘weathered’ and ‘unweathered’ Nova Olinda Member limestone.
Another five specimens of modern insects were mounted for SEM analyses, along with a single
sample of pyrite decay. A further 28 additional Nova Olinda Member fossil insect specimens
were donated by Florence Gallien from her voluntary work at the University of Portsmouth.
Her specimens originated from the collection at the University of Portsmouth and these were
mostly pre-prepared and mounted on stubs. Finally, an additional 14 specimens were added
during the final stages of this project. One of these was an ‘unweathered’ Nova Olinda
Member insect used for mineralogical analyses (HT001) donated by Helmut Tischlinger, and

the remaining were fossils from other comparable Lagerstatten.

In total, 161 specimens were studied in this project (Table 1). Specimen SMNS 70092 (JW614)
has been deposited at the Staatliches Museum fiir Naturkunde, Stuttgart. Specimen YPM
73015 has been returned to Yale Peabody Museum, and specimens MPV-2418-RM and MPV-
2419-RM have been returned to E. Penalver. Excluding these exceptions, all specimens are
currently stored at the University of Portsmouth.

Table 1. List of all specimens examined in this project with taxonomic identifications, photograph

numbers, coating type, and additional notes. Sputter coating thickness is ~10 nm, due to double coating.
(Also see Table 7 in Appendices 8. 7.)

Specimen Number l Taxonomic Identification | Photographs | Sputter Coating | Additional Notes
Judith Wohlrabe Specimens

NBRLOO1 Plant Material NBRL 001 photo 01 -05 | Unmounted Plant material

NBRLO02 Odonata: Epiprocta? NBRL 002 photo 01 - 04 | Uncoated

NBRLOO3 Diptera? NBRL 003 photo 01 - 02 | Uncoated

NBRLOO4 Orthoptera NBRL 004 photo 01 - 03 | Mounted,

uncoated

NBRLOOS Orthoptera NBRL 005 photo 01 - 03 | Uncoated

NBRLOO6 Diptera NBRL 006 photo 01 - 03 | Uncoated

NBRLOO7 Blattodea NBRL 007 photo 01 - 03 | Uncoated

NBRLOO8 Orthoptera or Blattodea NBRL 008 photo 01 - 04 | Au-Pd Used for sediment
analysis

NBRLO0O9 Indeterminate NBRL 009 photo 01 - 03 | Failed Transfer

NBRLO10 Blattodea? NBRL 010 photo 01 - 04 | Uncoated

NBRLO11 Hemiptera: Cicadomorpha? NBRL 011 photo 01 - 04 | Au-Pd Offcuts used for
sediment analysis

NBRLO11 (offcut) Sediment Sample Chemical staining

NBRLO12 Hymenoptera NBRL 012 photo 01 - 05 | Failed Transfer

NBRLO13 Indeterminate NBRL 013 photo 01 -06 | Unmounted

NBRLO14 Blattodea NBRL 014 photo 02 - 03 | Au-Pd Interesting
cuticular fabrics
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NBRLO15 Coleoptera/Hemiptera NBRL 015 photo 01 - 05 | Unmounted
NBRLO16 Plant material NBRL 016 photo 01 - 06 n/a
NBRLO17 Orthoptera NBRL 017 photo 01 - 04 | Unmounted?
NBRLO17 (offcut) Sediment Sample Chemical staining
NBRLO18 Blattodea NBRL 018 photo 01 -23 | Au-Pd High relief, etched
NBRLO19 Hemiptera: Cicadomorpha? NBRL 019 photo 01 - 03 | Unmounted?
NBRL020 Orthoptera NBRL 020 photo 01 - 04 | Transferred
NBRLO21 Blattodea NBRL 021 photo 01 Unmounted?
NBRLO22 Blattodea NBRL 022 photo 01 Au-Pd Replacement fabrics
NBRLO23 Blattodea NBRL 023 photo 01 - 05 | Failed Transfer
NBRL024 Blattodea NBRL 024 photo 01 Au-Pd
NBRLO25 Blattodea NBRL 025 photo 01 Recoverable
Transfer
NBRL026 Blattodea NBRL 026 photo 01 - 04 | Au-Pd 500nm microspheres
NBRLO26(dupe) Au-Pd
NBRLO27 Blattodea NBRL 027 photo 01 Au-Pd Masked by resin
NBRLO28 Blattodea NBRL 028 photo 01 Failed Transfer
NBRL029 Orthoptera? NBRL 029 photo 01 Failed Transfer
NBRLO30 Blattodea NBRL 030 photo 01 Au-Pd Extremely scrappy
NBRLO31 Blattodea NBRL 031 photo 01 -02 | Au-Pd
NBRLO31(resi) Au-Pd
NBRLO32 Blattodea NBRL 032 photo 01 - 02 Failed Transfer
NBRLO33 Diptera: Culicidae? NBRL 033 photo 01 Failed Transfer
NBRLO34 Blattodea NBRL 034 photo 01 Failed Transfer
NBRLO35 Blattodea NBRL 035 photo 01 Failed Transfer
NBRLO36 Blattodea NBRL 036 photo 01 Au-Pd High relief, eyes
NBRLO37 Blattodea NBRL 037 photo 01 -02 | Au-Pd Highly fractured
NBRLO38 Blattodea NBRL 038 photo 01 Failed Transfer
NBRLO39 Indeterminate NBRL 039 photo 01 Failed Transfer
NBRL040 Blattodea NBRL 040 photo 01 Au-Pd Scales & preservation
fabrics
NBRLO41 Diptera NBRL 041 photo 01 - 02 | Unmounted
NBRLO42 Hemiptera: Achilidae? NBRL 042 photo 01 Recoverable
Transfer
NBRLO43 Orthoptera? NBRL 043 photo 01 - 02 Failed Transfer
NBRLO44 Orthoptera: Elcanidae NBRL 044 photo 01 Au-Pd Beautiful ommatidia
NBRLO45 Coleoptera NBRL 045 photo 01 Au-Pd Micro-setae
NBRLO46 Blattodea? Au-Pd
NBRLO47 Orthoptera? Failed Transfer
NBRL048 Coleoptera Au-Pd Impression only
NBRLO49(dupe) Orthoptera Recoverable
Transfer
NBRLO50 Orthoptera? Failed Transfer
NBRLO51 Orthoptera: Elcanidae NBRL 051 photo 01-05 Au-Pd Very high relief,
complete
NBRL0O52 Hemiptera? Recoverable
Transfer?
NBRLO53 Neuroptera Failed Transfer
NBRLO54 Blattodea NBRL 054 photo 01-05 Au-Pd Very high relief,
complete
NBRLO55 Orthoptera NBRL 055 photo 01-02 Au-Pd Very high relief,
complete
NBRLO56 Orthoptera? Recoverable
Transfer?
NBRLO57 Diptera: Tabanidae Au-Pd Moderate relief,
charging
NBRLO58 Odonata
NBRLO59 Orthoptera NBRLO59 photo 01 - 06 Au-Pd Extremely high relief
NBRLO60 Ephemeroptera NBRLO60 photo 01 - 05 Both? Exceptional gills
NBRLO61 Orthoptera NBRLO61 photo 01 - 08 Au-Pd High relief head only
NBRLO62 Orthoptera NBRL0O62 photo 01 - 05 Au-Pd Poor preservation
NBRLO63 Orthoptera? NBRL0O63 photo 01 - 12 C
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NBRLO64 Orthoptera? (phone _161237,
_161242, _161244)
NBRLO65 Orthoptera or Blattodea? NBRLO65 photo 01 - 27 Au-Pd
NBRLO65(scrap) Au-Pd Residue stub
NBRLO66 Orthoptera NBRLO66 photo 01 - 09 Carbon Specimen cracked into
three parts
NBRLO67 Orthoptera stub mounted after Au-Pd
breaking
NBRLO68 Orthoptera NBRLO68 photo 01 - 17 Au-Pd
NBRLO68(resi) Au-Pd Residue stub
NBRLO69 Orthoptera NBRLO69 photo 01 - 12 Uncoated
NBRLO70 Orthoptera NBRLO70 photo 01 - 23 Au-Pd Soft tissues
preservation
NBRLO71 Blattodea? NBRLO71 photo 01 - 11 Au-Pd Contamination or
EPS?
NBRLO72 Orthoptera or Blattodea? NBRLO72 photo 01 - 10 Au-Pd Extensive charging
NBRLO73 Raphidioptera NBRLO73 photo 01 - 05 Au-Pd Extensive
contamination.
NBRLO74 Orthoptera NBRLO74 photo 01 - 14 Both? Poor preservation
NBRLO75 Indeterminate NBRLO75 photo 01 - 09 Au-Pd Charging
NBRLO76 Indeterminate NBRLO76 photo 01 - 05 Au-Pd
NBRLO77 Blattodea? NBRLO77 photo 01 - 05 Au-Pd Hair contamination
NBRLO78 Blattodea NBRLO78 photo 01 - 02 Au-Pd Thin calcite infill
NBRLO79 Neuroptera NBRLO79 photo 01 - 03 Au-Pd Partial resin cover
NBRLO80 Indeterminate NBRLO80 photo 01 - 05 Au-Pd
NBRLO81 Hemiptera NBRLO81 photo 01 - 06 Au-Pd
NBRLO82 Blattodea NBRLO82 photo 01 - 06 Au-Pd
TEST SPECIMEN Blattodea Rsn Tst 01 - 29 Au-Pd
NBNEWO0O01 Orthoptera - DESTROYED NBNEWO1 photo 01-24 Destroyed Weathered XRD
NBNEWO002 Orthoptera, unstudied. Unstudied Unstudied Sample numbered for
clay analysis
NBNEWO002 Sediment Sample None Clay analysis
(offcut)
Pre-mounted by Judith Wohlrabe
JW078 C
JW109 C
JWOo2# Indeterminate SEM only Prior to Wavy fat body
acquisition
JW291 Blattodea SEM only C
JW339 Blattodea SEM only C
Jw4s6 Indeterminate SEM only Prior to
acquisition
JW465 Indeterminate SEM only Prior to
acquisition
JW522 Indeterminate SEM only Au-Pd
JW528 Indeterminate SEM only Prior to
acquisition
JW614 (SMNS Hymenoptera: Parviformosus SEM only Au-Pd
700902) wohlrabeae
JW614(resi) Hymenoptera: Parviformosus SEM only Au-Pd Residue stub,
wohlrabeae ovipositor
JW677 Indeterminate SEM only Au-Pd
JW735 Blattodea? SEM only Au-Pd
JW658 C
JW999 Indeterminate SEM only Prior to
acquisition
Modern Insect Specimens
NBSTUBO1 Antlion wing dorsal view SEM only Au-Pd
NBSTUBO2 Antlion wing ventral view SEM only Au-Pd
NBSTUBO3 Intact modern insects SEM only Au-Pd Desiccated, multiple
taxa
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NBSTUBO4 Broken modern insects (Diptera SEM only Au-Pd Desiccated, multiple
& Hymenoptera) taxa
NBSTUBOS Blattodea: Periplaneta SEM only Au-Pd
americana
NBSTUBO6 Sample of pyrite decay (Crato SEM only Au-Pd Sampled from
plant material) NBRLOO1
Sediment Samples from David Martill
NBSEDO1a Sediment Sample SEM only Au-Pd Numerous offcuts
NBSEDO1b Sediment Sample SEM only Au-Pd
NBSEDO1 (offcut) Sediment Sample - Ground to Destroyed Sample used for
powder magnetic separation
NBSEDO1 (offcut) Sediment Sample Unmounted Chemical Staining
NBSEDO2a Sediment Sample SEM only Carbon? Resin Transferred
NBSEDO2b Sediment Sample SEM only Carbon? Resin Transferred
Specimens from Florence Gallien
FLO13 Ephemeroptera FLO13 photo 01 - 06 Au-Pd Fungal contamination,
etched phosphorous
FLO15 Hemiptera SEM only Au-Pd Outstanding genital
preservation
FLO17 SEM only Au-Pd
FLO19 Diptera SEM only Prior to Outstanding genital
acquisition preservation
FLO26 C
FLO27 Hemiptera FLO27 photo 01 - 05 Both High relief eye
FLO28 Diptera FLO28 photo 01 - 05 Prior to
acquisition
FLO29 Diptera: Nematocera? FLO29 photo 01 - 04 Au-Pd
FLO30 Au-Pd
FLO31 (a,b) Diptera? FLO31 photo 01 - 03 Au-Pd Fibrous
contamination,
fossilised microbial
mat?
FLO33 Blattodea FLO33 photo 01 - 11 Au-Pd unweathered
FLO34 Au-Pd
FLO35 Blattodea??? FLO35 photo 01 - 08 Au-Pd
FLO36 Hemiptera: Cicadamorpha: FLO36 photo 01 - 05 Au-Pd Replacement in 200-
Auchenorrhyncha 500nm spheres
FLO37 Indeterminate FLO37 photo 01 - 04 Au-Pd Resin Transferred
FLO37(dupe) Ephemeroptera Au-Pd Mayfly Nymph
FLO38 Indeterminate (Hemiptera?) FLO38 photo 01 - 04 Au-Pd Well preserved scales
FLO39 Indeterminate Both?
FLO41 Indeterminate Au-Pd
FLO43 Indeterminate Au-Pd Clusters of soft tissue
FLO58 Indeterminate Au-Pd
FLO59 Indeterminate Au-Pd
FLO63 Indeterminate Au-Pd
FLO64 Hemiptera FLO64 photo 01 - 06 Au-Pd
FLO68 Indeterminate Au-Pd
FLO69 Indeterminate Au-Pd
FLO(unnumbered) Indeterminate Uncoated Test, transferred
FLOXX Diptera Au-Pd
Other Lagerstatten Specimens
HT001 Orthoptera HT001 photo 01 - 69 C Unweathered Crato
Insects, two
orthopterans
SHOO01 Odonata SHOO01 photo 01 — 22 Uncoated Solnhofen
Schernfeld near
Eichstatt
GR0O01 Diptera? GRO001 photo 01 - 09 Uncoated Green River, multiple
fossils inc isolated
abdomen
Lcoo1 Decapod Crab LC001 photo 01 - 22 Uncoated London Clay, Sheppey




55

LC002 Decapod Crab LC002 photo 01 - 24 Uncoated London Clay, Sheppey
DMMC:4b/10

YPM 73015 Trilobite: Triarthrus eatoni BT001 photo 01 - 24 Uncoated Beecher’s Trilobite

MPV 2418 RM Diptera: Sciaridae: Sciara sp. RdAMO002 photo 01 - 16 Repaired with Rubielos de Mora
resin Basin

MPV 2419 RM Diptera: Mycetophilidae RdAMO001 photo 01 - 19 Repaired with Rubielos de Mora
resin Basin

Mont001 (A) Diptera Mont001 photo 01 - 07 Uncoated Montsec, ‘La Cabrua’

Mont002 (B) Blattodea Mont002 photo 01 - 07 Uncoated Montsec, ‘La Cabrua’

Mont003 (C) Hymenoptera Mont003 photo 01 - 13 Uncoated Montsec, ‘La Cabrua’

Mont004 (D1 & D;) | Coleoptera? Mont004 photo 01 - 10 Uncoated Montsec, ‘La Cabrua’

Mont005 (E) ? Mont005 photo 01 - 09 Uncoated Montsec, ‘La Cabrua’

Mont006 (F) Hemiptera? Mont006 photo 01 - 16 Uncoated Montsec, ‘La Cabrua’

2. 1. 3. Curation and contamination

The majority of specimens were centred on angular slabs of laminated limestone,
approximately 10 — 15 cm in diameter. To aid in storage and SEM viewing, these were cut with
a diamond circular rock saw, lubricated with deionised water. Typically, each specimen was cut
to a rectangle with approximately 0.5 — 1 cm of limestone matrix remaining around the fossil.
This allowed unmounted specimens to be stored closely packed in PELCO® SEM stub
containers (with the plastic stub holders removed) and, more importantly, fit in the sputter
coaters. Several offcuts were retained for sedimentological analysis (noted in Table 1). The use
of PELCO® SEM stub containers allowed for easy access and safely stackable storage that also
minimized contamination. Specimens that had been exposed to water during acid digestion or
cleaning (discussed later in section 2. 2.) were also stored within desiccators filled with blue-

to-pink silica desiccator granules.

Stub mounted specimens were also stored in PELCO® SEM specimen storage holders, or single
pin mount storage/mailer tubes where appropriate. Most of these containers were

permanently stored in scientific desiccators and, in some cases, under vacuum.

For larger stub mounted specimens (> 6 cm diameter), specialised storage containers were
created using Tupperware® containers, an inch-thick layer of foam, and plastic tubing. The
foam was pierced with holes and marked with red crosses, allowing stubs to rest on the foam
without moving. A central strut was constructed for each container from plastic tubing,
providing additional support for the lid and protecting specimens when the containers were

stacked.

Improper curation of specimens may result in significant damage. This is especially important
for fossils preserved in iron sulphides, many of which are metastable at surface temperatures
and pressures, or can act as a substrate for chemotrophic bacteria (Kosman, 2003; Joeckel et
al., 2005; Andrews et al., 2013). Chemical weathering can degrade or destroy specimens if

curation is poor (Joeckel et al., 2005; Nichols, 2009). When exposed to water, metastable iron
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sulphides weather to limonite (a mixture of hydrated iron(lll) oxyhydroxides), which may
obliterate fossil details, or goethite (an iron oxyhydroxide). The vast majority of specimens
examined in this project had already weathered to goethite, luckily with no apparent loss of
fidelity. However, even weathered specimens can be damaged by moisture, as it allows for

fungal and bacterial growth.

Fungal growth and filamentous bacterial contamination was a particularly pervasive problem
in this project. This was mostly due to poor storage of specimens prior to acquisition. In the
most extreme cases, fossils could be completely overgrown. Specimen NBRLO73 became
contaminated with actinomycete bacterial growth during storage and provides an example of
extreme contamination (Figure 19; Plates 12 and 13). Contamination like this is extremely
difficult to remove without damaging the fossil. Acetone can partially disaggregate the
bacterial filaments, but will not restore a specimen as infested as NBRLO73. General
contamination was also a point of concern, and several specimens were contaminated with
dust or lint. In most cases, this was easily removed with a soft-squeeze blower. Nevertheless,
the storage techniques used in this project protected the majority of specimens from further

contamination similar to that of NBRLO73.
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Figure 19. SEM images of specimen NBRL0O73, showing the extent to which a specimen can be affected

by contamination from actinomycete bacteria. A, Filaments overgrowing the eye. B, Filaments
overgrowing the thorax. C, Higher magnification image showing the filamentous structure forming a

‘mesh’. A, NBRLO73-8; B, NBRLO73-9; C, NBRLO73-10. A-B, Scale bars = 100 um. C, Scale bar = 10 um.
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2.1. 4. Light photography

Specimens that were not pre-prepared for SEM viewing, or otherwise damaged, were digitally
photographed as part of their curation (photo numbers listed in Table 1). However, some
specimens (NBRL0O46, 047, 048, 049, 050, 052, 053, 056, 057, and 058) were mounted or resin
transferred (explained in section 2. 2. 2.) prior to photographs being taken as little-to-no
morphological detail was visible. Rock samples were not photographed, unless they were
chemically stained. The bulk of the photography was done with a Nikon DS-Fil camera with a
Nikon Digital Sight attachment, mounted on an Olympus SZ-STS light microscope. Specimen
numbers were recorded in the image file name, along with photograph numbers. Images were
saved as JPEG files and are either 1280 x 960 or 2560 x 1920 pixels in size. These images
provided a record of specimen morphology before acid processing, which was vital for

specimens that were later damaged or destroyed.

2. 2. Preparatory methods
2. 2. 1. Chemical preparation

The Nova Olinda Member limestones are readily dissolved by acetic and hydrochloric acid,
whereas most of the fossil material is preserved in insoluble iron minerals. Fossil material that
is preserved in apatite will be dissolved by hydrochloric acid, but not acetic acid. Consequently,
a series of chemical digestions, acid etches, and resin transfers (described in section 2. 2. 2.)
were undertaken to further expose the fossils. Most specimens were digested or etched with
10% acetic acid. However, some specimens that were particularly well-cemented, and could
not be rapidly exposed by acetic acid, were digested or etched in 5% hydrochloric acid. If a
specimen was not at least partially exposed after two days immersion in acetic acid, it was
digested in hydrochloric acid. While this undoubtedly damaged any phosphatic preservation,
mechanically preparing these fossils risked damaging all of the fossil and would have been too

time consuming.

All digestions were carried out under a fume hood and complete digestion usually took two-to-
five days, depending on the porosity of the rock, size of the sample, and acid used. At all stages
of transfer between liquids, one-to-two drops of 10% Decon 90 were added as a ‘flow aid’

before moving the specimen. This ‘weakens’ the meniscus of the liquid, reducing the chance of

damage to the specimen as it breaks surface tension (Green, 2001).
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2.2.1. 1. Techniques and types of digestion

Most specimens were acid digested after resin transfer (explained in section 2. 2. 2.), and so
remained articulated. However, some specimens were completely digested without resin,
freeing the fossil from its matrix and forming a ‘residue’ of fossil material. In all digestions, acid
was periodically ‘refreshed’ by gently decanting and refilling. Once digestion was complete, the
remaining residue and acid were poured gently through a 100 um sieve. The 100 um sieve was
then folded into a half-dumb-bell shape and repeatedly, but carefully, dipped in distilled water
(with 10% Decon 90). The remaining digested contents were transferred to a petri dish with
100 ml of distilled water and left to dry. Finally, the material was transferred to an SEM stub

for analysis.

Sediment samples that were acid etched were first polished with 100 um chromium-nickel
spheres and distilled water on a glass disk. This provided a smooth surface on which the acid
could act, resulting in carbonate-poor areas being highlighted by high relief. Etched specimens
were dipped for ten-to-thirty seconds in 10% acetic (for ‘weak’ etching) or 5% hydrochloric
acid (for ‘strong’ etching). They were then washed with distilled water, and finally immersed in

distilled water until effervescence stopped.
2.2.1. 2. Problems and cleaning

Decon 90 was introduced as a ‘flow aid’ after one specimen (NBRLO49) revealed intact delicate
antennae, protruding several millimetres above the specimen perpendicular to laminae, that

disarticulated and fragmented while breaking surface tension.

As specimens were digested, a considerable amount of globular iron hydroxide material,
presumably microfossils such as those shown in Figure 8 (in Chapter 1), was released from the
sediment. Some of this material floated to the surface and this, combined with CO, bubbles
released during digestion, formed a thick foamy ‘scum’ on the water surface. In addition, a
‘soupy’ mixture of denser particles accumulated at the bottom of the tanks. These residues
proved particularly problematic, as any specimen passing through them would be coated in
contaminate particles. A combination of techniques were implemented to reduce the amount
of globular material coating specimens. Twice daily, the material accumulated on the water
surface was carefully removed using plastic spoons. This removed the vast majority of the
obstructing material, however an extremely thin film always remained. Plastic tweezers were
used to remove specimens from the acid, with minimal disturbance to the ‘soupy’ denser

material.
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Digestions were also monitored to prevent excessive evaporation, which results in the growth
of calcium acetate crystals around the fossil, obscuring surface details and damaging the
specimen (Figure 20: B). Once removed, specimens were gently washed with deionised water,
then transferred to triple-deionised water for 24 hours, rather than adding neutralising agents.
This was particularly important, as the addition of neutralising agents results in salt formation,

creating micron-scale artefacts and obscuring cuticular surface details (Figure 20: A).

Figure 20. A, Scanning electron micrograph of specimen covered in micro-crystals formed from
improper washing and the use of neutralising agents after acid digestion. B, Scanning electron
micrograph of crystals formed from acid evaporation. A, JW735-028; B, JW522-013. A, Scale bar =
5 um. B, Scale Bar = 10 um.

2.2.1. 3. Over-digestion

Several specimens appeared to be damaged during acid digestion. However, due to the limited
number of specimens available and the difficulty in procuring new specimens, no control
experiments were undertaken to confirm this. Below, a hypothesis for this type of damage is

presented, but it remains largely unsubstantiated.

Despite the insolubility of goethite, some specimens that were extensively digested showed
signs of damage. Specimens would ‘flake’ (delaminate) in acid, whereby the outer surface of
their epicuticle detached in exceedingly thin layers (barely visible, microns thick) (Figure 21;
Plates 14, 15, and 16). Eventually, a large portion of the specimen would disintegrate, but the
iron minerals would remain undissolved, coming to rest at the bottom of the experimentation
tank. It is possible that this damage was a result of pressure exerted by effervescence within
the cuticle as calcite cements dissolved, or from abrasion by bubbles created during

effervescence.

Prolonged digestion can also result in an unstable contact between different segments or with

the host rock/resin/stub (Plate 12: A, and Plate 13: A-D). A partial or unstable contact can
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cause further damage to a specimen if viewed under SEM, and can also introduce
contamination into the SEM chamber. A specimen that cannot dissipate its charge will be
obscured by bright white charging in the micrographs. In the most extreme cases, the charged
segment will heat up, vibrate, and eventually dislodge from its mount, potentially
contaminating the SEM chamber. For older SEM units (i.e. JEOL JSM-6100 Scanning
Microscope), severely charging specimens can also damage the imaging screen. As such, only a

few examples of heavily charging specimens were recorded (Figure 22 and Plate 12: A).

Figure 21. Electron micrograph of delaminating cuticle, highlighted by arrows. NBRL026-05. Scale bar=1
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Figure 22. Cuticle unable to dissipate its charge (due to mineralogical fabric), resulting in bright
white charging. Specimen NBRL0O30-12, head. Scale bar = 100 um.
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2. 2. 2. Resin transfer technique

During this project, an adaptation of the ‘resin transfer technique’ was used (Kihne, 1961;
Mayr et al., 2006; Escapa et al., 2010; Graham and Allington-Jones, 2015). The resin transfer
technique is used to expose the obscured ‘fresh’ surface of a fossil, by mounting the already
exposed surface into an insoluble resin medium and dissolving away the rock matrix with acid.
This reveals the obscured surface of the fossil, while preventing disintegration. This technique
was originally developed by Walton (1923) to aid in the study of palaeobotanical specimens
and, since then, multiple variations have been adapted (Abbott, 1950; Abbott and Abbott,
1952; Escapa et al., 2010; Larson and Russell, 2014; Graham and Allington-Jones, 2015).
However, most of these techniques are used in palaeobotany or the preservation of Messel
specimens and are not suitable for this project (Larson and Russell, 2014). The use of thicker
polymer resins was first proposed by Cridland and Williams (1966) and, more recently, Escapa
et al. (2010) proposed adding a second coating to the ‘fresh’ surface, then exposing the fossil

via serial polishing.

Here, a single resin transfer technique was used with two different resins. This technique most
closely resembles that of Cridland and Williams (1966), rather than the more recent rendition
by Escapa et al. (2010). Specimens were typically selected for resin transfer based on high
relief, but a damaged or poorly preserved exposed surface. Additional specimens were also
selected at random. Initially, a low-viscosity relatively expensive resin was used (Buehler
EpoThin Epoxy Resin), however this resulted in several problems. First and foremost was the
cost, but the low-viscosity of the resin also allowed it to penetrate past the fossil, masking
some of it in an insoluble mix of resin and matrix. The first sample (‘Rsn Tst’) transferred
relatively well, with some masking (Figure 23). Although the extent of masking was moderate,
fragile cuticular structures were revealed and so the methodology was not changed. After
several other successful tests, approximately 20 specimens were resin transferred at the same
time. However, many of these were less successful, and were damaged or destroyed by
masking, with the worst cases being NBRL020, 023, 038, and 044, of which NBRL0O44 is the
most extreme example (Figure 24). The extent to which a fossil was damaged in this manner
was dependant on the matrix cementation and weathering (matrix porosity), and the three-

dimensionality of the fossil itself.



Figure 23. Partial resin masking. A, Resin test specimen (Blattodea) with resin-sediment mix masking
head, portion of abdomen, and dorsal thorax. B, Fragile cuticular spines preserved intact and
perpendicular to bedding on limbs, highlighted by arrows. A, Rsn Tst-04; B, Rsn Tst-08. Scale bars =1

mm.

Figure 24. Left eye of specimen NBRLO44 (Orthoptera: Elcanidae), showing the extent of resin masking.
This eye and the cuticle surrounding it is the only unmasked portion of the specimen. X, Insoluble resin-

matrix mix. Specimen NBRL0O44-01. Scale bar =200 um.

To combat this problem, a more viscous resin that is less likely to penetrate around the fossil,
but still secure it, was sourced. Surprisingly, one of the cheapest resins (‘Bisphenol A’) met
these requirements and was sold by a local homeware shop (Wilkinsons). The downside of this

resin is that it does not cure as rigidly as EpoThin, and must be cast in thicker blocks to protect

the specimen. The revised resin transfer technique is as follows:
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This process was carried out under a fume hood with appropriate protective clothing, as
these chemicals are irritants and dangerous to the environment.

The specimen was first gently washed with acetone and distilled water to remove any
grease or dust.

A 20 mm high plasticine ‘wall’ was constructed around the fossil, approximately 5 mm
away from it, to create a reservoir for the resin (Figure 25: A). Care was taken to ensure
an adequate seal around the specimen so that no resin could escape.

Bisphenol A and its associated hardener, m-xylylenediamine, were mixed in a glass beaker
with a ratio of 1:1 for two minutes. This damaged the glass beaker, but the same beaker
could be used multiple times (Figure 25: B).

The specimen was placed in a disposable container on a level surface, and the resin
poured carefully over it until the desired thickness (minimum 10 mm) was achieved
(Figure 25: C).

The specimen was left for two days to cure under a fume hood.

Once cured, the plasticine was removed with dentistry tools (Figure 25: D).

Excess rock was then carefully removed using a rock saw or shears (Figure 25: E).

The specimen could then be subject to acid digestion as described in section 2. 2. 1. Again,
importantly the acid was not allowed to evaporate, as this would have resulted in masking
by crystal growth.

Specimen numbers were recorded separately until after acid digestion, as even

permanent marker would dislodge during digestion and contaminate the specimen.
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Figure 25. Unnumbered damaged specimen used as an example of resin transfer. A, Specimen

surrounded by plasticine reservoir. Right edge is close to fossil due to fracture through sample. B,
Damage caused to glass beaker by resin. C, Plasticine reservoir filled with resin over specimen. D,
Plasticine cleared from the specimen, leaving only cured resin over the fossil. E, Excess rock removed,

leaving specimen ready for acid digestion.

Although this technique may reveal a wealth of additional information, it is not without risk.
This technique is irreversible and any fossil must be carefully selected and an extensive record
of currently exposed material kept. Fossils that are particularly important (e.g. type specimens)
should be avoided, as there is a reasonable chance they will be destroyed. Additionally, there
is always the present danger that the specimen may not reveal any detail on its other surface,
that the resin will penetrate past the specimen, or that an insoluble micro-nodule or "halo’ may
conceal the specimen. Finally, there are questions as to the longevity of transferred specimens
and it has been suggested that the resin will degrade over time, preventing future scientists
from studying them (Meurgues, 1982). Nevertheless, when the transfer is successful, it

frequently reveals fossil material with clarity that would have otherwise remained obscured.
2. 2. 3. Thin sections

Specimens for thin sectioning were cut into rectangular cuboids to fit on a typical microscope

glass slide (75 x 26 mm). The standard methodology for creating petrographic thin sections
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was followed (Shelley, 1985). Specimens were viewed in both plane polarised and cross

polarised light.
2. 2. 4. SEM stub preparation

Specimens were selected for SEM imaging based on preliminary analysis under a light
microscope after digestion/transfer. If fine structures or well-preserved cuticle could be seen,
the specimen would be prepared for SEM viewing. In some cases, specimens would appear
well preserved under light microscopy, but have very low fidelity at the micron scale, or vice
versa. As such, some specimens were prepared for SEM viewing regardless of their apparent
fidelity. Selected specimens were mounted on a variety of steel stubs using a combination of
black carbon pads and carbon cement (conductive carbon cement Leit-C). Stub sizes varied
between 12.5 mm, 25 mm, and 32 mm in diameter, with the majority of specimens mounted
on 25 mm stubs. Specimens were orientated so that their upper surface was as level as
possible, to prevent unnecessary charging or ‘shadowing’. Gaps or arches between the
specimen and the stub were infilled with carbon cement. Conductive ‘bridges’ were added,
consisting of carbon cement connecting the stub to the upper surface of the specimen,
allowing for large specimens to be viewed without excessive coating. The carbon cement was
cured in a desiccator overnight. The specimens received a final clean with a soft squeeze
blower and acetone before sputter coating to remove any grease or dust acquired during

handling.

Most specimens were coated with a gold-palladium alloy in a Quorum Q150RES Sputter
Coater, and the rest were carbon coated in a Polaron Equipment Ltd. E5000 SEM Coating Unit
(listed in Table 1). Specimens were usually double coated as requested by the operating
technicians, resulting in a ~10 nm thick coat. This double coating was part of a non-negotiable
agreement to use the JEOL JSM-6060LV Scanning Electron Microscope (Biology Department),
as a variable pressure environmental SEM was not available in the initial stages of this project.
However, towards the end of this project, one did become available and specimens were

examined after a light carbon coating (discussed further below in section 2. 3. 1.).
2. 2. 5. SEM contamination

Contamination is an ever-present issue in SEM analysis. It can create artefacts, obscure
important structures, make a specimen look messy (implying poor execution of techniques),
and ultimately may lead to false conclusions. Aside from contamination caused by improper
storage, specimens can also be contaminated during handling or preparation. With over 160
specimens handled in this project, the majority of which were analysed under a scanning

electron microscope, improperly stored prior to acquisition, and prepared in a geochemical
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laboratory shared with undergraduates, contamination was inevitable. Figure 26 below
provides some examples of contamination that can prove problematic, and Figure 19 above

also provides an example of the most extreme contamination.

Figure 26. Examples of different contamination encountered in this project. A, Bacillus-like (non-
bacterial?) object contaminating specimen. B, Arrows highlight traces of fungal hyphae or bacterial
filaments. C, A piece of lint contaminates the disarticulated ovipositor of Parviformosus wohlrabeae
on the acid residue stub. It has abraded the fragile cuticle, highlighted by arrow, causing it to ‘flake
away’. D, Modern fungal contaminant, unusually unimploded under vacuum. A, NBRL0O71-14; B,
NBRLO57-17; C JW614-020(resi); D, FLO13-25. A, Scale bar =5 um. B and D, Scale bars = 10 um. C,

Scale bar =100 um.

2. 3. Analyses
2. 3. 1. Scanning electron microscopy (SEM)

A combination of three SEM units were used during this project. The majority of imaging was
carried out on a JEOL JSM-6100 Scanning Microscope (within SEES). Further images were also
captured on a JEOL JSM-6060LV Scanning Electron Microscope (within the Biology
Department) when the SEES SEM was pre-booked or under maintenance. Later (in 2017),

several specimens were also viewed with a more advanced EVOMA10 Zeiss Scanning Electron
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Microscope with a variable pressure environmental chamber (replacing the JEOL JSM-6100

Scanning Microscope in SEES).

Over 3,500 SEM images were captured. Typically, the first five-to-six images ‘mapped out’ the
specimen, providing a sense of overall preservation and allowing points of interest to be
identified. Additionally, if a particularly important or interesting structure was noted, a series
of images of increasing magnification towards it were also captured. Images were saved with
file names that denoted the specimen number, image number, and a brief summary of the

position or structure visible.

Working distances varied between 11 mm and 32 mm, depending on the fragility of the
specimen. Due to the extremely high relief of some specimens (up to 5mm), most specimens
were studied at approximately 13 mm working distance, as per the recommendation of SEM

technicians.

A broad range of voltages (8 — 20 kV) were used in this project, depending on the fragility of
the specimen and how effectively it dissipated charge. Only the most durable specimens could
be examined at 20 kV, and this was rarely used. Most specimens were examined between 12
kV and 16 kV, and only the most fragile specimens were examined under 10 kV. For most

specimens, the spot size (probe diameter) was kept at the default 60 nm.

The analyses undertaken on the EVOMA10 Zeiss SEM were carried out at voltages between 10
— 20 kV. Working distances varied between 11 — 13 mm. | Probe currents varied between 5 pA
and 200 pA. These variations allowed for images of uncoated specimens to be captured at high
magnifications (up to 85,000 x). Only newly acquired fossils (to compare other Lagerstatten,

discussed in Chapter 4. 1.) were examined uncoated.

Specimens were examined at a range of magnifications. The maximum magnification imaged
during this project was 85,500 x magnification, although most sites of interest were easily

visible between 1,600 x and 4,000 x magnification.
2. 3. 2. Energy dispersive X-ray (EDX) analysis

Energy dispersive X-ray analysis (EDX) was used in this project to determine the elemental
composition of the Nova Olinda Member fossils, their surrounding sediment, and other
structures within the sediment (e.g. coprolites). During energy dispersive X-ray analysis, a
sample is bombarded by a focused beam of electrons. This excites the bombarded atoms,
resulting in the ejection of low-energy shell electrons (Goldstein et al., 2007). As an electron
from a higher energy shell moves into the lower energy shell of the ejected electron, it

releases energy in the form of an X-ray. Each element produces a characteristic X-ray
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spectrum, which is treated as photons with specific energies, allowing for localised chemical
analysis when detected (Goldstein et al., 2007). Analyses can be located on a single ‘spot’,
focusing on one location on the specimen, or the beam can be scanned in a television-like

raster, resulting in an elemental distribution ‘map’ (CFAMM, 2018).

The precision of this technique is limited by statistical error during photon counting (Goldstein
et al., 2007), and overall accuracy is commonly £ 2% (CFAMM, 2018). Additionally, the
resolution of chemical analysis is controlled by beam penetration, which is in turn controlled
by beam strength (keV) and sample density. Standard operating energies (20 keV) analysing an
‘average’ density silicate sample (~ 3 g per cm?) results in an analysis ‘dept’ (resolution) of

about 2 um into the sample (CFAMM, 2018).

In addition to statistical errors and low analysis resolution, care must be taken to exclude
‘background’ readings. ‘Background’ is a result of the bombarding electrons also producing
their own continuous X-ray spectrum. This results in non-present elements being detected in
small amounts. ‘Background’ can be compensated for by long counting times (ideally

approximately 20,000 counts) (CFAMM, 2018).
2. 3. 2. 1. Limitations of Energy dispersive X-ray (EDX) analysis in this project

To achieve the best results, specimens should be polished to a flat surface (CFAMM, 2018). In
this project, fragile fossil specimens were analysed that could not be polished without
obliterating cuticular surface details. Consequently, there is some inherent error due to
topographical variations of the samples analysed. Additionally, several analyses were
undertaken under strict time constraints, resulting in low counts, and so some samples identify

trace elements that are likely part of the ‘background’.

Acceleration voltage should, ideally, not be less than half of the highest excitation energy of
any elements present (CFAMM, 2018). Iron was the element with the highest excitation energy
in the Nova Olinda Member fossils (7.11 keV), and so the acceleration voltage should not have
been lower than 14.22 keV (CFAMM, 2018). Some of the fragile fossil material analysed could
not withstand high voltage electron bombardment without risking damage, and so some
analyses were undertaken at lower than optimal voltages, with some as low as 10 keV.
Although this resulted in inadequate intensities and less reliable analyses, it was requested by

University of Portsmouth technical staff.

Initially, a JEOL JSM-6060LV Scanning Electron Microscope (Biology Department) with an
OXFORD Instruments X-Max EDX attachment was used for EDX analysis. This equipment
provided elemental maps of three specimens: FLO15, NBRLO11, and NBSEDOQ1(a). Later in this
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project (in 2017), further specimens were analysed with new EDX equipment. An EVOMA10
Zeiss Scanning Electron Microscope with an Oxford Instruments X-MAX80 EDX attachment was
used to provide pin-point and scan analyses. From these analyses, seventeen EDX plates were

created (EDX Plates 1-17).

To use the electron equipment in the Biology Department, specimens were required to be
double sputter coated and specimens FLO15, NBRLO11, and NBSEDO1(a) were coated with a
gold-palladium alloy. This coating allowed for high-magnification images to be captured, but
impacted EDX analyses. When plotted on a spectrograph, some peaks for gold alloys overlap
with other elements (e.g. rubidium and sulphur), making them difficult to discern (Newbury,
2009). It is possible that these elements are more abundant in these samples than observed in

this project.

The later analysis of specimen HT001 was attempted without sputter coating, but no clear
images could be resolved at high magnification. Consequently, it was sputter coated with
carbon, resulting in carbon being precluded from the EDX analyses of this specimen. Other

analyses excluded carbon due to the use of a carbon filament.
2. 3. 3. X-ray diffraction (XRD)

To confirm the exact mineralogy of replacement for both ‘weathered’ and ‘unweathered’
phases, two samples (NBNEWO1 and HT0O1 respectively) were subject to X-ray diffraction
(XRD) in a PANalytical X’PERT-3 diffractometer. Samples of cuticle were taken from each
specimen, ground to a powder, homogenized, randomly orientated on a glass slide, packed
into a sample container, and irradiated with X-rays (Klug and Alexander, 1974). This resulted in
constructive interference, which, when Bragg’s Law was met, could be plotted on a X-T
intensity plot diffractogram (Klug and Alexander, 1974). This diffractogram was then compared
against a database of standard reference patterns, allowing for mineral identifications. Any
mineralogies that make up less than two percent of the sample were not detected (Klug and
Alexander, 1974). Technical settings, including scan axis, step size, scan time, scanning type,

anode material, etc. are available in the appendices (Appendix 8. 6.).

X-ray diffraction was also attempted for clay minerals in a weathered Nova Olinda Member
sample (offcuts of specimen NBNEWO1). Although clay minerals have been observed
concentrated in bacillus-like structures within the sediment (Figures 9 and 10 in Chapter 1), X-
ray diffraction analysis could not detect any clays. The sample was repeatedly treated to
separate clays, including acid dissolution of the calcium carbonate sediment, centrifugal
separation, and orientation on a glass slide to increase basal reflection. However, it appears

that they are present in quantities too small to detect. As such, given the depositional
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environment, lack of clays in the surrounding sediment, proposed feeding-strategy of Dastilbe,
and the platy/blade-like nature of the clays, it is likely that they are detrital. EDX Plate 14 (and

Figure 10) also confirmed that they consist of Al, K, and Si, suggesting that they may be illite.
2. 3. 4. Transmission electron microscopy (TEM)

The use of transmission electron microscopy (TEM) to reveal the nanometre-scale structure of
individual crystals within the Nova Olinda Member fossils was discussed for this project.
Professor Simon Cragg, a researcher in the biology department and principle operator of the
TEM, refused its use for this project. This was due to the TEM being configured for biological
samples, rather than geological samples and the hard-preserving minerals would have

damaged its fragile glass cutting blades.
2. 3. 5. Thin section analysis

As discussed above (in section 2. 2. 3.), two specimens (NBRLO17 and NBSEDO2) were selected
for thin sectioning with the aims of identifying the mineralogical fabric of the sediment,
mineral infills, determining the differences between light and dark laminae, and highlighting
the effect of an insect carcass on the surrounding sediment. Specimens were viewed under
plane polarised light and cross polarised light. Images were captured using a Nikon DS-Fil
camera with a Nikon Digital Sight attachment, attached to a MP3502B Petrographic
Microscope. Much like the SEM analyses, image file names were saved as the specimen

number, image number, and additional information about the examined site.
2. 3. 6. Chemical staining

As some of the matrix crystal morphologies were suggestive of dolomite (EDX Plates 11 and
12; Plates 1 and 5), two specimens (offcuts of NBRLO17 and NBRLO11) were stained with
alizarin red solution to determine their calcium carbonate verses dolomite content (Hobbs,
1954; Evamy, 1963). Before staining, specimens were cleaned with distilled water, then acid
etched for ten seconds with 1.5% hydrochloric acid. Finally, the specimens were stained with
alizarin red solution for two minutes, producing high-intensity red stains, indicating a 99%

calcium carbonate content and little-to-no dolomite (Figure 5 in Chapter 1).
2. 3. 7. Tests for ferromagnetism

To assist in identifying the mineralogy of the unweathered matrix, ferromagnetic separation
was undertaken. Offcuts from specimen NBSEDO1 were cut into 1 cm? blocks with a rock saw,
then crushed into a fine powder with a rock crusher and tungsten carbide micro-balls.
Tungsten carbide is an extremely hard (91 HRA), wear resistant, stiff (a Young Modulus of

Elasticity of 98,000,000 pounds per square inch), inert, non-magnetic, and temperature-
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resistant (consistent performance up to 427°C) material that is useful as an abrading agent in
geological studies (Cardarelli, 2008). The powder was then passed through a magnetic

separator.
2. 3. 8. Statistical analyses
2. 3. 8. 1. Taphonomic index

In addition to the specimen numbers and taxonomic identifications, a series of taphonomic
characters were also recorded for each specimen (Tables 8a-c in Appendices 8. 7.). The
purpose of these was to create a taphonomic dataset, which could be subject to statistical
analyses (discussed below in sections 2. 3. 8. 2. and 2. 3. 8. 3.) or from which a taphonomic
index could be derived. This taphonomic index represents an average score of taphonomic
characters for each specimen and allows for a quick approximate comparison between
specimens. The indices could also be compared against taxonomy, ecology, flight strength,

trophic level, etc., and allow for taphonomic trends to be identified.

Taphonomic measurements are divided into two categories, based on the type of data

collected:

e ‘Completeness characters’ are characters measuring the presence or absence of
tissues. Most of these are divided into percentage ranges of tissues present (0%, 1-
24%, 25-49%, etc. (interval answer options)). However, soft tissues are often difficult
to discern and so they are measured in simpler categories (well preserved, moderately
preserved, poorly preserved, none present (ordinal answer options)).

e ‘Non-Completeness characters’ measure other aspects of the fossil that relate to its
fidelity of preservation. These include whether fragile protruding micro-structures
(such as setae) are preserved erect or pressed flat against the fossil (or preserved at
all), if cavities are infilled, hollow, or crushed, the highest relief of the specimen, and
how extensively each segment is fractured/broken. All ‘non-completeness characters’

have ordinal answer options (i.e. high/moderate/low).

Only fossils that had not been destroyed or heavily damaged by the resin transfer technique

were included, resulting in a total of 64 specimens analysed.

The data are presented in Table 8a, with two additional tables separating completeness (Table
8b) and non-completeness taphonomic characters (Table 8c) (all available in Appendices 8. 7.).
The scores for these characters were then normalised, by assigning each answer a value
between 0 and 1, depending on how many possible answers there were (i.e. ‘none, patchy,

extensive’ became ‘0 / 0.5/ 1’). An average was then taken from these normalised characters,
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giving the taphonomic index value. This value represents the ‘average’ preservation of the
specimen. The majority of characters measured completeness and only characters that could

be observed were included in the calculation of the taphonomic index.
2. 3. 8. 2. Cluster analyses

The data matrix used to generate the taphonomic indices presented above were also subject
to several explorative cluster analyses using the software ‘PAST’ (Hammer and Harper, 2006).
Cluster analyses organise specimens into groups based on similarities between their measured
characters. The purpose of these analyses is to detect relationships within the data, and cluster
specimens accordingly. These clusters could then be compared against taxonomy. Clusters of
the same insect family could imply a taphonomic trend within that family, which could then be

compared further against their ecology or morphology.

Specimens that had not been coded into the matrices were excluded from the cluster analyses,
resulting in a total of 64 specimens analysed. Analyses were undertaken for Table 8a (all
taphonomic characters) and Table 8b (completeness characters only). Table 8c (non-
completeness characters) was not subject to cluster analyses, as the data relied entirely on

simpler ordinal groups, and would have resulted in less robust analyses.

Although the characters analysed were normalised into values between 0 and 1 (as explained
above), this was done for the index calculation and not specifically for the cluster analyses. The
assigned value is arbitrary, as the data includes ordinal and interval characters. Consequently,
the most appropriate algorithm for non-binary ordinal datasets is Paired Grouping (UPGMA)
with a Gower similarity index (Hammer and Harper, 2006). However, as the data also include
interval characters (and therefore does not correspond to text-book examples for Gower
similarity), the ‘default’ Euclidean similarity index was also undertaken for comparison

(Hammer and Harper, 2006).

In addition to the standard R-mode cluster analyses described above, the dataset was also
transposed and subject to Q-mode cluster analyses. These investigate the relationship
between characters, and produce clusters based on the co-occurrence of characters (e.g.
Cullen and Evans, 2016). As some of the characters were only observable in a few specimens,
the datamatrix was ill conditioned, resulting in pairs of rows with no common known values,
and ultimately the failure of the Q-mode cluster analyses. This was overcome by removing a
single abdominal character row that was present only in three specimens: “Other: "

abdominal segment. This character was added initially to include various external genital

structures (e.g. gonoxocae, gonostyli, parameres, etc.) in the taphonomic index, but the rarity
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of these structures resulted in the vast majority being un-coded. As with the R-mode analyses,

both Gower and Euclidean similarity indices were used with Paired Grouping (UPGMA).
2. 3. 8. 3. Principle coordinate analyses

As will be discussed later (in Chapter 3. 9. 4.), the cluster analyses yielded weak clusters. To
corroborate these, principle coordinate analyses were also undertaken in ‘PAST’ for both
datasets (Hammer and Harper, 2006; Minter pers. comm., 2017). In these analyses, only

Gower similarity indexes were used (Hammer and Harper, 2006).

A principal coordinate analysis replaces the ‘raw’ matrix data with a similarity matrix. This
multidimensional data can then be condensed into two dimensions by calculating an
Eigenvalue for each sample (Gower, 2005). In practicality, these analyses allow for complex
multidimensional data to be visualised as simplistic two-dimensional scatter plots, where

clusters can be identified easily (Hammer and Harper, 2006).
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Chapter 3. Fidelity of preservation

3. 0. Preface

The methodologies outlined in Chapter 2 allowed for the Nova Olinda Member fossil insects to be
analysed, revealing their chemical composition, mineralogical replacement fabrics, original
morphology, and artefacts created by decay/curation. These revealed several key minerals (pyrite
and its weathering products, apatite, and calcite) preserving insect tissues as internal coatings,
direct replacements (impregnations), and cavity infills. In this chapter, the fossilising minerals are
identified, their mineral fabrics are described, the preserved insect morphology is demonstrated,
and artefacts of decay and curation are suggested. Mineral fabrics and preserved insect
morphology are discussed separately to prevent the misinterpretation of mineralogical fabrics as

original insect morphology.

3. 1. Barling et al. (2015)

This chapter incorporates material from Barling et al. (2015), including text, figures, and
interpretations. As Barling et al. (2015) is a multi-author paper, the approximate percentage
contribution from each author is outlined: Nathan Barling (75%), David M. Martill (10%), Sam W.
Heads (10%), and Florence Gallien (5%).

In addition to its incorporation here, a copy of Barling et al. (2015) is included in the appendices of

this thesis (Appendix 8. 2. 2).

3. 2. The range of preservational fidelities

Nova Olinda Member fossil insects are known to be exceptionally well-preserved (Bechly, 1998c;
Menon and Martill, 2007; Delgado et al., 2014; Barling et al., 2015; Osés et al., 2016), however
some specimens examined in this project were relatively poorly preserved (fragmentary with
micron scale original morphology obliterated by mineralogical textures). Consequently, it is more
accurate to describe them as having a range of preservational fidelities (or ‘qualities’). Although
the insects are commonly complete (abdomen, thorax, head, appendages, and wings articulated)
and often appear to be flattened on the bedding plane surface, they are in fact mostly restricted
to a single lamina and may exhibit varying degrees of three-dimensionality within it. Infrequently,
some appendages, especially limbs, may lie at a high angle to the plane of bedding (discussed
further in section 3. 5. 1. 4.; Figure 48: B and C), perhaps indicating submersion in somewhat

soupy substrates (sensu Martill, 1997).
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The specimens examined here were donated due to their relatively poor preservation when
viewed in hand specimen. Consequently, they represent relatively poor-quality examples of the
Nova Olinda Member fossil insects, giving the collection a below-average fidelity of preservation.
Despite this, a broad range of preservational fidelities (both in hand specimen and under SEM)
were identified among the specimens. Before demonstrating the exceptional preservation of

these fossils, ‘exceptional preservation’ itself must first be defined.
3. 2. 1. Definition of exceptional preservation

Fossils are widely considered to be exceptionally preserved if they preserve ‘volatile non-
mineralizing tissues (soft tissues) that are readily degraded by bacteria’ (Allison and Briggs,
1991a,b, 1993). As even heavily sclerotized cuticle can be readily degraded by bacteria
(Chitinophaga) in optimal conditions, many authors consider all insect fossils to represent
exceptional preservation (Martinez-Delclos and Martinell, 1993; Martinez-Delclos et al., 2004;
Smith et al., 2006; Lee et al., 2007; Zhang et al., 2010; Ma et al., 2012; McNamara, 2013), which
does not allow for clarification between insect fossils of varied preservation. Here, a specimen is
considered exceptionally well-preserved if it retains fragile morphological structures (e.g. setae,
microtrichium), micron-scale cuticular details (e.g. cuticular scales, ommatidia), discernible
internal tissues (e.g. organs, muscle fibres, trachea, etc.), or details at or below the cellular level
(cells and cell organelles). Consequently, even a fragment of cuticle would be considered well-

preserved under this scheme, so long as it retained at least one of the features listed above.
3. 2. 2. Fragmentary specimens

Many Nova Olinda Member insect fossils appear extremely well-preserved in hand specimen and
are often complete with appendages intact. As might be expected from a Konservat Lagerstatte,
these specimens often show a remarkable amount of detail preserved at the micron scale. There
are, of course, exceptions to this and some specimens that appear complete and well-preserved
in hand specimen may reveal little or no morphological detail at the micron-scale. Conversely,
many specimens preserved as fragmentary remains or isolated segments retain remarkable
micron-scale preservation. This suggests that damage to the Nova Olinda Member insects is a
result of in-vivo activities (perhaps attributable to predation, intra-species competition, or sexual
competition) or post-mortem damage (e.g. decay, abrasion, or scavenging) prior to burial, rather
than incomplete fossilisation or diagenetic alteration. Consequently, fragmentary specimens
analysed here are considered to reflect the taphonomic state of the specimen upon arrival at the

site of burial.
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3. 3. Replacement mineral identifications

The geochemistry of fossil insect preservation in the Nova Olinda Member has been discussed
previously by Grimaldi and Maisey (1990), Menon and Martill (2007), Delgado et al. (2014), and
Osés et al. (2016) (see Chapter 1. 10.). These studies report that the Nova Olinda Member insect
fossils are primarily preserved in two minerals: goethite (pseudomorphing pyrite), and calcium
phosphate (likely francolite, see Martill, 1998), both of which are corroborated here. In addition
to these, calcite has also been observed infilling these fossils (Plates 2 - 4). Other rarer
replacement minerals are reported (e.g. silica ‘halos’, Menon and Martill, 2007), but were not

observed in this project and so are not investigated.

Goethite replacements appear as an orange-to-brown globular friable material that can be
damaged easily by touching the specimen. This style of preservation is encountered in the
weathered, buff coloured limestones (Menon and Martill, 2007). In the unweathered (blue/grey)
limestones, the fossils are black and more delicate. The goethite specimens are weathered
versions of the black (pyrite) fossils, in which the original replacement mineral has been oxidised

in situ over a prolonged period, perhaps in the last few thousand years (Menon and Martill, 2007).

To corroborate the presence of previously reported preserving minerals and describe their fabrics
(and therefore aid in understanding the processes of mineralisation), the fossils are analysed both
chemically and texturally in this project. This allowed for the previously presented preservational
models (e.g. Osés et al., 2016) to be investigated and improved upon. Below,
mineralogical/chemical analyses are presented, followed by descriptions of mineralogical
textures. Later in section 3. 5., examples of exceptionally preserved insect tissues are presented,
followed by fabrics that are interpreted as artefacts of decay or curation (sections 3. 6. and 3. 7.
respectively). These allow for the mineralogical fabrics described here to be discussed without

misinterpretation of insect morphology and artefacts.

Various techniques were implemented to identify minerals in not only the Nova Olinda Member
insect fossils, but also the surrounding matrix and structures within it. As several of these are
constituted of the same minerals as the fossils, the results are presented below separated by

technique, rather than by minerals detected.
3. 3. 1. Thin section results

Specimen NBRLO17 (Orthoptera) was sectioned through the fossil with the aim of identifying fossil
infills and the effect of the fossil on the surrounding sediment. Light microscopy revealed infills
with a birefringence typical of calcite (Plate 2: A-B and Plate 6), with most of the cavity infilled by
relatively large crystals (sparry calcite cement) (Plate 2: B). Specimen NBRLO17 also revealed

minor ‘soft’ sediment deformation around the fossils (Plate 6: A-B), along with ‘leaching’ of iron
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minerals into the surrounding sediment, indicated by diffuse boundaries between rusty-brown
fossil material and the pale cream sediment (Plate 6). In some cases, this boundary is sharp and

indicates where cements inhibited the diffusion of iron minerals further into the sediment.

Specimen NBSEDO02 was sectioned, allowing for more aspects of the sedimentology of the Nova
Olinda Member to be viewed without the influence of insect body fossils (Plates 7, 9, and 11).
Nevertheless, two elliptical structures (probably mineralised EPS or ostracods) were discovered
within the sediment. In addition, a vast abundance of spherical microfossils were present
throughout the sediment (Figure 8; Plate 7: A-D), forming long chains (Plate 7: B) and rarely
preserving evidence of mitosis (Plate 7: D). Numerous Dastilbe coprolites were also present,

containing a mix of globular goethite, spherical microfossils, and blades of clay (Plate 9).
3. 3. 2. Specimen staining

All sedimentological specimens that were stained with alizarin red solution reacted rapidly,
resulting in a deep pink-to-red stain. This is strongly indicative of a > 99% calcium carbonate

content and an absence of dolomite (see Figure 5 in Chapter 1).
3. 3. 3. Magnetic Testing

Offcuts from specimen NBSEDO1 (unweathered) were prepared for magnetic separation. During
the separation, attention was paid to the black material (iron sulphide phases), as the pale cream
powder represented the calcium carbonate matrix. Both magnetic and non-magnetic black
material was detected, indicating a mixture of iron mineral phases, and therefore a more complex
geochemistry than previously suggested (Grimaldi and Maisey, 1990; Menon and Martill, 2007;
Delgado et al., 2014; Osés et al., 2016).

Although goethite is known to have some magnetic properties (Barthelmy, 2015b), it can be
omitted for several key reasons. Firstly, the magnetic mineral was black, rather than the rusty
brown of goethite. More importantly however, goethite is non-magnetic unless heated to 120°C
in the presence of a magnetic field (thermoremanent magnetization) (Strangway et al., 1968) and
the Santana Group is estimated to have reached temperatures of only 100°C prior to weathering
(Neto et al., 2013). Consequently, the magnetic material could represent greigite (the sulphide
analogue to magnetite) or a weakly magnetic form of mackinawite (Rickard, 1974; Kwon et al.,

2011). The non-magnetic material represents pyrite (explained below).
3. 3. 4. Energy dispersive X-ray spectroscopic analysis (EDX)

Energy dispersive X-ray analyses (EDX) were undertaken to determine the elemental composition
of both weathered and unweathered Nova Olinda Member insect fossils, as well as the

surrounding matrix. Both pinpoint analyses and elemental maps were implemented. EDX results
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are presented across 17 plates (EDX Plates 1-17). Both pinpoint and mapping spectra provide
elemental readings of not only the surface elements, but also elements several microns below it.
Additionally, due to the use of a carbon filament (and a light carbon coating), carbon has been
omitted from several spectra. Elements marked in red had a 10 error of > 10%, and are less

reliable identifications.

EDX Plates 1 and 2 provide an elemental map of a ‘weathered’ Nova Olinda Member insect fossil,
demonstrating Fe and O mineral replacement (goethite) and a stark contrast between the
preserving minerals and surrounding Ca- and O-rich (calcium carbonate) sediment (Figure 27;

Plates 1 and EDX Plate 2).

Figure 27. Contrast in elemental composition of Ca and Fe between fossil insect tissues and the sediment in

the Nova Olinda Member. Specimen FLO15. Scale bar =1 mm.

A further EDX map was also captured of an ‘unweathered’ specimen (EDX Plate 3), highlighting Fe
and S (pyrite) as the primary elements preserving cuticle as well as Ca, P, and O (apatite)
preserving some internal soft tissues (EDX Plate 3). This analysis also detected an abundance of Sb
in the matrix. Sb (Antimony) is known to precipitate with calcium carbonate from copper-
containing sulfuric acid solutions, usually during industrial copper purification via electrolysis, but
can also occur in nature (Omarov et al., 2016). However, Ca is known to be misidentified as Sb by
automated elemental spectroscopic software due to their similar peak energies (Calcium Ka
3.690; Antimony La 3.604) and, given that no other analyses have detected Sb in the Nova Olinda
Member, this is very likely the case here (Newbury, 2009). Further pinpoint analyses of
unweathered fossil insect cuticle revealed an assortment of elements (Ca, O, P, S, Fe, Mg), which
represent several key diagenetic minerals, including some that may be a result of ‘minor
weathering’ (i.e. gypsum). EDX Plate 4 provides five-point spectra of unweathered wing cuticle.
Spectra 8 and 9 were generated from the surrounding matrix, revealing abundant Ca, O, rarer Fe
and S, and traces of Si, Mg, and Al. Spectra located on the wing cuticle are dominated by O, S, and

Fe, with traces of Mg, Si, P, and Pd (Spectra 5, 6, and 12).
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EDX Plate 5 provides three spectra generated from relatively unweathered (i.e. retains pyrite,
lacks goethite) insect cuticle (thorax/abdomen) and exposed internally preserved structures. All
three spectra reveal Ca, O, S, and Fe at varying levels depending on location, as well as traces of P,

Mg, and N. Spectrum 11 reveals a small amount of Fe, despite being located on insect cuticle.

EDX Plate 6 also provides three spectra of unweathered insect body cuticle, focussed on an area
of high relief. This area of cuticle is coated in disorganised anhedral grains (Figure 28: A). Spectra
of smoother portions of cuticle reveal abundant Fe, O, and S. Spectra that are positioned on the

anhedral grains reveal O, S, and Ca (suggesting gypsum).

EDX Plate 7 is the highest magnification analysis of unweathered insect cuticle and provides four
spectra. The spectra are located on relatively smooth insect cuticle, or on fragments of
disarticulated internal tissues (preserved as amalgamated and intergrown tubular grains, Figure
28: B). Spectra of smooth cuticle reveal a Fe-poor composition, dominated by O and S. The

disarticulated fragments of internal preservation are composed of O, Ca, and S, with rare Mg.

Figure 28. A, Scanning electron
micrograph from EDX Plate 6.
Arrows highlight disorganised

anhedral grains. B, Scanning electron
micrograph from EDX Plate 7
displaying relatively smooth insect
cuticle (spectra 31 and 33) and
fragments of disarticulated grains of
internally preserved tissue (spectra
30 and 32). Specimen HTO01. A,
Scale bar = 50 um. B, Scale bar =10

um.

Specimen HT001, the
‘unweathered’ fossil insect used
in these EDX analyses, frequently
displayed needle-like crystals
protruding from gaps in
otherwise globular cuticle (Figure
29). EDX Plate 8 provides five
spectra of these needle-like

crystals and the surrounding

cuticle. They are composed of O, : TOum
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S, and Ca. The surrounding cuticle is composed of abundant O, S, and, to a lesser extent, Ca, as

well as traces of Fe.

Spum
Figure 29. Needle-like crystals, likely gypsum, protruding from unweathered insect cuticle. Spectrum 13 is

located on the crystals. Specimen HT001. Scale bar =5 um.

Two further analyses were undertaken on a weathered insect specimen. Specimen FLO19 was
subject to point EDX analyses, focusing on infilling minerals and the preservation of fibrous
material. This specimen was heavily Au sputter-coated, and so Au was detected in abundance in
all analyses. Carbon was also excluded. EDX Plate 9 analysed the exposed internal contents of the
forelimb. Spectra 1 and 8 revealed that the mineral infills are composed of Ca and O, indicating
that they are calcite. Spectra 2 and 4 corroborated reports of Fe and O (the iron oxyhydroxide
mineral goethite) preserving cuticle. Spectra 6 and 7 also corroborated the presence of Ca, O, and
P, indicating that the fibrous soft-tissues are preserved in calcium phosphate. The presence of P
was partially masked by the high Au coating peak, and so it may be more abundant than detected

(Gold M 2.120; Phosphorous Ka 2.013) (Newbury, 2009).

EDX Plate 10 analysed the exposed internal genitals (ovaries) of specimen FLO19. The results of
this analysis were very similar to EDX Plate 9, with spectra 28 and 29 revealing the mineral infill as
calcite, and spectra 32, 34, and 35 also revealing cuticle preservation in goethite. The fibrous soft
tissues were not observed to contain P in spectra 30, 31, 33, and 38. However, as noted above,
the abundance of a thick Au-Pd coating may be masking the presence of P. In spectrum 30, the

large Au peak that may mask the presence of P is highlighted by an arrow. Two spectra (36 and
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37) were located on a granular area that preserved fragments of fibrous tissue over a mineral
infill. These spectra revealed an abundance of Fe, O, and Ca, as well as trace Si. Again, the
presence of P in these spectra was likely masked by abundant Au. All of these analyses were

undertaken at optimal settings (Kv =20, WD = 14.5 mm, | Probe = 200 pA) (CFAMM, 2018).

EDX Plate 11 and 12 provide an elemental map of etched sediment and a single etched calcite
rhombohedron from the Nova Olinda Member respectively. Elemental maps reveal an abundance
of Ca, O, and C, as well as rarer Fe, Mg, Cl, and Sr. The presence of Cl and Sr is dispersed evenly
across the sediment samples in minute amounts, indicating that these are background readings.

Peaks for S may have been masked due to an Au-Pd sputter coating.

In addition to examining the elemental composition of the sediment, non-sedimentological
structures within the sediment were also analysed. EDX Plate 13 examines a Dastilbe coprolite in
cross section perpendicular to bedding, revealing not only the distribution of elements within it,
but also highlighting its three-dimensionality. The coprolite is composed of Fe, O, Si, Al, Mg, and
Cl. The Fe and O are distributed throughout the coprolite in globular grains, whereas Si, Al, and
Mg are restricted to blade-like clays. The presence of Cl s likely a background reading. As with

EDX Plate 11 and 12, S could not be detected due to an Au-Pd sputter coating.

Associated with one of the coprolites was a particularly large (> 100 um) aggregate of clay
minerals. This aggregate was elementally mapped (EDX Plate 14), revealing Al, Si, K, and rarer Mg.

Small clusters of Fe are present as discrete grains around the clays.

The final series of EDX analyses were of unweathered sediment (EDX Plates 15-17). The purpose
of these was to map the elemental composition of the unweathered sediment, as well as the
unweathered microfossils within it. In EDX Plates 15 and 16, calcium carbonate rhombohedra
were not easily discernible. Instead, the matrix consisted of disordered anhedral grains. Despite
this, they still mapped as Ca, O, and C, indicating that they too are calcium carbonate. Small
amounts of Si were also detected within the sediment as distinct grains, presumably quartz sand
or silt. Spherical microfossils were mapped as containing abundant Fe and S across all three
analyses (EDX Plates 15-17). Despite the Au-Pd sputter coating, large S peaks were detected and
restricted to the spherical microfossils. As such, despite the potential for masking from the
sputter coating, it is reasonable to conclude that these microfossils are preserved in aniron

sulphide (pyrite).
3. 3. 5. X-ray diffraction (XRD)

Two specimens were analysed with XRD, one (HT001) containing ‘unweathered’ cuticle and the
other (NBNEWO1) with weathered cuticle. For both samples, a diffractogram (intensity plot) was

generated and compared against a database of standard reference patterns (Figures 30 and 32). A
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table of corresponding minerals is given, along with their standard intensity patterns (Tables 2
and 3; Figures 31 and 33). The intensity of each diffraction was relatively low (< 2000 counts) due
to the extremely small sample size. This does not directly alter mineral identifications as the
intensities of characteristic peaks are relative to each other. Instead, it simply makes
distinguishing peaks from random background variations (‘noise’) more difficult. Nevertheless,

several minerals were identified.

Specimen HTOO1 (Figure 30) is dominated by calcium carbonate (80%), but also contains hydrated
calcium sulphate (gypsum, 13%) and pyrite (7%) (Table 2). In the diffractogram, calcium carbonate
peaks are denoted in blue, pyrite peaks in green, and calcium sulphate peaks in grey, which can all
be compared to standard intensity patterns for these minerals (Figure 31). Only one peak (at
17.307, highlighted in Appendices 8. 6.) is unmatched, indicating that another mineral is present
and unidentified (partially masked by the other minerals), or that one of the mineral
identifications is incorrect. Additionally, any minerals that are below 2% total mass of the sample
were not detected. There are many different reference patterns available for these minerals and,
interestingly, the pyrite was most closely matched with a synthetic form. As these fossils are
certainly not synthetic and an additional unmatched peak is present, the mineralogy is still
unresolved. It is extremely likely that the iron sulphide mineral identification is inaccurate and/or
that other iron sulphide minerals are present. Consequently, it is probable that the iron sulphide
is simply a non-synthetic form of pyrite or a combination of several iron sulphides dominated by

pyrite.

E
T
bl

Figure 30. X-ray diffractogram of specimen HT0O01. Blue peaks correspond to calcium carbonate. Green

peaks correspond to pyrite. Grey peaks correspond to hydrated calcium sulphate.
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Table 2. Mineral identifications within specimen HT001.

Ref. Code, Compound Approximate Scale Fac. Chemical Mineral
Name Name Semi- percent Formula
Quant. (%)
01-086-2334 Calcium 80% 0.970 Ca(CO0s) Calcite
Carbonate
01-079-0617 Iron Sulphide 7% 0.072 FeS> Pyrite
(synthetic)
01-070-7008 Calcium 13% 0.084 Ca(SO4) ® H20 Gypsum?
Sulphate
Hydrate
Peak U
L Lol L
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Figure 31. Standard intensity patterns for the minerals identified in the X-ray diffractogram of specimen
HTO001. No vertical measurement is provided, as mineral identifications are based on relative intensities and
peak position (°20). Topmost row is copper (anode material, orange). Below that is calcium carbonate

(blue), followed by pyrite (green), and finally calcium sulphate (grey).

Specimen NBNEWO1 produced a diffractogram (Figure 32) dominated by calcium carbonate, but
also containing goethite (Table 3, percentage data not available). In the diffractogram, calcium
carbonate peaks are denoted in blue and goethite peaks are denoted in green, which can be
compared to standard intensity patterns for these minerals (Figure 33). One peak was not
matched with a mineral (at 28.251, highlighted in Figure 32 and Appendices 8. 6.), indicating that
the mineralogy is unresolved. Unlike HTO01, NBNEWO1 contains no iron sulphide minerals and the
peak may be a result of the polycrystalline nature of calcium carbonate (Dunlop [James] pers.

comm., 2017).
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Figure 32. X-ray diffractogram of specimen NBNEWO1. Blue peaks correspond to calcium carbonate. Green

peaks correspond to goethite. Counts exceed 3,000. Black arrow highlights unmatched peak.

Table 3. Mineral identifications within specimen NBNEWO1.

Ref. Code, Name Compound Name Scale Fac. Chemical Formula Mineral
Semi-Quant. (%)

01-072-4582 Calcium Carbonate 0.963 Ca(C0s) Calcite

00-008-0097 Iron Oxide Hydrate 0.165 Fe203 @ H,0 Goethite

40 50 &0 TO D w 100 110 1D pE 140

Posgden [T (Copper DU

Figure 33. Standard intensity patterns for the minerals identified in the X-ray diffractogram of specimen
NBNEWO1. No vertical measurement is provided, as mineral identifications are based on relative intensities
and peak position (°20). Topmost row is copper (anode material, orange). Below that is calcium carbonate

(blue), followed by goethite (green).
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As noted in Chapter 2, additional technical settings, including scan axis, step size, scan time,

scanning type, anode material, etc. are available in the appendices (Appendix 8. 6.).

3. 4. Replacement fabrics

As demonstrated above, Nova Olinda Member fossil insect tissues are preserved in several
different minerals, resulting in a variety of preservational fabrics. Here, these fabrics are
described and examples provided. Before each fabric is addressed in detail, a schematic summary
is presented outlining the major fabrics and some of their variants (Figure 34). These include 1)
granular-to-nanocrystalline impregnations, 2) pseudomorphed pseudoframboids, 3) globular
impregnations and incrustations, and 4) mineral infills. These different fabrics often correspond to
different insect tissue types and so they are presented in three sections below: those that replace
external cuticle, those that coat the interior of the cuticle and fill the body cavity, and those that
are observed replicating internal labile soft-tissues. The original insect morphology observed in

this project (and its fidelity) will be described later in section 3. 5.
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Figure 34. Schematic diagram showing the mineral fabrics observed in Nova Olinda Member insect fossils. A, Schematic

cross section of insect tissues: 1, Seta. 2, Spiracle. 3, Tracheal tube. 4, Void. 5, Muscle fibres; B, Nano-crystalline
impregnation fabric. Callout highlights nanometre-size of crystals replacing the cuticle, which were indiscernible under
SEM. 1, Areas where only the epicuticle are replaced. 2, Areas where both the epicuticle and endocuticle are replaced;
C, Pseudomorphed pseudoframboidal pyrite fabric. Callout highlights that the pseudoframboids consist of granules of
goethite (pseudomorphing pyrite) arranged in a spiral on a sphere (or hemisphere). 1, Pseudoframboids infilling carcass,
obliterating internal tissue morphology. 2, Pseudoframboids that have ‘intergrown’ or ‘merged’ and are not easily
distinguishable from each other. 3, Pseudoframboids of various sizes; D, Globular impregnation and incrustation of
internal soft tissues. Callout highlights the globular replacement fabric. 1, Impregnation and incrustation of fibrous
tissues. 2, Incrustation of tracheal system; E, Cavities infilled by calcite. 1, ‘Large’ (>100 um) cavities infilled by a single
crystal, sometimes with distinct rhombohedral cleavage. 2, Sparry calcite cements infilling remaining voids within the

cuticle; F, Schematic summary of all replacement fabrics.
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3. 4. 1. Granular-to-nanocrystalline impregnations (of external cuticle)

Much of the external cuticle of weathered Nova Olinda Member insects is replicated with
extremely high fidelity due to nanocrystalline impregnation. The fabric of this replacement is so
fine-scale that it currently cannot be viewed under SEM in uncoated specimens (Figure 34: B;
Figure 35: A). Au-Pd sputter coating allowed for higher magnification images of these fabrics of
replacement to be captured (Figure 35: B), but also masked their sub-micron scale structure with
Au-Pd clusters (Figure 35: C). The original insect morphology that this nanocrystalline

impregnation preserves is discussed in section 3. 5. 1.

Areas of poorer or incomplete preservation reveal a coarser granular mineral fabric of

globular/sub-spherical micro-grains (Figure 35: D).

Figure 35. A, SEM image of uncoated Nova Olinda Member insect cuticle (abdomen with cuticular scales)

with no discernible replacement grains, suggesting sub-micron scale replacement. B, SEM image of Au-Pd
coated Nova Olinda Member insect cuticle, suggesting granular replacement fabric. C, Ultra-high

magnification image (85,500 x) of Au-Pd coated Nova Olinda Member insect. Fine-scale globular fabric is a

result of sputter coating and obscures replacement fabric. D, Lower magnification SEM of coated Nova
Olinda Member insect with poorer preservation, revealing a coarser granular replacement fabric
highlighted by arrow. A, Specimen NBRL025-002. B, Specimen JW614 [SMNS 700902- Parviformosus
holotype] —079. C, Specimen FLO19 (gold coating). D, Specimen NBRL045-48. A, Scale bar = 2 um. B, Scale
bar =1 um. C, Scale bar = 200 nm. D, Scale bar = 10 um.
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Similar to Figure 35: D, some portions of insect cuticle that were incompletely mineralised
revealed spherical-to-subspherical granular replacement fabrics. This fabric can directly replace
cuticle (Figure 36; Plate 17: D), even where it is surrounded by exceptionally preserved cuticular
scales (Figure 36: A-B; Plate 18: A-B), or be scattered across it (Plate 17: A-C and E-H). Where
epicuticle is broken away, a tightly packed sheet of micron-scale spheres is sometimes revealed
beneath (Figure 36: C). In beetle elytra, a similar texture is present. Two sizes of granular
spheroids replace the elytra cuticle with poor fidelity (Figure 36: D; Plate 19), that is perhaps a

result of the internal structure of elytra.

Figure 36. A-B, Spherical and subspherical micro-grains directly replacing insect cuticular scales. C, Damaged
and contaminated cockroach cuticle revealing sheet of microspheres beneath cuticle. D, Arrows highlight
two sizes of subspherical grains replacing beetle elytra. A, NBRL040-53. D, NBRLO45-##31. C, NBRL26-016. B,
NBRL040-162. A, Scale bar =1 um. B-D, Scale bar = 10 um.

In unweathered Nova Olinda Member insects, the replacement fabric is mostly smooth, with sub-
micron globular aggregates across its surface (Figure 37). Samples sputter coated in C are not
masked by globular aggregates in the same manner as those coated by Au-Pd, allowing for the

replacement fabric to be observed (as in Figure 37).
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Figure 37. Fabric of unweathered Nova Olinda Member insect wing cuticle, sputter coated with Carbon.
Arrows highlight mostly smooth cuticle, with sub-micron globular aggregates across its surface. Specimen

HTO0O01. Scale bar =2 um.
Very rarely, well-preserved cuticle will rapidly transition into less easily definable preservational
fabrics. One example (NBRLO14) displays raised isolated fragments of smooth cuticle, held aloft by

an irregular lattice of cement over calcite infills (Figure 38: A-B; Plate 20: A-D).

Granular external replacement mineral fabrics can also transition into globular fabrics, typically
with increased distance from areas of exceptional preservation (Figure 38: C-D; Plate 21).

However, these portions may simply represent the obliteration of external features by calcium

phosphate growth.
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Figure 38. Enigmatic replacement fabrics. A-B, Fabric of isolated sections of smooth cuticle above a latice of
cement and infilling calcite crystals. A, Thorax. B, Abdomen. C-D, Globular fabrics of replacement. A,

NBRLO14-25. B, NBRLO14-53. C, FLO13-50. D, FLO13-85. Scale bars = 10 um.
3. 4. 2. Sub-surface pseudoframboid replacement fabrics (within body cavity)

Although the subsurface tissues of the Nova Olinda Member insects are preserved in a variety of
mineral fabrics, one fabric dominates their preservation. Where the epicuticle is lost (either
abraded or not preserved) this dominant fabric is often revealed (Figure 39). It consists of
spherical or subspherical aggregates of microcrystallites interpreted here as pseudomorphed
pseudoframboids (Figure 34: C; Plates 22 and 23). Where these aggregates have grown against a
flat surface, or between two surfaces, they may form hemispherical or cylindrical (disc)
morphotypes (Figure 39: E-F; Plates 24, 25, and Plate 20: E-F). While these structures are typically
~10 um in diameter, they can also range in size between 2-15 um (Figure 39: A; Plates 26 and 27;
Plate 28: A-C) and are hollow (Figure 39: C; Plate 25: E and F). Although the microcrystallites show
no consistent orientation, they often form small (0.2-1 um) clusters on the surface of the
aggregates (Figure 39: B; Plate 22: C, E and F). These clusters are frequently arranged in a spiral
around the aggregate (Figure 39: D; Plate 23: E-D; Plate 24: E-F). In rarer cases, these

microcrystallites can be needle-like (Plates 29 and 30: F-H).
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Figure 39. The dominant replacement fabric, and its various forms, of the Nova Olinda Member insects. A,
Spherical and subspherical aggregates of varying size replacing insect cuticle, merging to form smooth
cuticle replication. B, Spherical aggregate composed of microcrystallites arranged into ~0.5 um clusters that
form rings (or a spiral?) around the aggregate. C, Broken aggregates revealing their hollow interiors,
highlighted by arrows. D, Subspherical aggregates beneath cuticle with a spiral morphology. E, Arrows
highlight hemispherical aggregates replacing insect cuticle, flat surface replicating the epicuticle with high
fidelity. F, Higher magnification image of hemispherical aggregate. Arrow highlights the boundary between

replacement fabrics. Scales show in each image.

The spherical and domed portion of the aggregates are interpreted here as a distinct replacement
event to the flattened high-fidelity portion (arrow highlights in Figure 39: F). The domed portion is
a hemi-spherical pseudoframboid, whereas the flattened portion is an example of the
nanocrystalline high-fidelity impregnation of the cuticle (described in sections 3. 4. 1. and 3. 5. 1.).
This can be inferred because the domed portion of these aggregates do not replicate original
insect morphology in detail. Instead, they occupy the space where the original tissues were. These
structures likely grew into voids left by decaying tissues or they obliterated tissues as they grew.
The flattened surface upon which these aggregates adhere to replicates the epi/exocuticle of the
insect with high fidelity via nano-crystalline impregnation (Figure 40; Plates 23, 24, 26, 28, and
30). Here it is interpreted that the aggregates grew on the interior surface of exo/epicuticle after

it had been impregnated by nano-crystalline iron sulphides.

The subspherical/hemispherical aggregates do not replicate original insect morphology with high
fidelity. This is because the original crystals were euhedral pyrite, which were later
pseudomorphed by globular goethite during weathering. This morphology-obliterating process
evidently did not occur where cuticle is well-preserved, demonstrating that two distinct mineral

replacement events occurred. Alternatively, the aggregates may have been
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globular/cryptocrystalline prior to weathering, possibly as goethite/mackinawite protoframboids
rather than pyrite framboids (Vietti et al., 2015). This would result in a structure distinct from
both pyrite framboids and pseudoframboids. As such, the terms ‘pseudoframboid-like aggregates’
or ‘pseudomorphed pseudoframboids’ are used to describe them here. Regardless, the

replacement process obliterated original insect micron-scale internal morphology.

Where spherical and subspherical pseudoframboid-like aggregates are located loosely within the
insect body cavity (Figure 40: B-C; Plate 22), the same process is presumed to have occurred,

albeit away from the pre-mineralised cuticle.

Parviformosus holotype]. D, flat surface of hemispherical aggregates, replicating exterior most cuticle. A,

JW614-073. B, JW614-004. C, JIW614-060. D, JW614-076. A-B and D, Scale bars = 10 pm. C, Scale bar = 50

um.
3. 4. 3. Globular internal replacement fabric (of internal labile soft-tissues)

Rarely, internal labile ‘soft tissues’ (i.e. guts, genitals, muscles, etc.) may be replicated with high
fidelity, in either subspherical-to-globular grains (Figure 34: D; Figure 41: A-B), or as relatively
smooth submicron high-fidelity replacements (Figure 41: C-D). The globular fabric of these
internal replacements differs from those described above in that they consist of mostly spherical
grains approximately 1 um in diameter and are composed of calcium phosphate (Figure 41: A).
Higher magnification imaging reveals that many of the smooth areas are, in fact, globular at the
micron-scale and individual sub-micron grains are still discernible amongst the replacement fabric

(Figure 41: D). These fabrics strongly resemble the ‘bubble-like growths’ and granular fabrics
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observed in ‘Orsten’-type soft tissue preservation from the Upper Cambrian Alum shale of
Vastergétland and the isle of Oland, Sweden (Maas et al., 2006; Eriksson et al., 2012). ‘Orsten’-
type soft tissue preservation is characterised as phosphate encrustation and impregnation of both
external and internal organs during early diagenesis in a limestone medium (either limestone
matrix or limestone concretion) (Maas et al., 2006; Eriksson et al., 2012). Within the Nova Olinda

Member insects, this preservational fabric only replicates internal labile soft-tissues.

Figure 41. Examples of the fabric of internal soft tissue preservation. A, Replacement of genital muscle

fibres/connective tissue by ‘bubble-like growths’. B, ‘Bubble-like’ grains impregnating and coating limb
muscle fibres. Arrows highlight clusters/chains of grains. C, Replacement of thoracic (flight) muscle fibres,
resulting in a smoother fabric. Arrows highlight muscle fibres. D, Replacement of gill filaments in relatively
smooth fabric. A and B, Specimen FLO19. C, Specimen JW291-083. D, Specimen FLO37-24. A and D, Scale

bars =1 um. B and C, Scale bars = 10 um.

In the Nova Olinda Member fossil insects, most internal labile soft tissue preservation is found in
specimens that also retain well-preserved cuticle with high-relief. Rarely are internal labile soft
tissues preserved in low-relief specimens with poorly-preserved cuticle, and only occur as ‘faint
traces’ when they are (Figure 42). However, well-preserved cuticle and high-relief specimens do
not always retain internal labile soft tissues. As such, it cannot be inferred that the mineralisation
of the labile soft tissues assisted (or ‘bolstered’) the preservation of external cuticle. In other
words, unlike the pseudoframboid-like aggregates, the ‘Orsten’-type soft tissue preservation

occurred independently from the nanocrystalline high-fidelity impregnations.
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Figure 42. Arrows highlight ‘scrappy’ traces of poorly-preserved muscle fibres in low-relief, relatively poorly

preserved specimen. Specimen NBRL 070-08. Scale bar = 10 um.

Due to the labile nature of these tissues, it is presumed that either mineralisation occurred
extremely quickly (within hours of death, Martill, 1990; Allison and Briggs, 1993; Briggs and Kear,
1993a,b; Briggs, 1995a,b; Maas et al., 2006), or that decay was sufficiently retarded to prevent
the loss of these structures (Briggs et al., 1993; Maas et al., 2006). In reality, it was likely a

combination of both of these factors.
3. 4. 4. Mineral Infills

The body cavities of most Nova Olinda Member insect fossils examined were infilled with
pseudoframboid-like aggregates (or pseudomorphed pseudoframboids), and only a few were
infilled by other mineral phases. This could be an artefact of the preparatory techniques, as acetic
acid digestion would have dissolved calcite infills. On the rare occasions that hydrochloric acid

was used, any phosphatic infills would have also dissolved.

Where infills were observed, they were calcite (Figure 34: E; Figure 43: A-B). These infills are
infrequently associated with areas of exceptionally preserved internal tissues in calcium
phosphate (Figure 43: C and D). In extremely rare cases, a single calcite crystal will infill an entire

internal organ, replicating its gross morphology (Figure 43: D).



Figure 43. Examples of mineral infills within fossils. A, Calcite with distinct cleavage infilling thorax. B, Two

calcite crystals highlighted by arrows, infilling limb cavity. C-D, Calcite infills, highlighted by arrows,
associated with exceptional internal preservation of labile ‘soft tissues’ in calcium phosphate, highlighted by
crosses. C, In dipteran forelimb with muscle fibres. D, Calcite crystal infilling dipteran ovary. A, Specimen

NBRLO57-61. B, Specimen FLO13-55. C-D, Specimen FLO19. A, Scale bar = 10 um. B-D, Scale bars = 100 um.

3. 5. Exceptional preservation of insect morphology

Despite the variation in preservational fidelity (‘quality’) of Nova Olinda Member insect fossils,
where preservation is best, both external and internal tissues are preserved remarkably well. In
the highest fidelity examples, original insect morphology can be preserved to the sub-micron
scale, or extremely labile tissues that typically decay within hours of death may be retained
(Briggs 1993). Additionally, some specimens that appear poorly preserved to the naked eye (often
fragmentary) reveal exceptionally preserved micron-scale morphology (cuticular scales, setae,
ommatidia, etc.) when examined at high magnifications. Despite their poor initial appearance,
these specimens are considered exceptionally preserved due to their retention of fine-scale insect
morphology. Examples and further descriptions of the most notable and most common

exceptionally preserved labile tissue types and structures are presented below.
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3. 5. 1. Cuticle
3. 5. 1. 1. Cuticle cross-section

Although insect cuticle is relatively durable and can preserve in many ways in many sedimentary
environments, it rarely does so with three-dimensionality except as inclusions in amber (Grimaldi
and Engel, 2005; Penney and Jepson, 2014). In the Nova Olinda Member, cuticle appears mostly
massive in cross section under SEM, with internal laminae only rarely visible (Figure 34: B: 2;
Figure 44; Plate 31). In some cases, fabrics found within the cuticle at high magnification may
represent the morphology of the preserving minerals, rather than the ultrastructure of the insect
(Figure 39 above). Despite this lack of internal structure, fragile cuticular surface features are

frequently exceptionally well-preserved (discussed further below).

Figure 44. Section through insect cuticle. Upper arrow highlights well-preserved exocuticle, lower arrow

highlights poorly-preserved massive endocuticle. Specimen JW735, Blattodea. Scale bar = 10 um.

In extremely rare cases, structural colour may be preserved in Nova Olinda Member fossil insects
(Martill et al., 2007a; McNamara, 2013; Barling et al., 2015). Structural colour is non-ubiquitous in
insects and is generated by constructive inference of light by variations in cuticular nano-structure
(McNamara, 2013). Consequently, its preservation is a result of the retention of nano-structural
details of the cuticle and represents exceptionally fine-grained replication (impregnation). No
specimens examined here retained structural colour (although one specimen from SMNS was
figured by Barling et al. (2015)) and, consequently, structural colour could not be included in the
taphonomic analysis presented here. Nevertheless, the extremely rare occurrence of structural
colour demonstrates just how fine-scale the replication of Nova Olinda Member fossil insect

cuticle can be.
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3.5.1. 2. Setae

Setae are fragile filamentous sensory structures ubiquitous in arthropods, covering the majority of
the insect body and can even coat their eyes (Figure 45; Rasnitsyn and Quicke, 2002; Garm, 2004;
Grimaldi and Engel, 2005). As with most insect cuticular structures, they vary greatly in size,

morphology, internal structure, and function (Grimaldi and Engel, 2005).

Figure 45. Setae of recent dipteran (Diptera: Culicidae) protruding between separated ommatidia in a

compound eye. NBSTUB03-018. Scale = 10 um.

Several setae ‘morphotypes’ have been imaged from Nova Olinda Member fossil insects, including
setae with ridges (Plate 32), long, curved, and flat setae (Plate 33), cerci and their setae (Plate 34),
fine and packed setae (Plate 35), and hollow setae (Plate 36). Despite their fragility, many setae
are complete and retain surface details (i.e. ridges, Figure 46; Plates 32 and 34). Smaller (< 1 um)
setae (‘micro-setae’ or microtrichium) are also present (Plate 37: A), but their minute size renders
them extremely fragile and so very few are preserved intact. The majority of micro-setae are
preserved only as micro-setal bases (Plate 37: B-D; Plates 38 and 39). Nevertheless, these can
reveal interesting morphological details, such as the arrangement of micro-setae into tightly-

packed columns (Plate 39: A-B and D).
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Figure 46. Example of exceptionally preserved small ridged/fluted setae in Nova Olinda Member insect.

Specimen FLO19-28. Scale bar = 10 um.

Due to their protruding nature, setae can be easily damaged (Carlton, 2007). They are frequently
fractured or broken (Plate 40), disarticulated (Plate 41), loosely articulated as fragments (Plate
42), be swollen and warped (Plate 43), or only their bases remain (Plates 37 and 44). This makes
them useful as a proxy for measuring preservational quality (discussed further in Chapter 6. 4. 4.).
Setae that are preserved on exposed cuticular surfaces are generally pressed flat against the

cuticle (Plate 32: E; Plate 33: A-F; Plate 36: A-F; Plate 44: A).
3.5.1. 3. Scales

Cuticular scales are a non-ubiquitous component of insect cuticle (Grimaldi and Engel, 2005). They
are present in the primitive Archaeognatha (bristletails), but are absent in other relatively
primitive groups such as Nicoletiidae and Maindroniidae (silverfish and their close relatives)
(Grimaldi and Engel, 2005), suggesting that they are a primitive trait. Despite this, they are
certainly present in some more derived groups from the Cretaceous including Hemiptera (FLO38)
and Blattodea (NBRLO18, NBRLO36, and NBRL040), but were not observed in Hymenoptera
(JW614 [SMNS 700902- Parviformosus holotype]). It is unclear if this is a result of damage,

incomplete preservation, or taxonomic absence and so their absence cannot be used as a
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measure of preservational quality. However, where present they are interpreted as indicating

exceptional preservation.

Cuticular scales are an extension of the epicuticle and represent the outermost surface of the
insect, excluding protruding structures (e.g. setae or spines) (Plotnick, 1990; Hopkins and Kramer,
1992). They are generally extremely thin (approximately 500 nanometres in thickness, Plate 45: D)
and may overlay each other (Plate 45: C). Two ‘morphotypes’ of scales were observed:
‘rhombohedral and trapezoid’ shaped scales (Plate 45) and ‘long and thin’ scales (Plate 46). These
differences are not taxonomically distinctive and a single specimen can exhibit both

‘morphotypes’ (e.g. NBRL040).

Given the thinness of cuticular scales, their preservation within the Nova Olinda Member is truly
remarkable. Scales are frequently preserved complete and apparently undamaged (Figure 47;
Plates 45 and 46). In rare cases, they also retain partially damaged micro-spines (microtrichium,
Plate 47). The lower relief of scales (compared to setae) presumably protects them from some
erosion, allowing them to be extremely well preserved immediately adjacent to areas of poor
preservation or non-mineralisation (Plate 14: E; Plate 16: G-H) or in otherwise exposed areas

(Plate 48: A-C).

Figure 47. Remarkable preservation of rhombohedral-shaped cuticular scales. Specimen FLO38 (Hemiptera).

Scale bar =10 um.

Due to their extremely fine structure and low relief, their preservation is also a strong indication
that mineralisation initiated in the epicuticle (from the exterior surface of the carcass), rather
than from deeper within the cuticle itself, as preservational fidelity generally decreases with
‘depth’ into the cuticle (discussed in section 3. 5. 1. 1.; Plate 31: A). Cuticular scales are extensions

of the epicuticle and, although they have a slightly increased surface area, they should not be
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prone to mineralisation any more so than other areas of cuticle. This further supports the
hypothesis that their exceptional preservation is a result of their position on the carcass, rather

than due to some inherent structural difference.
3.5. 1. 4. Cuticular ridges, spines, etc.

Insects possess a bewildering array of morphologies and the ornamentation of their cuticle is no
exception. In addition to scales and setae, cuticle can exhibit ridges, bumps, domes, spines, pits,

and many other topographical variations with a variety of sizes (Grimaldi and Engel, 2005).

Two elcanid (Orthoptera: Elcanidae) specimens (NBRLO44 and NBRLO51) retained a remarkably
preserved mesh-work of cuticular ridges on their vertex and gena (Figure 48: A; Plate 49). While
the identity of these structures has yet to be confirmed, their position above other cuticular
elements strongly suggest that they are epicuticular in nature and may correspond to similar
mesh-like structures found in the cement and wax layers of modern orthopteran epicuticle. Wing
cuticle can also possess low-relief ridged surface structures. One orthopteran specimen
(NBRLO70) retained parallel ridges along its wing cuticle, each covered in perpendicular micro-
ridges (Plate 48: D-F). In some taxa, portions of cuticle are covered in irregular topographic
variations, probably modified cuticular scales, forming domes (Plate 50: A-D). A more angular

version of these structures is also present in odonate pterostigma (Plate 50: E-F).

Many beetles, including fossil forms, possess a variety of cuticle features across their elytra,
including deep pits (Ponomarenko, 2003). In the Nova Olinda Member, even where elytra cuticle
is relatively poorly preserved, these pits were easily discernible along with spiracles (Plates 51, 52:

A-B, and 53: C-F).

Some insects possess large (> 100 um) robust spines, usually along their limbs, which are often
preserved in fossil forms (Plate 54: A). However, in the Nova Olinda Member, many of these
spines are preserved with a lower fidelity than their smaller counterparts. They are frequently
broken and pressed flat against the body, preserving cuticular ridges along their length (Plate 55).
Where they are perpendicular to bedding, they can lose all surface morphology (Figure 48: B-C).
Nevertheless, limbs and their spines are often preserved perpendicular to bedding, even

penetrating multiple laminae where relief is highest (Figure 48: B).



Figure 48. A, Meshwork of cuticular ridges of an elcanid orthopteran (Orthoptera: Elcanidae). B,

Orthopteran limb spines perpendicular to bedding. C, Higher magnification image of limb spines. A,
Specimen NBRL044-55. B-C, Specimen NBRL059-03. A, Scale bar = 20 um. B, Scale bar =1 mm. C, Scale bar =
100 pm.

3.5. 1. 5. Eyes and ommatidia

Insects possess complex compound eyes, constituted of a honeycomb-lattice of ommatidia. Each
ommatidium is capped with a lens covering a crystalline protein cone, which overlies pigment and
receptor cells, and finally a rhabdom, all connected to the optic nerve by an axon (Grimaldi and

Engel, 2005; Briscoe, 2008).

Almost every insect fossil studied in this project that retained a head, also retained its eyes. This is
mostly due to them being a large organ, typically comprising about ~30% of the head, but also

because they are relatively durable structures (Grimaldi and Engel, 2005; Briscoe, 2008).



102

Nevertheless, preservation of insect eyes varies within the Nova Olinda Member and most
specimens only retain loosely articulated and poorly mineralised ommatidia (Plates 56-58).
However, they can be exceptionally well-preserved (Figure 49; Plate 59). In one specimen
(specimen NBRLO57), physical damage to the eye removed the ommatidia, revealing what

appears to be a mineralised optic nerve beneath (Plate 12: A-D).

Figure 49. Exceptionally well-preserved orthopteran eye, revealing intact and articulated ommatidia.

Specimen NBRL044-18. Scale bar = 100 um.
3. 5. 1. 6. Other external features

Several other structures and organs preserved in the Nova Olinda Member insects cannot be
classified with those above. These are typically non-ubiquitous or gender-specific structures such
as feeding apparatus and external genitals. A single specimen (FLO15) retained specialised feeding
apparatus in the form of a large proboscis (Plate 60: A-B). In addition to the proboscis, this
specimen also preserved the external features of its genitals with high fidelity (Plate 61: A-C).
Another specimen (JW614 (SMNS 700902- Parviformosus holotype)) also preserved a large
external genital feature; its oviposital sheath (Plate 15) which disarticulated during acid
preparation. This sheath is now mounted on a separate stub, housed with the rest of the type

specimen.

Several areas of cuticle possessed ambiguous structures or fabrics. Two areas retained folded and
deformed cuticle (Plate 62: A-D). These may represent portions of wing venation (Plate 62: A-B) or

soft, pliable cuticle around the anus (Plate 62: C-D). Finally, cryptic meshes of tissue were exposed
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beneath sediment (or resin where transferred) infrequently, which may represent fragments of

wing venation (Plate 62: E-F).
3. 5. 2. Internal labile soft tissues

Where cuticle is lost in Nova Olinda Member insects, either by abrasion, decay, or mechanical
preparation, internal tissues can be exposed. The majority of internal tissues are simply
obliterated by pseudoframboid-like aggregate growth, but infrequently they can be preserved
with a high fidelity by calcium phosphate impregnations and encrustations. Below, examples of

the highest fidelity preservation of internal tissues is presented.
3.5.2. 1. Muscle

Of these rarer discernible internal tissues, muscle fibres are the most abundant. These are
preserved by calcium phosphate impregnation and encrustation in a manner similar to ‘Orsten’-
type preservation, sometimes with very high fidelity (Maas et al., 2006; Eriksson et al., 2012). One
specimen (FLO19) retains entire muscles within its limbs (Plate 63: A-B). However, in most cases
muscle fibres are only preserved as ‘scrappy traces’ of fibrous material amongst the mass of

globular and spherical replacement fabrics (Figure 50; Plate 63: C-H and Plate 64).

Figure 50. Example of typical preservation of muscle fibres. Arrows highlight fibres. Specimen JW291-083.
Scale bar =10 pm.

3.5. 2. 2. Internal and external gills

External gills are an outgrowth of the tracheal system that rely on diffusion to supply aquatic
insects with oxygen (Grimaldi and Engel, 2005). In the Nova Olinda Member, several aquatic

larvae retained their gills with remarkable fidelity (Plate 65). These are extremely fragile
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structures and are frequently abraded, revealing details of their internal structure (Grimaldi and
Engel, 2005; Plates 66, 67, and 68). They consist of simple hollow tubes (Plate 68: A-E), but can
extend into the caudal filaments, forming tightly bound spiral structures (Figure 51; Plates 66: C-D

and 67: E-H).

Figure 51. Broken caudal filament of Ephemeroptera larva revealing an internal spiral structure composed

of gill tubes. Specimen FLO37-53. Scale = 10 um.
3. 5. 2. 3. Genitals

One specimen (FLO19) was mechanically prepared by Florence Gallien prior to donation for this
project. It exposes exquisitely preserved internal genitals replicated in calcium phosphate.
Internal insect genitals are extremely labile and can decay within hours of death (Allison and
Briggs, 1993; Briggs, 1995a,b). The specimen is a female dipteran, possibly a brachyceran (Diptera:
Brachycera) (Plate 69: D). The size, position, and morphology of the genitals indicates that they
are ovaries (Figure 52; Plate 61: D). The ovary is bound to the posterior portion of the abdomen
by fibrous structures that likely represent muscles used in oviposition or connective tissue (Plate

61: E-H).
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Figure 52. Genitals preserved in Nova Olinda dipteran compared to modern fly genitals. A, Nova Olinda

specimen FLO19. Arrow highlights fibrous structures. B, Modern healthy female Musca domestica, ovaries

marked by ‘Ov’ and arrows. Image adapted from Kariithi et al. (2013). Scale = 100 um.
3.5. 2. 4. Fat body and tracheal system

As well as the tissues discussed above, insects possess numerous internal tissues and structures
that may be preserved in fossils (Figure 15: C). Several tissue types are presented below that are

well-preserved, but still difficult to identify.

There are two examples of ‘wavy’ internal tissue exposed beneath the cuticle that could represent
fat body (Plate 70). Insect fat body is a mesodermal tissue composed of lobes of protein, lipid, and
glycogen storing tissues (Grimaldi and Engel, 2005). It functions in a similar manner to that of a

vertebrate liver, but is distributed throughout much of the insect body.

A single specimen (FLO19) preserved a tubular structure within the thorax (Figure 53; Plate 71: E-
F). The size and positioning of the tube suggests that it may be part of the tracheal system.
However, it could alternatively be part of the digestive tract. The digestive tract contains arguably
the most labile tissues (Allison and Briggs, 1993; Briggs, 1995a,b). This is because it also contains
digestive enzymes, strong acids, and bacterial colonies, all of which readily degrade the
surrounding tissues upon death (a process termed autolysis). If this structure is part of the
digestive tract, it represents the most labile tissue observed within the Nova Olinda Member fossil

insects.



Figure 53. Tubular structure in thorax of specimen FLO19 that could represent part of the tracheal system

or digestive tract. A, Overview. B, Higher magnification image highlighting surface structures of the tube. x,
Folding of soft tissue. y, Rows of annulae, or possibly bases of broken micro-spines that can coat arthropod

guts (see Soonthornchai et al., 2014), amongst ‘rippled’ tissue fabric. Scale bars = 10 um.

Finally, a row of large (100 um) parallel cylindrical structures with rounded edges were imaged in
the limb of a hemipteran (Plate 71: A-D). The origin of these structures is unknown, but they are
certainly an aspect of the original insect morphology, as they bear no resemblance to other
replacement minerals or fabrics suggestive of decay observed in this project. Given their bundled
and tubular nature, they probably represent a tight bundle of large muscle fibres used in limb

locomotion.

3. 6. Fabrics representing decay

Determining which fabrics of a fossil are a result of decay, rather than original insect morphology

or replacement mineral morphologies can be problematic. Decay itself can alter original tissues to
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an unrecognisable globular ‘mess’ and these decayed tissues may not be a suitable substrate for
mineral precipitation (Briggs and Kear, 1993a; Martinez-Delclos and Martinell, 1993; Briggs,
1995a,b). Instead, crystals may grow in cavities around the decayed tissue, moulding them. This
results in the decay fabric being replaced by an unrelated mineral fabric. This process has already
been suggested for some of the fabrics observed in the Nova Olinda Member insects (Osés et al.,
2016). Alternatively, decay simply may be represented by areas of non-mineralisation. However,
areas that represent decay can be inferred from the current understanding of insect taphonomy.
Areas of cuticle that are particularly thin or contain perforations are known to degrade before
others as internal tissues decay (Smith et al., 2006). This results in a loss of fidelity at these
locations and there are numerous examples within the Nova Olinda Member insects. Setal bases
(Plate 36: A-B; Plate 41: E-F; Plate 72: C-H; Plate 73), spiracles (Plate 74: E-F), and segment
boundaries (Plate 75 and 76: A-E) all are frequently surrounded by areas of poorly preserved
cuticle. The fabrics observed in these areas can then be used as an analogue for identifying
patches of decay elsewhere in the specimens. Areas where fidelity is lost without these

corresponding ‘decay fabrics’ are interpreted here as areas of non-mineralisation.

The majority of these poorly preserved areas differ from the typical pseudoframboid-like
aggregate replacement fabric. Instead, they exhibit a varying globular fabric composed of
disordered micro-grains (Figure 54). In some areas, this transitions into the typical
pseudoframboid-like aggregate replacement fabric (Plate 75: C-F; Plate 76: A-E), but in others
there is a sharp contact to well-preserved insect tissues (Plate 72: D-G; Plate 73: A). In other
specimens, decay may be represented by globular fabrics (Plates 21, 77, and 78). Additionally,
where phosphatisation has encrusted internal tissues in ‘bubble-like’ fabrics, it is likely that this is

a result of the decay of adjacent tissues (Maas et al., 2006; Eriksson et al., 2012).
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Figure 54. Fabrics associated with areas of decay within Nova Olinda Member insects. A, Globular fabric

associated with perforation in cuticle (setae). B, Globular fabric adjacent to well-preserved cuticle (near
setae). C, Subspherical structures in otherwise globular fabric. Specimen NBRL0O54. A, Scale bar = 100 um. B,

Scale bar = 10 um. C, Scale bar =1 um.

Alternatively, insect tissues that have been warped or otherwise altered in a plastic manner could
represent areas of decay. Warping is most prominently seen in setae (Plate 43). Nevertheless,
these setae still retain many surface features and remain articulated with the cuticle, suggesting
that their alteration may not be a result of decay. In some areas, cuticle simply loses all fabric,
resulting in a near-smooth surface (Plate 37 and 79). Determining the cause of such an alteration

may not be possible.
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3. 7. Artefacts of preparation

The majority of insect tissues preserved in the Nova Olinda Member are replaced by brittle iron
minerals (Menon and Martill, 2007; Barling et al., 2015; Minerals.net, 2015). This renders them
particularly prone to damage during extraction, transport, and preparation. Identifying areas
damaged in this manner is important for determining artefacts that may affect taphonomic
analyses. Artefacts of transport/preparation/curation are distinguished based on their occurrence
without associated mineralogical fabrics (i.e. a crack without infilling fabrics of mineral

growth/precipitation).

By far the most common artefact of handling and preparation is the cracking of large cuticular
sclerites (Plate 16: A-F; Plate 80). Long thin sections of cuticle (e.g. wing veins) can also break
easily (Plate 81: A-D; Plate 82: B-D). These brittle breakages can even be in immediate contact
with areas of exceptional preservation (Plate 83). Insect cuticle is a relatively flexible material and

could not have broken in this manner prior to mineralisation (Hopkins and Kramer, 1992).

In some areas, this brittle nature causes the connection between the epicuticle and exocuticle to
weaken, resulting in a vulnerability to erosion. The epicuticle becomes easy to dislodge and
abrasion can cause the outermost features to delaminate (Plate 16: G-H; Plate 84: A-B). During
chemical preparation, acetic and hydrochloric acid were used to remove the calcium carbonate
sediment. While the preserving iron minerals are insoluble in these acids, the reactions produce
effervescence, which could cause damage to the specimens. This damage resulted in the creation
of artefacts that could be falsely interpreted as decay. Cuticle in high relief areas (e.g. limb spines)
were exposed to more effervescence and ultimately the cuticle would appear ‘degraded’ as if it
were decaying (Plates 85 and 86). In the most extreme cases, the weak connection between all
cuticular layers (presumably in cuticle that did not have a massive internal fabric) would fail,
causing the epicuticle to ‘flake’ away (delaminate, see Chapter 2. 2. 1. 3.; Figure 21). In one
specimen (JW614, SMINS 700902- Parviformosus holotype), the effervescence caused damage to
its fragile oviposital sheath, ultimately resulting in it disarticulating from the rest of the specimen
(Plate 15). The association of effervescence during acid digestion with this fabric is yet to be

experimentally verified, and so is currently unsubstantiated.

Some areas may indicate clumsy mechanical preparation prior to acquisition for this project,
where the cuticle was punctured (Figure 55; Plate 84: H). These punctures may have been caused
by a needle, but are of particular importance as they could be confused with in vivo interactions,
such as the predatory traces of Reduviidae (Sahayaraj et al., 2010). However, their diffuse
boundary revealing the replacement fabric and extremely small size suggests against them being

artefacts of preparation. Currently, their cause is unknown.
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Figure 55. A, Puncture marks on orthopteran prothoracic plate possibly caused by clumsy mechanical
preparation, creating an artefact of in vivo interactions (predation). Arrows highlight several of the puncture
marks. B, Higher magnification image 