
lable at ScienceDirect

Cretaceous Research 118 (2021) 104631
Contents lists avai
Cretaceous Research

journal homepage: www.elsevier .com/locate/CretRes
Distinct preservational pathways of insects from the Crato Formation,
Lower Cretaceous of the Araripe Basin, Brazil

Francisco Irineudo Bezerra a, *, M�onica M. Sol�orzano-Kraemer b, M�arcio Mendes a

a Departamento de Geologia, Universidade Federal Do Cear�a, 64049-550, Fortaleza, Cear�a, Brazil
b Department of Palaeontology and Historical Geology, Senckenberg Research Institute, Senckenberganlage 25, 60325 Frankfurt Am Main, Germany
a r t i c l e i n f o

Article history:
Received 27 November 2019
Received in revised form
26 July 2020
Accepted in revised form 23 August 2020
Available online 28 August 2020

Keywords:
Taphonomy
Kerogenization
Pyritization
Limestone
Depositional environment
* Corresponding author.
E-mail address: irineudoufc@gmail.com (F.I. Bezer

https://doi.org/10.1016/j.cretres.2020.104631
0195-6671/© 2020 Elsevier Ltd. All rights reserved.
a b s t r a c t

This study compares two different preservation pathways of fossil insects in the lacustrine deposits of the
Crato Formation, Lower Cretaceous (Aptian) of the Araripe Basin, northeastern Brazil. Three hundred
seventy-seven specimens were examined and separated into ten taxonomic groups. Of this total, one
hundred twenty-three are kerogenized insects, and two hundred fifty-four are pyritized insects. We
carried out quantitative analyses of their taphonomic characters, such as body articulation, and
morphological preservational quality (e.g. discernible eyes). Of all morphological categories, the thorax
presented the highest degree of preservation quality, while the antennae had the lowest. Our statistical
results show significant differences in the preservation quality of individual morphological categories
among the insect taxa. We expected that mineralized insects would have lower preservational quality
than the kerogenized ones, but instead found the opposite pattern to be true. Counter to the findings of
other studies, we found that pyritized insects had higher preservation quality than kerogenized insects.
The expected lower preservation fidelity of pyritized fossils occurs due to longer time exposed to mi-
crobial decay before final burial. Few studies have presented a quantitative comparison of preservational/
biostratinomic patterns in different insect taxa, especially within the same geological setting. In this
context, the Crato Formation presents an intriguing and unique opportunity to understand the tapho-
nomic bias that results from two different preservation pathways of insects.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Since the Carboniferous insects have been a group that has
experienced a nearly continuous increase in diversity. Today, they
represent the most diverse and widespread animal clade in the
history of life on Earth (Labandeira and Sepkoski, 1993; Grimaldi
and Engel, 2005). The large insect fossil record extends from
different terrestrial to marine environments (Smith et al., 2006;
Smith and Moe-Hoffman, 2007; Smith, 2012). Among different
geological settings in which fossil insects can occur, those pre-
served in amber and in lacustrine deposits have been highlighted
for their quality of preservation (Henwood, 1992, 1993; Martínez-
Decl�os and Martinell, 1993; Smith, 2000, 2012; Martínez-Decl�os
et al., 2004; Smith et al., 2006; Edwards et al., 2007; Thoene
Henning et al., 2012; Wang et al., 2013; Barling et al., 2015;
McCoy et al., 2018; Bezerra et al., 2020). Insects preserved in amber
display higher morphological fidelity, though the sticky resin only
ra).
captures insects living in and around the resiniferous trees
(Sol�orzano-Kraemer et al., 2015, 2018). Amber inclusions occur
rarely in the Triassic (Schmidt et al., 2012). However, amber accu-
mulations increase in importance only after the Early Cretaceous
(Smith, 2012). Lacustrine deposits can be found since the Carbon-
iferous, preserving taxa from distinct ontogenetic stages, distinct
habits and variable sizes. The insect accumulation in lake sediments
is a significant complement to the insect fossil record in terms of
diversity. Hence, increasing our understanding about the tapho-
nomic processes involved in these insect assemblages is essential to
interpreting both the palaeoecology and palaeoenvironment
(Martínez-Delcl�os et al., 2004).

In this context, the Crato Formation (Aptian of the Araripe Basin,
northeastern Brazil) is one of the world's premiere Fossil-lager-
st€atten (Seilacher, 1970), yielding an exceptionally well-preserved
entomofauna in a series of lake deposits. The Crato Fm. consists
of laminated limestones interbedded with a series of claystones,
siltstones and sandstones, deposited in at lacustrine system
(Heimhofer et al., 2010). Typically, Crato carbonate facies can be
dividided into two different sub-facies: clayecarbonate rhythmites
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(CCR) and laminated limestones (LL) (Neumann et al., 2003). Nor-
mally, CCR facies yield dark-grey-colored layers while LL occurs in
yellow-colored layers (Fig. 1). The Crato insects commonly appear
as an orange to brown friable material or as a seemingly amorphous
dark matter. Previous studies have hypothesized this difference in
preservation as a result of rock weathering (Delgado et al., 2014;
Os�es et al., 2016). But Os�es et al. (2017) reported two distinct
taphonomic modes: carbonaceous compressions in dark lime-
stones and iron oxy-hydroxide after pyrite in yellow-colored
limestone. In addition, Bezerra et al. (2018) identified a cockroach
preserved into carbonaceous compressions in dark limestones.
Thus, we consider that the insects are preserved in a kerogenization
zone (dark limestone) and a pyritization zone (yellow limestone).

Preservation by keroginization represents cyclic hydrocarbons
and aliphatic components which have undergone chemical trans-
formation from original organic material into the fossil record
(Stankiewicz et al., 1998; Briggs, 1999; McNamara et al., 2013;
Schiffbauer et al., 2014). According to Schiffbauer et al. (2014), this
preservation style occurs when the carcass is placed most of time
into a metanogenesis zone of the sediment column. In the bacterial
sulfate reduction zone (BSR), an organism becomes pyritized when
ions generated by bacterial activity produce minerals that replaces
the body soft-tissue (Raiswell et al., 1993; Schiffbauer et al., 2014).
Fig. 1. View of the Crato limestone exposure in one of the quarries located between Nova O
kerogenized zone is shown. The arrows showing the two types that are left over after extr
Both keroginization and pyritization are able to preserve recalci-
trant components of soft-bodied material. However, pyritized fos-
sils tend to undergo further degradation than kerogenized ones,
given the greater amount of time in the BSR which is more meta-
bolically efficient than the Methanogenesis Zone (Anderson and
Smith, 2017). Surprisingly, pyritized insects from the Crato For-
mation are preserved with ultrastructural cuticular details (Barling
et al., 2015; Os�es et al., 2016). Therefore, the Crato Fm. offers a rare
opportunity to compare how two very different preservational
pathways differ within the same geological setting. Thus we
compared the preservational fidelity between keroginized and
pyritized insects from the Crato Formation of the Araripe Basin in
northeastern Brazil to understand which preservational style is
superior for preserving soft-bodied fossils.

2. Geological setting

The Araripe Basin is one of the largest basins in the interior of
the Brazilian northeast (Fig. 2). The Crato Fm. comprises a 70-m-
thick succession and consists of carbonate layers interbedded with
siliciclastic sediments (shales, claystones and sandstones), whose
origin is attributed to transgressive-regressive events associated
with the expansion and contraction of a lacustrine system
linda and Santana do Cariri, Cear�a. Here, the contact between the pyritization zone and
action of Pedra Cariri.



Fig. 2. Simplified map showing the location of the Crato Formation. A. The map of the South America continent shows the position of some states in northeastern Brazil. B. Black
square showing the position of the Araripe Basin. C. Local map showing the main outcrops of the Crato Formation. D. Generalized stratigraphy of the Crato Formation in the Nova
Olinda, Cear�a.
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(Neumann, 1999). Crato strata (Aptian) represent the second
lacustrine phase in the development of the Araripe Basin (Assine
et al., 2014).

The Crato carbonate facies have a micritic calcite composition
with low magnesium content (Neumann, 1999; Catto et al., 2016).
This unit is part of the Aptian post-rift I sequence (Assine, 2007).
The origin of the Crato laminated carbonates has been attributed to
chemical precipitation associated with fine clastic sediments
(Heimhofer et al., 2010). Catto et al. (2016) investigated the evi-
dence of microbial influence on the formation of the Crato lime-
stones. The presence of halite pseudomorphs in some levels
suggests deposition under fluctuating salinity conditions (Martill
et al., 2007). The excellent preservation of Crato fossils have made
it known worldwide as a Cretaceous Fossil Lagerst€atte. Most of the
outcrops of laminated limestones are exposed due to the com-
mercial extraction of pedra cariri (Pedra ¼ stone; Cariri ¼ Southern
region of Cear�a) in small quarries.

3. Material and methods

All insects analyzed in this study are deposited in the Labo-
rat�orio de Paleontologia from Universidade Federal do Cear�a (UFC).
The fossils were collected over several years during different
fieldwork campaigns. All fieldwork activities involved geology and
biological sciences undergraduate students. The collections focused
on the materials left over after the process of separating the
lucrative Pedra Cariri. Taxonomic classification was made to order
level. The suborders Heteroptera and Auchenorrhyncha



Table 1
Number of insects for each taxonomic group from the Crato Formation. Statistically
significant values are given in bold.

Taxon Kerogenized
insects

Pyritized
insects

Chi-squared tests

c2 P-value

Blattodea 11 42 3.397 0.065
Neuroptera 36 17 12.53 <10¡4

Auchenorrhyncha 18 27 1.113 0.291
Caelifera 11 33 1.164 0.280
Ensifera 16 33 <10�4 0.996
Odonata 12 27 0.061 0.804
Heteroptera 7 24 1.426 0.232
Ephemeroptera 0 27 _ _
Coleoptera 4 14 0.886 0.346
Diptera 8 10 1.143 0.284
Total 123 254
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(Hemiptera) and the suborders Caelifera and Ensifera (Orthoptera)
were separated from their broad orders because we consider that
the morphological differences between these suborders are suffi-
ciently considerable for the purpose of this study. In order to avoid
possible nomenclature problems we preferred to gather the spec-
imens using a general term, taxon. All insects were analyzed using a
standard quantitative method of scoring preservational quality.

The preservation-quality indicators were quantitatively
assigned scores for different categories of insect morphology: head;
antennae; eyes; legs; thorax; abdomen and wings. The maximum
score for a category depended on the morphological variability
within each category. The antennae, legs, thorax, abdomen have
four potential scores, where 0: not preserved; 1: present without
details; 2: present showing major segments; 3: present showing all
segments. The wings have four potential scores, 0: absence; 1:
present as an outline; 2: at least one wing with partially erased
veins or folded; 3: at least one extended wings with all veins. The
head and eyes have three potential scores, 0: not preserved; 1:
present; 2: present with details. For comparisons of “presence” or
“absence” of each morphological category between the pyritized
and kerogenized insects, we assigned the score 0, when the trait is
absent, and the score 1, when the trait is present even without
anatomical details. For the “articulation” state, we considered ar-
ticulated insects those which display the head, thorax, abdomen,
and at least one articulated wing (if preserved in dorsal view), and
head, thorax, abdomen, at least one leg, and at least one wing ar-
ticulated (if preserved in both lateral and ventral views). Almost
complete bodies such as specimens with head, thorax and wings;
thorax and abdomen; head and abdomen; or winged specimens
missing wings or specimens with no legs were considered
“partially articulated”. Isolated wings or legs represent the “dis-
articulated” specimens. The orientation of each fully/partially ar-
ticulated specimen in the host slab, dorsoventral or lateral position,
was also documented. The proportions of the quality scores of the
articulation states were determined by comparing the complete-
ness of entire insect bodies between the two preservation types,
where 0: disarticulated (Fig. 5H),1: partially articulated (Fig. 5D); 2:
fully articulated (Fig. 5E).

To compare pyritized and kerogenized insects we used the chi
square tests (Franke et al., 2012). A chi-square contingency test was
used to compare the frequency distributions among all taxa and the
number of samples within each insect taxon. The chi-square
goodness of fit test was used to compare the observed distribu-
tion to the expected distribution of the maximum values (score of
3), zero values (score of 0) and the articulation state. The differences
in the frequency distributions were testedwith an a of 0.05. A list of
these specimens and their associated data can be found in the
online supplementary material. All statistical analyses were per-
formed using EXCEL and PAST version 3.09.

The percolation of late diagenetic meteoric fluids leading to loss
of fine details is a taphonomical factor that should be considered.
Thus, intensely weathered specimens were not included in this
study.
4. Results

4.1. Taxonomic and taphonomic distributions

In this study we analyzed 377 insects from the Crato Formation:
123 insects were described from the kerogenized zone and 254
insects were described from the pyritized zone. Only insects
identifiable to orders were considered as a result, ten insect taxa
were included in this study: Blattodea (Without Isoptera), Ensifera
(Orthoptera), Caelifera (Orthoptera), Odonata, Ephemeroptera,
Neuroptera, Coleoptera, Diptera, Auchenorrhyncha (Hemiptera)
and Heteroptera (Hemiptera) (Table 1).

Of the 123 kerogenized insects, the most abundant taxa are
Neuroptera (28.8%), Auchenorrhyncha (14.4%), Ensifera (12.8%) and
Blattodea (10.4%). There were no kerogenized Ephemeroptera
found. Of 254 pyritized insects, the most abundant are Blattodea
(17.2%), Caelifera (13.5%), Odonata (11%) and Ephemeroptera (11%)
(Fig. 3).

Of the total of specimens, 59.2% were whole bodies with
wings, 37.9% of bodies were not complete; they had lost deli-
cate structures, such as their antennae, head or discernible legs.
Only 2.1% of specimens were isolated wings, and only 0.8% were
isolated legs. 55.4% of all specimens were preserved in a dorsal
position, 14.6% and 27% were preserved in lateral and ventral
positions, respectively. The antennae were the most affected
feature, only 3.2% of insects exhibited complete antennae with
all segments. Only 9.3% of all insects showed discernible eyes.
26% of insects displayed at least one articulated leg. One-third
of the winged insects preserved in a lateral position have
wings folded, while 83% of the winged insects preserved in a
dorsal position were with forewings partially spread in flight
position.

4.2. Comparison of preservational fidelity for individual
morphological categories

We compared all kerogenized and all pyritized insects and the
distribution of quality scores is significantly different between both
types of preservation. The quantitative analyses revealed significant
differences in the frequency distributions of scores for the head
(x2 ¼ 4.134; p ¼ 0.042; df ¼ 1), the legs (x2 ¼ 8.446; p ¼ 0.014;
df ¼ 2), the abdomen (x2 ¼ 34.321; p < 10�4; df ¼ 2) and the eyes
(x2 ¼ 9.596; p ¼ 0.0019; df ¼ 1). There was no significant difference
in the frequency of preservational fidelity scores of the antennae
(x2 ¼ 1.270; p ¼ 0.529; df ¼ 2) and thoraces (x2 ¼ 3.913; p ¼ 0.141;
df¼ 2) between the two preservation types. Thewings also showed
no significant difference (x2 ¼ 2.755; p ¼ 0.252; df ¼ 2). For wings,
the preservational process was not selective; both membranous
and heavily sclerotized forewings (tegmina) are often present. Even
membranouswings beneath the elytra of Coleoptera and hemelytra
of Heteroptera are usually preserved for both the pyritized and
kerogenized insects.

When we compared only individual insect taxa, the distribu-
tions of the individual morphological categories were often
significantly different between the mineralized and kerogenized
insects. In addition to the abdomen, the other morphological cat-
egories that had significant differences were wings, head, antennae
and legs among the included taxa. For example, the comparison



Fig. 3. The proportional distribution of identified kerogenized and pyritized insects from the Crato Formation.
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between the kerogenized Ensifera and pyritized Ensifera revealed
differences in the abdomen (x2 ¼ 6.975; p ¼ 0.030; df ¼ 2); head
(x2 ¼ 5.216; p ¼ 0.022; df ¼ 1) and legs (x2 ¼ 6.543; p ¼ 0.037;
df ¼ 2) categories. Besides Ensifera, Neuroptera, Odonata, Caelifera,
Blattodea, Diptera and Auchenorrhyncha also displayed differences
in the individual morphological categories. Neuroptera showed
significant differences in the antennae (x2 ¼ 6.371; p ¼ 0.041;
df¼ 2) and wings (x2 ¼ 9.990; p¼ 0.006; df¼ 2). Auchenorrhyncha
also presented significant differences in the head (x2 ¼ 4.008;
p ¼ 0.045; df ¼ 1) and abdomen (x2 ¼ 11.954; p ¼ 0.002; df ¼ 2)
categories. Diptera showed relevant differences in the thorax
(x2 ¼ 7.348; p ¼ 0.025; df ¼ 2) and wings (x2 ¼ 8.66; p ¼ 0.013;
df ¼ 2). Some individual insect taxa showed relevant differences in
only one individual morphological category. For Caelifera, quanti-
tative analysis revealed significant differences in the frequency
distributions of scores for the wing (x2 ¼ 8.249; p ¼ 0.016; df ¼ 2)
category. For Heteroptera, the distribution of scores for the
abdomen preservation fidelity was statistically significant
(x2 ¼ 21.13; p < 10�4; df ¼ 2). Lastly, the quantitative analysis also
revealed significant differences in the frequency distributions of
the abdomen preservation for pyritized Blattodea versus kerogen-
ized Blattodea (x2 ¼ 13.85; p < 10�4; df ¼ 2).

When we compared only individual insect taxa, Ensifera pre-
sented the highest number of differences among the individual
morphological categories between the two preservation types.
When analyzing only the individual insect features, the thorax
preservation-fidelity score stood out as the best-preserved
morphological component, when all insects were considered
(Fig. 4). In contrast, the antennae were the worst and the least
frequently preserved for both pyritized and kerogenized insects.

4.2.1. The distribution of top scores for the individual morphological
categories

The quality of preservation of insect exoskeletal materials in
the Crato Formation can be classified as excellent (Fig. 5). This
exceptional preservation makes it possible to easily identify
specimens to the order level. Most insects have received at least
one maximum-score-value (in this case 3) for at least one
morphological category for both preservation types. For example,
18.8% of the specimens received a score of 3 for the head
morphological category, considering all insects from the two
preservation types (Fig. 6). Among all the insect taxa, 28.9%
received a score of 3 for the abdomen. For legs, 25.9% of all
specimens scored 3. Auchenorrhyncha have the highest propor-
tion for the maximum score of the thorax and leg morphological
categories, 75.5% and 64.4%, respectively. Considering all insects,
25.4% of the specimens received score 3 for wings. 46.1% of all
Odonata specimens had this score for wings. Only 9.2% of all in-
sects have discernible eyes, but 33.3% of the Odonata scored 3.
Interestingly, considering the Odonata that received score 3 for
eyes, 84.6% are pyritized specimens.

The thorax was the individual morphological category that
received the highest number of maximum scores, 31% for insects
preserved by both pathways. In contrast, the individual morpho-
logical category with the lowest number of maximum scores was
the antenna. The antennae were lost more than any other feature.
Only 3.1% of all insects scored a 3.

Comparing the mineralized and kerogenized insects sepa-
rately, the proportions of the maximum-score value for the in-
dividual morphological categories show that the preservational
quality of the mineralized insects was often higher than that of
the kerogenized ones. Counting only the pyritized insects 35.4% of
the specimens received a score of 3 for the abdomen, 33.5% for
the thorax, 27.1% for the legs, 23.6% for the wings, 21.2% for the
head, 12.6% for the eyes and 3.1% for the antennae. When we
observe only the kerogenized insects, 15.4% of the specimens
received a score of 3 for the abdomen, 26% for the thorax, 23.6%
for the legs, 29.2% of specimens scored 3 for the wings, 13.8% for
the head, 13.8% for the eyes and 3.2% for the antennae. The dis-
tribution of the maximum-score-value was significantly different



Fig. 4. The distribution of all quality scores for the individual morphological categories of all kerogenized and pyritized insects from the Crato Formation.
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between the mineralized and kerogenized insects for eyes and
abdomen (Table 2).

Considering the head morphological category, we noticed that
18.2% of the pyritized Caelifera scored 3, while no kerogenized
Caelifera reached that mark. For thoraces, the highest difference
among all insect taxa was attributed to Odonata and Diptera. 20.5%
and 16.6% of the pyritized Odonata and Diptera scored a 3,
respectively, while none of the kerogenized Odonata and Diptera
scored a 3. Quantitative analysis revealed that the abdomen and
eyes are the mostly completely preserved in the pyritized
specimens in comparison to the kerogenized ones. For eyes, the
highest difference among all insects was attributed to Odonata.
Heteroptera, Blattodea, Caelifera, Ensifera, Diptera, Coleoptera and
Neuroptera not reach themaximumvalue, whenwe considered the
kerogenized insects (Fig. 7).

4.3. Articulation states

Themajority of kerogenized and pyritized insects from the Crato
Formation have complete articulated bodies and partially



Fig. 5. Examples of Crato insects in varying degrees of preservation and completeness. A. Scanning electron micrograph of the pyritized cuticle of Ensifera (CRT/UFC 2659). B.
Secondary electron micrograph of the kerogenized Ensifera showing no discernible microfabrics (CRT/UFC 2400). C. Kerogenized Heteroptera, the head missing (CRT/UFC 703). D.
Kerogenized Ensifera, partially articulated (CRT/UFC 2303). E. Pyritized Blattodea showing antennae preserved spectacularly (CRT/UFC 2060). F. Pyritized Ensifera, abdomen and
ovipositor preserved (CRT/UFC 2388). G. Pyritized Odonata, almost whole abdomen left as impression (CRT/UFC 1923). H. Kerogenized Odonata, isolated wing (CRT/UFC 1154). I.
Kerogenized Neuroptera preserved as a faint impression, the eyes in particular (CRT/UFC 100). J. Pyritized Odonata displaying individual ommatidia (CRT/UFC 95). K. Kerogenized
Odonata with preserved eyes and ommatidia (CRT/UFC 1213). Scales bars: A ¼ 30 mm; B ¼ 50 mm; C ¼ 5 mm; D ¼ 5 mm; E ¼ 10 mm; F ¼ 5 mm; G ¼ 5 mm; H ¼ 10 mm; I ¼ 4 mm;
J ¼ 2 mm; K ¼ 3 mm.
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Fig. 6. Histogram showing the maximum-score value proportions for the individual morphological categories of all pyritized and kerogenized insects of the Crato Formation.
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articulated bodies. The comparison of the distribution of scores for
articulation state of the specimens was not significantly different
between kerogenized and pyritized insects from the Crato Forma-
tion (x2 ¼ 4455; p ¼ 0.107; df ¼ 2). When we compared only in-
dividual insect taxon, the distribution of articulation state was
significantly different between the mineralized and kerogenized
Ensifera (x2 ¼ 10.26; p ¼ 0.0059; df ¼ 2) and Neuroptera
(x2 ¼ 28.66; p < 10�4; df ¼ 2).

For all insects, fully articulated specimens are the most common
(223) (Table 3). Considering all fully articulated insects, 158 are
pyritized. The differences between pyritized and kerogenized in-
sects were not significant (x2 ¼ 1.227; p ¼ 0.267; df ¼ 1) when only
the fully articulated specimens were considered. 143 of all speci-
mens are partially articulated, when we observe only the partially
articulated insects, 92 are mineralized. For partially articulated
specimens, the difference between pyritized and kerogenized in-
sects was not significant (x2 ¼ 0.6; p ¼ 0.438; df ¼ 1). However, the
comparison (x2 ¼ 4.812; p ¼ 0.028; df ¼ 1) of the proportion of
disarticulated specimens (11) was significantly different between
iron-oxide insects and kerogenous insects (Table 3).

When considering all specimens, 20.9% of insects were missing
the head. When considering only pyritized insects, 19.6% were
missing the head. On the other hand, 23.6% of specimens were
assigned to this state when considering only kerogenized insects.
76.1% of all specimens received a score 0 for antennae and 49% for
Table 2
The distribution of the maximum-score values for the individual morphological
categories, for pyritized and kerogenized insects of the Crato Formation.

Morphological
Categories

All insects Pyritized
insects

Kerogenized
insects

chi-squared tests

c2 P-value

Head 71 54 17 2.434 0.118
Eye 35 32 3 9.213 0.002
Antenna 12 8 4 0.002 0.958
Thorax 117 85 32 1.481 0.223
Leg 98 69 29 0.410 0.521
Wing 96 60 36 1.037 0.308
Abdomen 109 90 19 11.448 <10¡4

Statistically significant values are given in bold.
eyes. Counting only the pyritized insects, 76.4% of the specimens
score 0 for antennae, and 42.1% of the specimens score 0 for eyes.
Counting only the kerogenized insects, 75.6% and 63.4% score 0 for
antennae and eyes, respectively. 10.6% of kerogenized insects are
missing the thorax against 7.5% of pyritized insects. When we
considered all specimens, 17.7% of the insects lost their abdomen.
The abdomen is absent in 14.9% of the specimens, when consid-
ering only pyritized insects, and in 23.5% of specimens, when
considering only kerogenized insects. For wings, the results were
similar for both types of preservation, 10.6% of the pyritized insects
and 7.3% of the kerogenized insects lost their wings. Only 9.5% of all
insects score 0 for wings. The distribution of the zero-values was
significantly different between the mineralized and kerogenized
insects for eyes and legs (Table 4).

When comparing the proportion of the presence or absence of
individual morphological categories, regardless of anatomical de-
tails, for all mineralized and kerogenized insects from the Crato
Formation, the majority are fully articulated, while less than 3% are
disarticulated. Of all the partially articulated specimens, only the
pyritized insects have representatives missing the head and thorax,
the head and abdomen or the head and wings: 3.9%, 2.9% and 2.9%,
respectively. This suggests that pyritized insects have a greater
number of disarticulation styles. However, when we investigated
the percentages of individual morphological categories missing, the
kerogenized insects show higher values. The presence/absence
proportions were statistically significant for eyes, legs and
abdomen morphological categories (Table 5).
5. Discussion

Our results show that the two modes of preservation have a
significantly different quality of preservation. Surprisingly, the
preservation quality of pyritized insects is consistently higher than
that of the kerogenized insects of the Crato Formation. The kero-
genized insects only showed higher preservation quality for the
wing and antenna morphological categories. Contrary to expecta-
tions, keroginized insects do not show preservation quality that is
as high as that of the specimens preserved by pyritization.



Fig. 7. The comparison of the proportion of the maximum quality-scores for the individual morphological categories between all the mineralized and kerogenized specimens for all
the considered taxa.
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Table 3
Percentages and results of chi-squared tests for articulation state differences be-
tween the kerogenized and pyritized insects from the Crato Formation. Statistically
significant values are given in bold.

Articulation state All insects Pyritized
insects

Kerogenized
insects

chi-squared
tests

c2 P-value

Fully articulated 59.2% 62.2% 52.8% 1.227 0.267
Partially articulated 37.9% 36.2% 41.5% 0.600 0.438
Disarticulated 2.9% 1.6% 5.7% 4.812 0.028

Statistically significant values are given in bold.

Table 5
The results of the statistical analyses comparing the proportions of presence or
absence for each morphological category of the insects from the two modes of
preservation in the Crato Formation.

Morphological Categories c2 P-value

Head 0.853 0.355
Eye 21.037 <10¡4

Antenna 0.043 0.835
Thorax 1.069 0.301
Leg 8.096 0.004
Wing 1.099 0.294
Abdomen 4.7 0.030

Statistically significant values are given in bold.
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Kerogenization includes a transformation from original organic
material by partial or complete chemical alteration of organic
matter into cyclic and aliphatic hydrocarbons (Stankiewicz et al.,
1997; Stankiewicz et al., 1998; Gupta et al., 2006). According to
Schiffbauer et al. (2014), the fossils preserved as carbonaceous
compressions with only rare and diffuse pyrite were likely rapidly
buried in the methanogenesis zone of the sediment column. On the
other hand, pyritization requires degradation of organic matter,
reactive iron and sulphate from environmental sources (Berner,
1984). The precipitation of pyrite occurs when the degradation of
organic matter by microbial activity produces ionic constituents
necessary for mineralization (Raiswell et al., 1993; Briggs, 2003).
Schiffbauer et al. (2014) hypothesized that completely pyritized
fossils spent more time in the bacterial sulfate reduction (BSR)
zone. Degradation in the BSR zone is more efficient than degrada-
tion in themethanogenesis zone because BSR is moremetabolically
efficient than the degradation pathways available in the meth-
anogenesis zone (Elsayed et al., 2015; Mao et al., 2015). Therefore, it
is expected that a specimen preserved in the BSR zone will undergo
more degradation than a specimen preserved in the methano-
genesis zone (Anderson and Smith, 2017).

Based on the argument above, our results do not match this
prediction and diverged from those of Anderson and Smith (2017).
In their study, there is a significant difference between iron-
mineralized and keroginized insects from the Green River Forma-
tion, where the preservation quality of mineralized insects was
consistently lower than the kerogenized insects.

The distributions of quality scores were significantly different
for four morphological categories (head, legs, abdomen and eyes)
when comparing all insects between the two preservation types.
However, there were no significant differences in the frequency of
preservation scores of antennae, thoraces and wings between both
the pyritized and kerogenized insects. For thoraces, this is not
surprising as they tend to have thick and sclerotized tissues. The
Table 4
The distribution of the individual morphological categories scoring zero for all
kerogenized and pyritized insects from the Crato Formation. Statistically significant
values are given in bold.

Morphological
Categories

All insects Pyritized
insects

Kerogenized
insects

chi-squared
tests

c2 P-value

Head 79 50 29 0.599 0.428
Eye 185 107 78 7.653 0.005
Antenna 287 194 93 0.006 0.936
Thorax 32 19 13 0.931 0.334
Leg 114 66 48 4.660 0.030
Wing 36 27 9 0.952 0.329
Abdomen 67 38 29 3.462 0.062

Statistically significant values are given in bold.
proportions of the maximum-score-value for the individual
morphological categories show that the preservational quality of
the mineralized insects was often higher than that of the kero-
genized insects. The head, wings and abdomen were the morpho-
logical categories that most frequently presented substancial
differences among the individual insect taxa. Four individual taxa
showed significant differences for the abdomen (Auchenorrhyncha,
Blattodea, Ensifera and Heteroptera), whereas three are signifi-
cantly different for the wings (Caelifera, Diptera and Neuroptera).
For the head, two individual taxa presented significant differences
(Auchenorrhyncha and Ensifera). Only one taxonomic group
showed differences for the antenna (Neuroptera), thorax (Diptera)
and legs (Ensifera) categories. The abdomen was more affected in
insects in the kerogenized zone, as only 15.4% of kerogenized in-
sects scored maximum value.

The articulation state of insects is not significant different be-
tween the two modes of preservation. The specific articulation
states of fully articulated and partially articulated specimens do not
vary significantly either. The lack of a significant difference for
articulation state could likely be explained by the fact that the fully
articulated individuals were the most common in both pyritization
and kerogenization zones. Otherwise, when comparing only dis-
articulated specimens, the articulation state was significantly
different between the twomodes of preservation, with kerogenized
insects having higher disarticulation values. The high preserva-
tional fidelity of insect morphological components suggest that
these insects likely dropped into water while flying over the lake or
were immersed by risingwater levels (still alive or after undergoing
a short period of decay on land).

The Crato paleolake was most probably a permanent freshwater
environment with no evidence of subaerial exposure (Neumann
et al., 2003; Assine et al., 2014). Our results strongly corroborate
this interpretation. The low number of disarticulated insects sup-
ports that the Crato paleolake experienced a low energy deposition.
Insect carcasses can require prolonged decay and disturbance to
disarticulate before the final burial (Martínez-Delcl�os and
Martinell, 1993; Smith et al., 2006). Additionally, disarticulation
during reworking is an unlikely possibility in the finely laminated
limestones of the Crato Formation.

The difference in the taxonomic composition between the two
modes of preservation is unlikely to be the source of preservation
quality trends in our results, as only the Ephemeroptera is present
solely as pyritized specimens (Fig. 3). Ephemeroptera only pre-
served in the pyritized zone is notable because adult mayflies are
known for their extremely short life spans and emergence in large
numbers in the summer months. This also suggests that a mass
mortality event likely happened during that time of year.

We hypothesize that the higher preservation quality of pyritized
insects is because of the shortened period of microbial decay
needed to generate Fe2þ and HS�, thus leading to the
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mineralization of organic matter (Raiswell et al., 1993; Sagemann
et al., 1999; Schiffbauer et al., 2014). The pyritized insects could
have been deposited in the most distal part of the lake reflecting
maximum highstand of the lacustrine system (Neumann et al.,
2003; Heimhofer et al., 2010). Thus, this deposition would have
occurred under lower-energy conditions, bottomwater anoxia, and
a near absence of bioturbation and carbonate precipitation medi-
ated by microbial communities (Catto et al., 2016; Os�es et al., 2016;
Warren et al., 2017). At this stage, the Crato paleolake sediments
were predominantly calcareous and iron-poor. Sedimentary iron
may have reached the lake through pulses of freshwater (Catto
et al., 2016). Therefore, the pyritization process was probably
iron-limited. Nevertheless, the amount of organic matter was also
low in the pyritization zone (Neumann et al., 2003). Thus, this
scenario would allow the fixation of sulphide by iron at decay sites
and thus pyritization in insects instead of yield widespread
pyritization.

These suitable conditions promoted the early mineralization of
insects. The pyritized Odonata retain much higher values of
discernible eyes (ommatidia) than the kerogenized Odonata,
which shows how quickly and early the mineralization of the
pyritized insects occurred (Fig. 5K). Os�es et al. (2016) hypothe-
sized that predation or diseases could have facilitated the pyriti-
zation of partially disarticulated and fragmented fossil insects
with fine details. In contrast, areas where kerogenizaton domi-
nated would have existed during the early and late phase of lake-
level highstand (Neumann et al., 2003; Heimhofer et al., 2010).
The dark color of these strata is likely due to a combination of
higher organic matter, clay content and terrigenous influence.
During this phase, the water body of the lake was influenced by
rising water level but throughflow most probably was limited
(Heimhofer et al., 2010). Increased residence time of water in a
restricted basin would have promoted stagnant conditions and
increased contribution of clay minerals accompanied by
decreased carbonate content. The slightly highest values of
organic matter in the kerogenization zone (Heimhofer et al., 2010;
Catto et al., 2016) yielded widespread pyritization at the bottom of
the lake. Os�es et al. (2017) proposed that clay content and low
microspar porosity contributed to a narrow BSR zone, and it is
possible that there may have been a decrease in sulphate perco-
lation in these strata. Thus, the low supply of ions allowed the
kerogenous insects to experience a minimum of microbial
degradation within the BSR. A short BSR would have decreased
the period of microbial decay available to generate the ions that
can promote mineralization.

Both pyritized and kerogenized insects come from the same
pronounced rhythmically bedded deposit, so it is expected that the
biostratinomic processes experienced by insects should be similar.
However, the greater degree of disarticulation of insects in the
kerogenization areas would have to have taken place during the
biostratinomy stage. Nevertheless, it is difficult to estimate the
exact source of biostratinomic differences between the pyritized
and kerogenized insects from the Crato Formation.

There is a possibility that specimens were initially preserved
with finer details, but during later diagenesis that preservation-
fidelity has been lost. Insects affected by intense oxidation pro-
cess can exhibit iron-oxide overgrowths, or even changes in artic-
ulation state (Anderson and Smith, 2017). In the case of the
pyritized insects, many specimens initially mineralized have been
affected by narrow fractures. These breaks in the host rock facilitate
the percolation of oxidizing fluids, which could dissolve away the
fossil material leaving behind only the outline of former insect
(personal observation of FIB, 2019). Specimens bearing these sig-
nals were not including in this study.
6. Conclusion

Here, we compared the preservational quality of insects pre-
served via pyritization and kerogenization from the Crato Forma-
tion. The pyritization process requires partial degradation of the
carcass leading to a decrease in preservation of their morphological
details. But, surprisingly, our results show that the pyritized insects
have higher overall preservation quality than fossil insects that
have been preserved by kerogenization.

Of all insects studied, the differences in distribution of scores for
individualmorphological categorieswere significant in the abdomen,
head, legs and eyes. Thorax, antennae and wings did not present
statistically significant differences. For all insects, the differences in
measuresofarticulationstatebetween the twomodesofpreservation
were similar. However, when comparing only the proportions of the
disarticulated insects, the differences were statistically significant.
Our results suggest that these preservation patterns may be
controlled by factors such as morphological characteristics, ecology
and also abiotic factors such as depositional environment. Overall, in
comparisons in which the difference between pyritized and kero-
genized insects are statistically significant, the higher preservation-
fidelity scores tended to belong to the pyritized specimens. Clearly,
Crato Formation was not selective as it has several insect groups
(pyritized plus kerogenized) displaying preservation of bio-
mineralized tissues on amicron-scale as well as gross morphological
features. Thus, different groups of insects may have different tapho-
nomic processes, but all can be classified as exceptional.

It seems likely that the low degree of disarticulation in pyritized
insects suggests a greater concentration of ions (sulfate and ferrous
iron) allowing for the rapid mineralization of insects with fine de-
tails. In contrast, sediments slightly richer in organic matter in the
kerogenization zone yielded widespread pyritization, thus
decreasing the contributions of sulphate and iron to fossil mineral-
ization. In summary, the taphonomic bias towards lower quality of
kerogenized insects is most likely due to the combination of the
processes that occurred during both biostratinomy and early
diagenesis stages. Comparing two different preservational pathways
is a complex task in and of itself, mainly when two or more different
preservational pathways are simultaneously associated with the
same fossil deposit. Therefore, it is not always easy to highlight
which preservational pathway is the best. We recognize that due to
lack of the appropriate storage space to accommodate large collec-
tions, paleontologists often focus their search for specimens on the
highest quality, while poorly preserved specimens are not often
collected. Clearly, taphonomic analysis of biased paleontological
collections can lead to biased results. However, statistical analysis
and taphonomic studies of assemblages dominated by high-level
taxa will allow us to understand the influence of depositional
environment on the preservation of insects as a whole as well as the
biological factors that may control their taphonomic patterns.

The comparison of very similar representatives preserved by
two different pathways showed that mineralized fossils can also be
preservedwith a high level of fidelity. This study suggests that fossil
deposits preserved via pyritization, have as much influence on the
overall preservation quality as those preserved by keroginization.
Others studies comparing kerogenized and partially or fully
mineralized soft-tissues are performed in different periods or even
in different depositional environments (Penney and Langan, 2006;
Lin and Briggs, 2010). Whereas the Crato Fm. is one of the few
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lithological units in the world where kerogenized and pyritized
insects of the same taxonomic group with similar taphonomic
histories may be preserved within the same strata, and even at the
same outcrop, and this is where the greatest importance of the
present study lies.
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