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ABSTRACT

This paper reports a new assemblage of social insect ichnofossils from the Brushy Basin Member of the
Upper Jurassic Morrison Formation near Green River, Utah. At least seven distinct nests are visible in the
locality horizon, identifiable at the outcrop scale by loci of anastomosing, and orthogonally connected hor-
izontal burrows and vertical shafts. A boulder-sized block from the in situ horizon has eroded and rolled
downhill, revealing the ventral aspect of the nest, showing a view of the overall nest architecture. Burrow
and shaft clusters are organized into mega-galleries which have branching arms and ovate, bulbous cham-
bers. The organization of distinct trace morphologies is consistent with ethological complexity of the social
insects. A small sample was collected and analyzed by serial sectioning and petrographic thin sectioning to
observe small-scale morphological features. Centimeter-scale analysis shows chamber, gallery, and burrow
walls have complex topography. Pebble-sized, hollow, ellipsoid features are distributed throughout the up-
permost facies of the nest and have undergone complete silicification of their outer surfaces. The ellipsoids
share similarity with pellet structures made of mud or carton produced by modern termites. This trace
fossil assemblage suggests it is possible that termites had acquired subterranean nesting behavior, and mud

or carton utilization in nest construction in seasonally arid habitats by the Late Jurassic.

INTRODUCTION

Despite their individual cognitive simplicity, euso-
cial insects (termites, ants, bees, and wasps) are respon-
sible for building some of the most complex structures
in the animal kingdom (Theraulaz and others, 1998).
Eusociality, the highest degree of animal sociality, is a
remarkable biological phenomenon where members of
a species are differentiated into reproductive castes and
provide alloparental care (Crespi and Yanega, 1995).
Eusocial insects that create the most complex structures
are ants and termites, which are some of the most eco-

logically successful groups of organisms on Earth. Ants
and termites are found on all continents except Antarc-
tica and include over 12,000 living species and 3000 fos-
sil species (Ward, 2007; Krishna and others, 2013).
Social insects can create structures that are spectac-
ularly more complex than other solitary and subsocial
arthropods because of stigmergy and self-organization
(Theraulaz and others, 1998). Stigmergy is the trans-
mission of information via the environment, rather
than direct organismal communication (Theraulaz and
Bonabeau, 1999). The nest itself serves as a template for
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the individuals in the colony to respond to stimuli, and
their cumulative responses create a complex product in
absence of individuals with cognitive complexity (Perna
and Theraulaz, 2017). The nests of social termites are
constructed to regulate temperature, moisture, and gas
exchange (Ocko and others, 2019). The nests of ants
have readily observable effects on the chemistry and
physical properties of the soil they inhabit (Nkem and
others, 2000). Aside from their ecological dominance
and taxonomic diversity, the eusocial insects serve as
complex and nuanced models for how selection op-
erates at the group level (Fewell, 2003). Since Wilson’s
(1971) groundbreaking book The Insect Societies was
published, social insects were brought to the center of
an extensive debate amongst evolutionary scholars on
the nature of natural selection, with opinions repre-
senting a multi-level selection, and gene selection views
(Van Veleen, 2009).

Genomic evidence and body fossil continues to
shed light on the once obscure origins of these ecolog-
ically important and evolutionarily successful groups
of animal life. Brady and others (2006) estimated the
common ancestor of extant ants evolved between 115 to
135 Ma, with a fossil-calibrated, molecular phylogenetic
analysis. The authors concluded that a Jurassic origin
of eusocial ants is unlikely. Cretaceous amber deposits
from Burma (99 Ma) have yielded a morphologically
specialized, stem-group ant taxon that appears to be
eusocial (Barden and Grimaldi, 2016). Fossil distribu-
tion analysis and molecular phylogenetics have sup-
ported the hypothesis that the evolutionary radiation
of crown-group ants coincided with the rise of angio-
sperms (Moreau and others, 2006; Perrichot and others,
2008).

Termites (Isoptera) are a monophyletic clade of eu-
socialinsects that are now understood to be derived from
cockroaches (Blattodea) (Inward and others, 2007),
with the most recent common ancestor of termites and
cockroaches likely evolving in the Permian (Legendre
and others, 2015). Termites are the sister group to Cryp-
tocerus roaches, with an estimated divergence time in
the Early Jurassic (~195 Ma), and crown-group diversi-
fication occurring in the Late Jurassic (~150 Ma) (Bour-
guignon and others, 2014). In the Mesozoic, termites
were not speciose, and represent a small fraction of in-
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sect diversity in fossil deposits (Engel and others, 2009).
The first definitive termite fossils date back to the Early
Cretaceous, with the oldest winged, stem-group termite
fossils from Siberia dated to 135 Ma (Krishna and oth-
ers, 2013). Despite their rarity, the body fossil record
of termites indicates they were cosmopolitan and rela-
tively diverse by the Late Cretaceous (Engel and Delcos,
2010). Early Cretaceous (99 Ma) amber deposits from
Myanmar reveal a speciose termite fauna with morphs
belonging to reproductive castes, a diagnostic feature of
eusociality (Engel and others, 2016).

The most basal living termite species, Mastotermes
darwiniensis is the only member of the Mastotermitidae,
and is only found on the continent of Australia (Krish-
na and others, 2013). The fossil history of this group has
a cosmopolitan distribution, with fossil mastotermitids
reported from the Lower Cretaceous Wealden Clay of
England and Eocene amber deposits from the Baltic re-
gion (Engel, 2008; Krishna and others, 2013). The fossil
history of termite species and their modern distribution
indicate that their evolution predated Gondwanan rift-
ing and thus did not initially coincide with the rise of
angiosperms (Engel and others, 2009). Genomic and
fossil evidence suggest that the the Late Jurassic was
likely a key time in the radiation of crown isoptera (Leg-
endre and others, 2015).

Genomic and body fossils provide only a partial pic-
ture of the evolution of social insects. Ichnofossils are
the only direct evidence of the evolution of nest archi-
tecture and nesting behavior. Many reported social in-
sect ichnofossils have been controversial (Genise, 2016).
However, some reported ichnotaxa have been referred
to living clades of ants and termites (Smith and others,
2011; Roberts and others, 2016), but these ichnotaxa are
almost exclusively Cenozoic (Genise and others, 2000).
Ichnofossils record notable events in termite evolution
including the development of fungal agriculture dating
back to the Miocene (25 Ma) of Africa (Duringer and
others, 2006; Roberts and others, 2016).

Ant and termite nests have many similar elements,
and nest architecture has been suggested to be of limit-
ed phylogenetic utility (Hasiotis, 2003; Genise, 2016).
However, ant and termite nests have both homoplas-
tic and autapomorphic characteristics. In modern ant
nests, cylindrical galleries connect oblate to elliptical,
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expanded chambers, connected by vertical descend-
ing, cylindrical shafts (Tschinkel, 2004). Extant ant nest
morphologies display diagonal central shafts, and varia-
tion in the clustering of chambers either near the top or
the bottom of the nest (Tschinkel, 2015).

The ichnologic record of social insects from the
Mesozoic is sparse and more taxonomically ambiguous
than the Cenozoic record; however, it contains localities
that inform science about the early evolution of social
insects. Xing and others (2013) reported insect traces
on a dinosaur skeleton from the Lower Jurassic Lufeng
Formation of China. Xing and others (2013) noted the
morphological similarity between these traces and the
foraging galleries of modern termites, which are con-
structed with mud or carton (fecal matter mixed with
saliva). The authors could not rule out a coleopteran as
the trace-maker, they suggest the possibility that traces
may be attributed to either a stem or crown-group ter-
mite.

Roberts and Tapanila (2006) reported social insect
nests housed in the sand infilled casts of tree stumps
from the Late Cretaceous Kaiparowits Formation of
southern Utah. However, the Kaiparowits social insect
nests were not definitively concluded to belong to either
ants or termites. Termite ichnofossils have been report-
ed from the Early Jurassic Clarens Formation of South
Africa (Bordy and others, 2004). The hypothesis of a
social insect tracemaker in both reported ichnofossil
localities was supported by the occurrence of multiple
bioturbation centers. However, the South African Early
Jurassic termite mounds reported by Bordy and others
(2004) were disputed, with a countering opinion citing
a lack of clear morphology overlap between extant ter-
mites and failing to eliminate root traces as an origin
(Genise and others, 2005).

The North American ichnofossil record of the ter-
restrial Jurassic has been reported by Hasiotis (2004)
in a survey of the Upper Jurassic Morrison Formation
ichnofacies. The author reports a diverse ichnofauna
with a variety of ethologies adapted to conditions of
channel, floodplain, lacustrine, and marginal-marine
environments. In this survey, ichnofossils with ants and
termites as interpreted tracemakers are reported. These
termite and ant ichnofossils have been contested by
Bromley and others (2007), who regard these reports as
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lacking ichnotaxonomic treatment, modern compara-
tive morphology, and a nonsynchronous body fossil re-
cord. The new ichnofossil assemblage presented in this
paper will add to the diversity of the Morrison ichno-
fauna, and provide previously reported Morrison social
insect ichnofossils with additional context.

GEOLOGIC SETTING

The trace fossil assemblage in the Morrison Forma-
tion lies 12.4 km southeast of Green River, Utah, near
the Crystal Geyser area (figure 1) and occurs within the
upper Brushy Basin Member of the Morrison Forma-
tion (Bell, 1986). Deposition of the Morrison Forma-
tion occurred concurrently with the commencement of
Cordilleran Highlands uplift, which provided a source
of northeast-travelling clastic sediment (Dickinson and
Gehrels, 2008). The Brushy Basin Member is an approx-
imately 100 + 30 m succession of mostly fine-grained,
smectitic mudstones (Dickinson and Gehrels, 2008).
The upper Brushy Basin Member is characterized by
smectitic mudstones attributed to volcanic ash sourced
from calderas to the southwest of the depositional ba-
sin (Turner and Peterson, 2004). The depositional envi-
ronments of the Brushy Basin are low-gradient stream
channels, floodplains, and playa lakes (Dickinson and
Gehrels, 2008).

The upper Brushy Basin Member of the Morrison
was deposited in the continental interior, bordered by
a subduction zone to the west, and more proximal to
a transcontinental rift zone. This zone was the setting
for igneous complexes that provided the source for the
volcanic ash seen in the “clay change” between the up-
per and lower Brushy Basin Member (Turner and Pe-
terson, 2004). The locality is 8 m below the uppermost
Jurassic unconformity (figure 2) and lies above the “clay
change,” which is described as the presence of extensive
bentonitic volcanic ash that contain altered zeolites giv-
ing the upper Brushy Basin Member its array of color
(Turner and Peterson, 2004).

Radiometric dates for the Brushy Basin Member are
reported by several groups of authors and are largely in
congruence. The top of the Brushy Basin has been re-
ported by two U-Pb dates from near Hanksville, Utah,
at 149.0 + 2.5/-2.2 Ma and 149.3 + 0.5 Ma (Kowallis and
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. Cretaceous strata

[ ] Morrison Brushy Basin
["] Morrison Salt Wash

. Summerville Fm.

Halotype
UMNH-IP 5233

Holotype #*
UMNH IP 523

e

Figure 1. Geologic map of the Crystal Geyser area (A), near Green River, Utah (modified from Sable, 1955). A profile satellite
image of the locality (B), with yellow dots indicating nest sites. An overhead satellite image of the locality (C), showing the
exposure of the nest horizon. Satellite images from Google Earth, full citation in references.

others, 2007). Trujillo and others (2014) reported an age
for the Mygatt-Moore Quarry of Mesa County, Colora-
do. The Mygatt-Moore Quarry is reported to be 64 m
above the base of the Brushy Basin Member, and these
authors report a U-Pb age date from a zircon sample,
collected from a smectitic mudstone from the quarry, at
152.18 + 0.29 Ma.

A recalibrated **Ar/**Ar radiometric date from Little
Cedar Mountain, Emery County, Utah, dates the top of
the Brushy Basin Member to 150.00 + 0.52 Ma (Trujillo
and Kowallis, 2015). These authors also suggest a con-
gruence between dates occurring in the Middle to Up-
per Brushy Basin across known stratigraphic sections
that is approximately 151 Ma. Galli and others (2018)
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report U-Pb dates ranging from 150.208 + 0.094 Ma in
the middle of the Brushy Basin Member, and 149.43 +
0.059 Ma, 2 m from the top of the member. However,
the date from the middle of the member may not be as
low stratigraphically as these authors report (J. Foster,
Utah Field House of Natural History State Park Muse-
um, personal communication, 2019).

The new trace fossil locality, which is 8 m below
the top of the Brushy Basin Member is stratigraphically
higher than the Mygatt-Moore dinosaur quarry, so the
radiometric age date of 152.18 + 0.29 Ma can be con-
fidently placed as a maximum age for the new locality
(Trujillo and others, 2014). The recalibrated *Ar/*Ar
radiometric date from Little Cedar Mountain serves as
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Figure 2. Stratigraphy of the type locality of Eopolis ekdalei (UMNH IP 5233), note the Jurassic-Cretaceous boundary (A).
Elaborated detail at the nest horizon shows lateral variation in grain size and color (B). An annotated photograph shows the
stratigraphic horizon where UMNH IP 5233, the type specimen of Eopolis ekdalei, was extracted (C).

an appropriate upper age limit for the new Morrison
trace fossil locality, at 150.00 + 0.52 Ma (Trujillo and
Kowallis, 2015).

The paleoenvironment of the Morrison Formation
has been characterized as dry, with high evaporation
and transpiration relative to precipitation (Turner and
Peterson, 2004). The flora is most accurately charac-
terized as herbaceous-dominant, with a relative lack of
woody plant fossils (Parrish, 2004). The upper Brushy
Basin Member was deposited as a low gradient alluvi-
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al plain with wetlands and inwardly draining alkaline
lakes. The water supply to the Morrison Basin was like-
ly fed by meteoric water in the highlands that fed los-
ing streams that intercepted the surface down gradient
(Turner and Peterson, 2004).

The locality horizon can be considered a paleosol
due to several lithologic observations (figure 2). The
locality horizon lacks clear horizontal bedding features
and contains rhizoliths. Mudstones and siltstones are
mottled and contain discolorations consistent with oxi-

2020 Volume 7



New Social Insect Nests from the Upper Jurassic Morrison Formation of Utah
Armour Smith, E., Loewen, M.A., and Kirkland, ].I.

dization. Paleosol formation at the uppermost Morrison
Formation unconformity reflects decreasing deposition
and/or accommodation and consequently greater lon-
gevity of sediments on the depositional surface (Demko
and others, 2004).

METHODS

The ichnofossils in this report were named using a
morphology based approach outlined by Bertling and
others (2006). Analysis of these ichnofossils was con-
ducted at a range of visual scales from outcrop to milli-
meter-scale. Eight centers of intense bioturbation erod-
ing in relief were photographed and observed (figure
1). The spatial distribution and elevation of the mounds
were recorded with Universal Transverse Mercator
(UTM) coordinates, and plotted on a 1:24,000 scale U.S.
Geological Survey map (figure 1). A geologic map of
Tidwell-1 quadrangle was used to construct the locality
map (Sable, 1955) (figure 1).

The stratigraphy of the ichnofossil assemblage was
described by utilizing a drainage that eroded through
the stratigraphic horizon of the ichnofossil assemblage
(figure 2). The lithology and mineralogy of the ichnofos-
sils were described with transmitted light photographs
of petrographic thin sections. The photographs were
supplemented with a Quantitative Evaluation of Mate-
rials by Scanning Electron Microscopy (QEMSCAN)
analysis, which produces a quantitatively descriptive
image of mineral fabrics by assigning a mineral identity
to each pixel based on spectral data. The QEMSCAN
analysis was performed at the Advanced Rock Charac-
terization Laboratory at the University of Utah, which
consists of a Carl Zeiss EVO 50 Scanning Electron Mi-
croscope running the QEMSCAN proprietary software.
A 27 mm? area of a petrographic thin section was im-
aged with a 20-micrometer spot for 11 minutes.

Individual mounds were preserved with pervasive
cracks and weathering surfaces. This preservation made
approaches to collecting the specimen difficult. Ulti-
mately, we decided that leaving the nests at the locality
in situ would be the best immediate approach for pre-
serving them, and smaller samples for serial section-
ing would be most ideal for describing interior burrow
morphology.
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To assess the internal stratinomy of the uppermost
facies in each mound, a ~30 cm in diameter sample was
cut into nine serial sections and photographed with
consistent parameters. Sharp contrast in burrow lining
(contact between pale purple and white silt/clay) was
accentuated using Adobe Illustrator (figure 3). The thin
sections and serial sections of the ichnofossil sample are
reposited at the Natural History Museum of Utah in Salt
Lake City (UMNH).

SYSTEMATIC ICHNOLOGY

Eopolis - New Ichnogenus
Etymology

Eo- (Greek), dawn, origin. Polis- (Greek), city. The
name refers to the interpreted nature of the trace as a
structure built by a social insect, animals that are re-
nowned for the complexity of the structures they build.
The name also refers to the early occurrence of the
trace, near the evolutionary origin of the earliest social
insects.

Type Specimen
Holotype, UMNH IP 5233.
Material

Sample is composed of nine serial sections, and two
petrographic thin sections.

Horizon, Age, Locality

Holotype specimen collected near the top of the
Brushy Basin Member of the Upper Jurassic Morrison
Formation. The locality is approximately 12.4 km south-
east of Green River, Utah. The nest horizon is approxi-
mately 20 m below the unconformable contact with the
Yellow Cat Member of the Cretaceous Cedar Mountain
Formation.

Diagnosis

This trace is defined as a densely clustered burrow
network, composed of cylindrical horizontal galler-
ies and vertical shafts, punctuated by expanded, ovate
to spherical chambers. Clusters of orthogonally and
obliquely intersecting cylindrical burrows are contained
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]

131 15
12 14 16 18
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Figure 3. Serial slice tomography of Eopolis ekdalei (UMNH IP 5233). (A) Annotated photograph of in-situ nest horizon.
(B) A diagram illustrating dimensions of macrosample and slice numbers. (C) Small scale burrow morphology interpreted
from serial section photographs. Pale-purple clayey silt is the matrix and white clayey silt is the infill. Slice numbers indicate
sequence, as shown in (B). Ellipsoids are marked in blue for contrast.
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within a larger, also unlined network with anastomos-
ing morphology. Chamber walls are unlined, but have a
cellular or honeycomb-like morphology.

Horizontally oriented, or obliquely oriented galler-
ies have cylindrical morphology, with an average di-
ameter of 0.49 cm (n = 13), ranging from 0.32 to 0.79
cm. Vertically oriented shafts have similar dimensions,
with an average diameter of 0.49 cm (n = 16), ranging
from 0.30 to 0.79 cm. Chambers are sub-spherical or
sub-ovate to amorphous, with undulating, rugose mar-
gins. Chamber diameter ranges from 5 to 20 cm at their
greatest width. The mounds are approximately 0.5 m in
vertical relief, and 0.75 to 1 m in horizontal diameter,
and possess a cylindrical shape with the vertical axis be-
ing the shortest.

Eopolis ekdalei - New Ichnospecies
Etymology

Specific epithet for Tony Ekdale, Ph.D., paleontol-
ogist and professor in the Department of Geology and
Geophysics at the University of Utah, for his outstand-
ing contributions to the field of ichnology.

Diagnosis
As the genus.
Differential Diagnosis

At this locality, the ichnospecies is represented by
at least seven nests that are flat and cylindrical in gross
morphology. Eopolis has clustered, anastomosing bur-
row networks like Termitichnus (Bown, 1982) and So-
cialites (Roberts and Tapanila, 2006). The highest densi-
ty of burrows does occur in a central location, however,
there is no indication that a spherical pericicie exists
as in Termitichnus (Bown, 1982). There is also no in-
dication that chambers are stacks of oblate discs as in
Krausichnus (Genise and Bown, 1994) or Daimonio-
barax (Smith and others, 2011). The small-scale (hand
sample) morphology of the trace has roughly horizon-
tal burrow orientation, but there does not appear to be
tightly clustered connections of passages by ramps, and
distinct partition walls as in Coatonichnus (Duringer
and others, 2007).
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RESULTS
Lithology and Stratigraphy of Nest Horizon

The nest horizon can be described as an approxi-
mately 0.5-m-thick layer of tuffaceous, bentonitic silt-
stone, lying immediately above mudstone-claystone
layers with diffuse bioturbation (figure 2). Approxi-
mately 2 m of outcrop at the horizon of the trace fos-
sil assemblage reveal mostly bioturbated red siltstone
with green-gray mottles. The bioturbated siltstones are
punctuated by non-bioturbated, red-purple siltstone
and mudstone. Additionally, green mudstone and sand-
stone are observed punctuating the red-purple mud-
stone beds. All eight mounds are topped by a purple and
white, bioturbated clay-rich siltstone with pebble-sized,
hollow, purple ellipsoid structures.

Eight mounds of silicified mudstone and siltstone
crop out in approximately 0.5 to 1 m of relief (figure 1).
Burrow concentration and complexity increases gener-
ally towards the center of each mound, so each mound
is a center of bioturbation. The core of each mound
displays a silicified texture with an orange hue, and the
surrounding mudstone and sandstone beds appear to
deform in a concave-up fashion in relation to the peak
of each mound. The deformation of the beds adjacent
to the mounds is likely the result of soft-sediment de-
formation.

Description

Anastomosing masses of purple sediment are punc-
tuated with gaps of white sediment approximately 2 to
3 cm in length (figure 4). Purple and white sediments
in uppermost facies reveal boundary of burrows (figure
3). Typically, the white appears as infill, and purple ap-
pears as matrix. However, the white sediment is much
more abundant, and the purple coloration revealing the
matrix is limited through these layers. It is likely much
of the matrix is composed of white sediment as well,
which obscures the differentiation between burrow and
matrix in some places (figure 4A). The matrix-burrow
boundaries are gradational, but occasionally display
sharp contrast. Ovate, columnar structures occasionally
transect purple sediment, both directly and obliquely.
Smaller circular features, white sediment within purple
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Figure 4. Photographs (left) and interpretations (right) of the type locality of Eopolis ekdalei (UMNH IP 5233). (A) This view
shows an in situ nest with burrows in cross section from lateral view. (B) This view shows a nest block fallen out of place,
exposing a transverse planar view underneath a nest. (C) This view shows a close-up photo and interpretation of an extended
branch of the mega-gallery.
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sediment, are 2 to 5 mm in diameter.

An approximately 25-cm-thick deposit of white
siltstone with purple mottles lies directly on top of an
unbioturbated gray mudstone (figure 4A). The mound
contains a network of vertically and horizontally orient-
ed tunnels, with an average diameter of 0.49 cm (n =
13). The burrows appear in vertical and horizontal relief,
with semicircular portions of the cylindrical tunnels ex-
posed in cross section, vertically and horizontally. The
vertical and horizontal tunnel join in an approximately
orthogonal fashion. The tunnels are unlined but have
a rugose texture. The second distinct morphology that
can be seen on figure 4A are vertical shafts. Shafts are
exposed vertically and have an average diameter of 0.49
cm (n = 16). Some of the shafts are adjacent to more
open galleries with are undulating margins. These are
more difficult to see as the sediment lacks the pale pur-
ple color.

A large boulder-sized block that has fallen from
the outcrop above revealed the ventral surface of a nest
(figure 4B). An anastomosing gallery is visible on a dis-
tinctly larger scale than the tunnel lattice and vertical,
undulating galleries seen on figure 4A. This feature is a
mega-gallery. The arms or branches of the mega gallery
are approximately 25 to 30 cm thick and are composed
of the tunnel lattice and smaller vertical galleries. A
1.5-cm-wide, 25-cm-long horizontal tunnel is exposed
on the underside of the block (figure 4C). The lining
to the tunnel, and adjacent small galleries, is not com-
posed of a distinct substrate, but has an anastomosing,
or undulating lining. Three to five sinuous waves in the
lining occur on a 5 cm horizontal line. Vertical and hor-
izontal tunnels 0.5 to 2 cm in diameter, with unlined
walls, are visible in the arm of the mega-gallery.

Vertical galleries with an undulating or sinuous
lining are visible from the periphery of a nest location
(figure 3). A series of horizontally oriented, ribbon-like
striations are visible between tunnel and gallery open-
ings. An open gallery shows a bulb hanging down into
the gallery; the bulb is approximately 1.5 cm in diam-
eter. Figure 3 shows the tunnel lattice, and how small-
scale galleries change in three-dimensional space. Slices
are approximately 10 to 15 cm in the longest direction,
and 2 cm thick. Gaps between slices are approximately 1
cm (width of rock saw blade). Anastomosing or sinuous
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vertical gallery walls are crossed by a lattice of vertical
and horizontal tunnels. Ellipsoid features (figures 5 and
6) are pervasive throughout this horizon, with a mean
diameter of 0.31 cm (n = 128) through the short axis.

These ellipsoid features can be ruled out as continu-
ous burrows in cross section (figure 3). Cross sections of
ellipsoids are seen on either side of cuts, (cross sections
3 and 4), but are not horizontally continuous through
multiple slices (figure 3). For instance, on figure 3, the
cross sections on either side of a cut, numbers 5 and 6,
go through a group of ellipsoids. The next pair of cross
sections (7 and 8) also cut through a group of ellipsoids
that are below the group on cross sections 5 and 6. If
these were horizontally continuous burrows, the ellip-
soids higher on cross sections 5 and 6 would persist
through cross sections 7 and 8 (figure 3). The lining of
these ellipsoid features is pale-purple, with white sedi-
ment internally. These ellipsoids generally occur at the
contact between the pale-purple and white sediment,
but are also found isolated within white sediment.

QEMSCAN Analysis

Ellipsoid features are ubiquitous through the white
and pale-purple siltstone facies (figure 5). The ellipsoids
are hollow and vertically compressed. The lining of el-
lipsoids is approximately 10 to 20 microns thick. The
outermost layer these of ellipsoid features is silica. The
rock fabric of the purple and white siltstone facies is
a groundmass of quartz and clay minerals, along with
and barite and feldspar crystals that are larger than the
groundmass (figure 5C). Ellipsoid structures are com-
posed entirely of silica. Feldspar crystals seen in petro-
graphic thin section (figure 5C) are white and elongate
(~100 pm length). Clay mineral and silt-size quartz
grains are likely too small to see in petrographic thin
section at the magnification displayed in figure 5. Barite
crystals appear opaque and dark (figure 5C). The QEM-
SCAN analysis is unable to differentiate the composi-
tion of the clay minerals (figures 5D and 5E) versus the
plagioclase crystals, and are all identified as gray pixels.

Interpretation of Locality

Our study has observed this trace fossil assemblage
at outcrop scale (figures 1 to 3), centimeter scale (figure
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@ Ellipsoid feature
Y Interpreted burrow-matrix margin

E Mineral Surface area
Quartz 65.47%
Clay, plagioclase  31.49%
Barite 1.64%
Kaolinite 0.85%
Chlorite 0.34%
Background 0.21%

Figure 5. A close-up photograph of the type locality nest horizon of Eopolis ekdalei, where UMNH IP 5233 was extracted.
Some matrix is gray-purple and silica rich, with infill composed of bentonitic clay (A). The field photograph of nest hori-
zon with interpreted burrow linings (B). A petrographic thin section photograph of a silicified ellipsoid feature (C) with an
overlain QEMSCAN analysis (D). A visual representation of the QEMSCAN analysis with surface area of mineral content
reported as a percentage (E).
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A Multiple entrances

Surface

y

Anastomosing
galleries

Small-scale
Large morphology (B)

chamber

2cm 5 mm

Figure 6. An interpretation of the new Morrison Formation trace fossil site at outcrop scale (A). Trace fossil interpretation at
close-up scale (slice 5, UMNH 5233, figure 4), noting embedding of ellipsoids (blue for contrast) (B). A schematic drawing
of a single ellipsoid, with appearance in cross section (C).
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3), and microscopic scale (figure 5). We can use these
observations to support an overall interpretation of its
reconstruction. Large chambers, anastomosing galler-
ies, and single, unbranching galleries are visible in the
ventral view of the displaced block (figures 3B and 6A).
At the hand-sample scale, purple silt matrix can be dif-
ferentiated from the white silt infill. Silicified ellipsoids
occur with an apparently random distribution at the
hand-sample scale (figure 6B). Burrows are roughly
horizontally oriented, but also intersect cross sections
vertically, and at oblique angles. Walls of the burrows
have intensely folded and complex surfaces (figure 6C).
Individual ellipsoids appear as circles in cross section
(figure 6C).

DISCUSSION

These findings demonstrate a new occurrence of
social insect nest ichnofossils from the Morrison For-
mation, morphologically distinct from reported so-
cial insect ichnofossils both within and outside of the
Morrison. These traces show a high degree of ethologic
complexity, consistent with the architecture of mod-
ern and fossil social insect nests. Features that indicate
multiple, synchronous behaviors are reported in these
nests including burrow excavation, gallery/chamber
construction, and ellipsoid producing behavior. These
ichnofossils predate the first body fossil occurrences of
social insects by 15 million years (Krishna and others,
2013).

Several alternative hypotheses will be addressed
here. Ichnofossils created by the activity of plant roots
are known as rhizoliths, and they are cited as an alter-
native tracemaker to reported fossil social insect nests
(Genise, 2016). Rhizolith horizons have a superficial
resemblance to social insect burrow networks. Rhizo-
lith horizons have cylindrical infillings that are densely
clustered and may cross each other in a woven appear-
ance (Badawy, 2018). In general, rhizolith horizons are
defined by vertically oriented casts, with horizontally
extending mats that may appear anastomosing in pla-
nar view (Owen and others, 2008). Often, plant root
traces and social insect nests are reported in associa-
tion with insect burrow networks woven into rhizolith
fabrics (Roberts and Tapanila, 2006; Genise and others,
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2010). Discrete rhizolith horizons can be identified im-
mediately below and above the nest horizon (figure 2),
but they are either not as dominant, or are completely
obscured by the nest horizon.

Another alternative hypothesis to explain the or-
igin of these traces is that the nests are a composite
product of other solitary to subsocial soil infauna that
create a structure that appears complex from their in-
dividual burrowing activities. A diversity of modern
animal life has soil habitat, creating traces that are the
result of resting, breeding, and locomotion behaviors
(Hasiotis, 2007). Neoichnological experiments have
demonstrated that individual beetle larvae produce
backfilled, meniscate burrows (Counts and Hasiotis,
2009). Cicada larvae have been demonstrated to create
similar this type of burrow as well (Smith and Hasio-
tis, 2008). A diversity of arthropods create trace fossils
with both unique and similar features (Hasiotis, 2002).
Ratcliffe and Fagerstrom (1980) demonstrated that bee-
tles (Coeloptera) were responsible for creating both sin-
gle-chambered, branching, and anastomosing burrows
in Holocene sediments. The brood traces of dung bee-
tles, bee cells, and wasp cocoons are common ichnofos-
sils in the Cenozoic record of South America, grouped
together as the Coprinisphaera ichnofacies (Genise and
others, 2000). Although Hasiotis (2004) has reported a
diversity of trace fossils attributed to the behaviors of
insects in the Morrison Formation, several lines of evi-
dence do not support a soil insect infauna origin for this
assemblage. Eopolis, with its anastomosing mega-gal-
leries, appears to be much larger and more complex
than nests attributed to termites from the Late Triassic
Chinle Formation, Archaeoentomichnus (Hasiostis and
Dubiel, 1995). However, unlike Archeoentomichnus, Eo-
polis lacks a distinct periecie and spiral-shaped ramp
(Hasiostis and Dubiel, 1995). First, the isolated occur-
rence of any of these trace features (including horizon-
tal shafts, vertical shafts, sinuous walls, ellipsoidal fea-
tures) can be reasonably attributed to other, non-social
taxonomic groups of insects. Second, the anastomos-
ing burrows that are contained within a larger gallery
apparatus suggest a distinct hierarchy and ethological
complexity (figure 4). The similar morphology amongst
each mound or locus in this ichnofossil assemblage sug-
gests that the trace-maker is monospecific (figure 2).
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Despite their size and complexity of their nests, ants
can effectively be ruled out as a trace-maker for these
new Morrison ichnofossils. There is a clear morphologi-
cal discrepancy between this trace fossil assemblage and
the traces of modern and fossil ant nests. In modern ant
nests it has been observed that a positive correlation be-
tween colony size and nest size exists, in addition to de-
creasing nest volume with depth (Mikheyev and Tsch-
inkel, 2004). Ant nests have been described as having a
single entrance (Tschinkel, 2004) or multiple entrances
(Guimaraes and others, 2018). Despite variation in shaft
or gallery density and orientation, fossil ant nests and
modern ant nests possess distinctively oblate, disk-like
chambers (Smith and others, 2011). The genomic and
body fossils evidence for the evolution of ants is also
incongruent with a Late Jurassic origin (Brady and oth-
ers, 2006; LaPolla and others, 2013). Moreau and others
(2006) suggest a divergence date for the node of extant
ants (Formicidae) between the Middle Jurassic (168
Ma) and Early Cretaceous (140 Ma). However, Tsch-
inkel (2015) suggested that the earliest ant nests likely
resembled ground-nesting wasps and bees, with simple
descending shafts and single to few expanded brooding
chambers. The first unanimously accepted ant nest ich-
nogenus, Parowanichnus, was described by Bown and
others (1997) from the Eocene Claron Formation of
Utah. Parowanichnus is consistent with the modern ant
nest morphology and other Cenozoic ant traces (Smith,
2011). Despite reported ichnofossils with ants as sug-
gested tracemakers from the Early Cretaceous (Genise
and others, 2010), the morphology of these new ichno-
fossils does bear resemblance to those created by ants.

Another hypothesis for the origin of these ich-
nofossils is that they were created by a non-formicid,
hymenopteran architect. Wasps and bees have a trace
fossil record extending back to approximately 85 Ma to
the Late Cretaceous, at the terrestrial Conacian-Santo-
nian boundary of Argentina (Genise and others, 2007).
Despite the similarity in the ellipsoid features from the
Brushy Basin nests to reported hymenopteran pupal
chambers, these features are too far removed from the
hypothesized origin of wasps and bees to be considered
of wasp or bee origin. The most recent genetic phyloge-
ny of hymenoptera places their initial major radiation in
the Paleozoic (281 Ma), the first appearance of eusocial
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bees (Apidae) in the Cenozoic (approximately 60 Ma),
and eusocial wasp (Vespidae) families (approximately
100 Ma) (Peters and others, 2017). Although addition-
al phylogenetic work does place the major radiation of
Aculeata (the clade containing ants, bees, and wasps) in
the Middle Jurassic (170 Ma) (Brady and others, 2009),
the first clear evidence of wasp and bee eusocial be-
havior in the trace fossil record is from the Cretaceous
(Genise and others, 2007). Vespid wasps are one of the
only eusocial, non-formicid hymenopteran clades that
excavate nests in the soil. Vespid wasps likely evolved
eusociality twice independently (Johnson and others,
2013), and the earliest claimed fossil vespid is from
the Early Cretaceous (Barremian) of Spain (Rasnitsyn
and Martinez-Delclos, 2000). The trace morphology
of wasp and bee traces are also not consistent with the
Eopolis ekdali. The morphology and dimensions of Cel-
liforma (hymenopteryan pupation chamber) are consis-
tent in shape, size, and dimension with the ellipsoids in
Eopolis. However, in Celliforma, the cells are clustered
around a vertical descending shaft (Hasiostis, 2002).
In Eopolis, the ellipsoidal features are generally found
at matrix-infill boundaries but are otherwise random
within the burrow complex (figure 3).

The ichnofossils presented in this paper support
the hypothesis that termites evolved eusocial behavior
by the Late Jurassic, preceding not only the rise of an-
giosperms, but the rifting of Gondwana. Termite nests
exhibit a significant amount of intraspecific, interspecif-
ic, and ontogenetic variation (Hasiotis, 2003). Termite
nests can be characterized as diffuse, or concentrated,
depending on the arrangement and geometry of galler-
ies and chambers (Genise, 2016). Concentrated nests
have a central arrangement of cavities referred to as the
endocie, and a peripheral boxwork of galleries referred
to as the perecie (Genise, 2016). The concentrated en-
docie-perecie morphology is generally restricted the
Termitidae (Korb, 2010), the most derived family of
Isoptera (Engel and others, 2009). The nest morphol-
ogy displayed in these ichnofossils is more characteris-
tic of the diffuse arrangement, which is best seen in the
ventral view of the block (figure 4C). Termite mounds
exhibit a hierarchy of organization, with the small-
est components centrally located underground (Korb,
2010). Although the nests presented in this paper are
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not consistent with the morphology the higher Termit-
idae, they are likely representative of a termite trace-
maker that creates nests in association with a detrital or
high-cellulose food source (Genise, 2016).

These trace fossils occur in a key evolutionary in-
terval for termites, as genomic and fossil studies have
highlighted the Late Jurassic as a period of radiation
for crown Isoptera (Engel and others, 2009; Legendre
and others, 2015). The fossil record of insects from the
Late Jurassic is poorly sampled, and roaches (Blattodea)
are a relatively uncommon component of known fau-
nas (Grimaldi and Engel, 2005). Phylogenetic analyses
placed the split between termites and their sister group,
the wood-feeding cryptocerid roaches, in the Triassic,
with estimates of 241 Ma (Ware and others, 2010) and
228 Ma (Brandl and others, 2007). The understanding
of the evolutionary transition of wood-feeding, sub-so-
cial cryptocerid roaches (Blattodea) to the eusocial ter-
mites (Isoptera) is highly speculative. These trace fos-
sils suggest it is possible that termites had undergone
an initial radiation, and lineages representative of the
range of life habit, including wood-restricted lineages
(lower termites) and ground-nesting lineages (higher
termites), had occurred at a minimum by the Late Ju-
rassic.

The presence of the ellipsoid features (figure 5) have
intriguing ethological implications. The QEMSCAN
results indicate that the ellipsoid features have a silica
rind, or outer layer, that are completely silicified (figure
5). It can be ruled out with near certainty that these el-
lipsoid features (figure 5) were transported to the depo-
sitional site, given that there is a paleosol (figure 2) and
the rock is dominated by silt-sized grains or smaller.
These purple-rind features do not appear to be con-
tinuous burrows, as they would be observed continu-
ing through the sequence of slices of UMNH IP 5233
(figure 3). Rather, these features appear to have discrete
boundaries (figure 6C). It is possible that these pellets
vary in porosity to the groundmass and have thus been
preferentially silicified.

Modern termites are observed to incorporate organ-
ic matter into their nests in the form of pellets, which
can be fecal material mixed with saliva (Sarcinelli and
others, 2009). There is an extensive record of fossilized
termite coprolites in the published literature beginning
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in the Early Cretaceous (Colin and others, 2011). These
ellipsoid structures (figure 6C) share a resemblance in
shape to the pellet structures of modern and fossil ter-
mites (Colin and others, 2011), but are notably larger.
Average diameter of the ellipsoids reported here is 3.1
mm, whereas termite pellets are in the range of 0.5 to 1
mm in diameter (Colin and others, 2011).

Cosarinsky and others (2005) did not identify pel-
lets in fossil nests in their comparison of modern and
fossil termite nest micromorphology. However, these
authors did attribute the lack of pellets in reported ter-
mite ichnofossils as the result of unfavorable preserva-
tion conditions. Some of the silicified particles observed
in the petrographic thin sections of UMNH IP 5233 are
not fully enclosed ellipsoids, but rather crescent-shaped
fragments of ellipsoids (Fig. 5). Cosarinsky and others
(2005) attributed similarly shaped structures in modern
termite nests as possible cuticle fragments. The current
consensus regarding the evolution of termites places the
expansion of their ecology from obligate wood feeding
to ground nesting in the Late Cretaceous (Engel and
others, 2009). Termites were already quite diverse by
the mid-Cretaceous (Engel and others, 2009). Though
these nests may not be directly attributable to the high-
er termites (Neoisoptera), they call into question the
reported emergence of Neoisoptera in the Late Creta-
ceous as postulated by molecular phylogenies (Bour-
guignon and others, 2014). These ichnofossils are with-
in the chronologic range of emergence of Neoisoptera
as suggested by fossil-calibrated phylogenies (Ware and
others, 2010). Despite their low abundance as indicated
by the body fossil record, termites may have expanded
into ground-feeding niches by the Late Jurassic.

The findings in this paper illustrate the opportuni-
ty for palaecoentomology and ichnology to expand its
knowledge of the timing and details of social insect
evolution. Future areas of research include investigating
the phylogenetic signal in social insect nest morpholo-
gy and linking body fossil deposits to contemporaneous
nest horizons. A promising avenue of future research
with social insects is using three-dimensional digi-
tal imaging, which can produce quantitative structure
models (Varoudis and others, 2018). Three-dimension-
al imaging has great potential for neoichnological ex-
periments because development of burrow morphology
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can be visualized and measured in real time, enhanc-
ing the understanding of ethology and trace geometry
(Himmi and others, 2018).

CONCLUSIONS

In this paper we present new social insect nest ich-
nogenus and ichnospecies, Eopolis ekdalei, from the
Brushy Basin Member of the Upper Jurassic Morrison
Formation of Utah. At least seven nests are observed at
the locality horizon, and they display complex etholo-
gy at multiple scales. The organization of anastomosing
burrow networks in a diffuse, bulbous arrangement, is
consistent with social insect architecture having hier-
archical organization. The morphology of these traces
does not resemble an ant (Formicidae) trace maker.
Also, the body fossil and molecular evidence does not
support a Late Jurassic origin for ants. The nests are
more morphologically consistent with termites, which
have a body fossils record indicating a Jurassic, Gond-
wanan origin. The large, subterranean nests presented
here, if in fact created by termites, suggest it is possi-
ble that termites had undergone a transition into soil
habitats in seasonally arid climates by the Late Juras-
sic. Identification and description of contemporaneous
social insect trace fossils will shed greater light on the
origin of social insects, one of the most ecologically suc-
cessful groups of organisms on the planet.
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