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THREE-DIMENSIONALLY PRESERVED ARTHROPODS FROM
CAMBRIAN LAGERSTÄTTEN OF QUEBEC AND WISCONSIN

JOSEPH H. COLLETTE1 AND JAMES W. HAGADORN2

1Department of Earth Sciences, University of California, Riverside, California, 92521, ,collette@geo.umass.edu.; and 2Department of Earth Sciences,
Denver Museum of Nature and Science, Denver, Colorado, 80205 ,jwhagadorn@dmns.org.

ABSTRACT—Three new types of arthropod are described from Cambrian intertidal lithofacies of the Elk Mound
Group and St. Lawrence Formation of Wisconsin and the Potsdam Group of Quebec. These arthropods are
preserved ventrally in sandstone in life position and in three dimensions, allowing detailed characterization of limb
morphologies, labrums, and other organs such as eyes. A taphonomic model is presented, illustrating this unusual,
uncompressed, three-dimensional style of preservation. Arenosicaris inflata n. sp., from the Terreneuvian-Furongian
Elk Mound Group and the Furongian St. Lawrence Formation, is the earliest unambiguous occurrence of a
malacostracan phyllocarid. This 3 cm long arthropod had ovate valves, five pairs of biramous pleopods, and at least
3 pairs of thoracopods. Mosinieia macnaughtoni n. sp., a large (.10 cm long) euthycarcinoid of uncertain affinity
with flattened or paddle-like appendages also occurs in Elk Mound strata. Mictomerus melochevillensis n. sp.
represents a new euthycarcinoid family and is the first known non-trilobite arthropod from the middle Cambrian-
Furongian Potsdam Group of Quebec. M. melochevillensis n. sp. is large (8–10+ cm long), with as many as eleven
pairs of well-preserved homopodous, uniramous, non-paddle-like limbs. Both M. macnaughtoni and M.
melochevillensis differ substantially from previously known euthycarcinoids in limb morphology and represent the
oldest known representatives of the group. Additionally, both M. melochevillensis n. sp. and M. macnaughtoni n. sp.
possess morphologies that are consistent with abundant subaerial and subaqueous Diplichnites and Protichnites
trackways known from these units, suggesting that these may be the earliest land-going animals.

INTRODUCTION

CAMBRIAN INTERTIDAL sandstones and orthoquartzites of
Laurentia have received increasing attention in recent

years because they contain surprising types of soft-bodied
fossils, particularly mass strandings of scyphomedusae (Ha-
gadorn et al., 2002; Hagadorn and Belt, 2008; Lacelle et al.,
2008). In addition, spectacularly preserved invertebrate trace
fossils also occur in these settings, perhaps mediated by the
presence of biomats or biofilms (Hoxie, 2005; York et al.,
2005; Seilacher, 2008). Subaqueous trace fossils include such
diverse forms as Climactichnites, Diplichnites, Musculopodus,
Protichnites, Teichichnus-like burrows, and a diverse array of
undescribed arthropod trace fossils, including phyllocarid
surface trails and burrows (Collette et al., in press). Rarer,
subaerially produced arthropod trace fossils have also been
reported from the Elk Mound Group of Wisconsin and the
Potsdam Group of Quebec, Ontario, and New York
(MacNaughton et al., 2002; Collette et al., in press).

Until recently, no body fossil evidence existed that could help
identify potential producers of the arthropod trackways in these
Lagerstätten. Yet producers of the subaerial trackways may
have been aglaspidid- or euthycarcinoid-like arthropods,
perhaps making periodic forays onto land (MacNaughton et
al., 2002). Herein, new arthropods are described that increase
our understanding of life in these settings. This new material
includes the earliest known occurrence of the Phyllocarida
(Crustacea: Malacostraca) with well-preserved limbs, as well as
the earliest examples of the Euthycarcinoidea, including two
large, possibly related forms that exhibit a curious mixture of
characters. One of these euthycarcinoid arthropods, Micto-
merus melochevillensis n. sp. has a size, shape, and number of
appendages (n 5 11) suitable to have produced subaerial
trackways previously reported from the Potsdam Group by
MacNaughton et al. (2002).

What is most striking about these new arthropods is
that they are preserved in three-dimensions in fine- to

medium-grained quartz arenites. This style of preservation is
more typical of Ediacaran fossil deposits (Narbonne, 1998;
Hagadorn and Belt, 2008) and is thought to result from
microbial binding of sediments (Gehling, 1999). This mode of
preservation does not appear to characterize these arthropods,
because their preservation is mediated by burial in mud and
post-decay casting by sand (Collette et al., in press).

STRATIGRAPHY AND DEPOSITIONAL ENVIRONMENTS

The specimens described herein were collected in Mosinee,
Wisconsin (PRI station number 3421); south of Arcadia,
Wisconsin (PRI station number 4179); and Melocheville,
Quebec (now part of the city of Beauharnois) (PRI station
number 3849). During most of the Cambrian, quartz arenites
of the Elk Mound, St. Lawrence, and Potsdam units were
deposited on the shores of Laurentia as it lay a few tens of
degrees south of the equator (Blakey, 2007) (Figure 1.1).
Mature quartz sands were deposited on the margins of a
shallow epicontinental sea, where a very shallow cratonic
gradient of 1:10,000 to 1:50,000 may have yielded tidal fetches
between 10 and 50+ km (Byers and Dott, 1995; Runkel et al.,
1998; Rose and Hagadorn, 2006), and a variety of shallow
marine, marginal marine, and continental environments
persisted. Sedimentary structures, lithologies, traces, and
abundant scyphomedusae in fossil-bearing portions of the
Elk Mound and Potsdam Groups indicate similar environ-
ments of deposition in a suite of shallow to emergent wave-
dominated tidal flats (Bjerstedt and Erickson, 1989; Hagadorn
and Belt, 2008). Lithologies of the Lodi Member of the St.
Lawrence Formation, in contrast, are consistent with a
shallow offshore setting below fair-weather wave base
(Hughes and Hesselbo, 1997).

Elk Mound Group.—The Elk Mound Group in Wisconsin
(Figure 1.1, 1.2) rests unconformably on Precambrian igneous
and metamorphic basement, is overlain by the Furongian (late
Cambrian) Tunnel City Group, and is composed of three
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units: the Mount Simon, Eau Claire, and Wonewoc Forma-
tions. The Mount Simon is comprised of clean, mature quartz
arenites. Sedimentary structures and trace fossils indicate
deposition in fluvial, tidal, and sand-flat settings (Driese et al.,
1981). Cedaria Zone (Series 2 Cambrian to middle Cambrian)
trilobites occur near the top of the unit (Runkel et al., 1998,
2007) as well as the common middle Cambrian and younger
inarticulate brachiopod Obolus (Driese et al., 1981); the base
of the unit contains Terreneuvian and younger trace fossils
such as Arenicolites, Climactichnites, Protichnites, and Sko-
lithos (Hoxie, 2005; Getty and Hagadorn, 2008, 2009;
Hagadorn and Belt, 2008). The overlying Eau Claire
Formation consists of fine-grained sandstone and siltstone
with abundant interstratified shale (Driese et al., 1981).
Trilobites, aglaspidids, hyolithids, and inarticulate brachio-
pods occur in this unit (Driese et al., 1981; Hesselbo, 1989),
which has been interpreted to represent shallow marine shelf
(Aswasereelert et al., 2008) to intertidal to shallow sub-tidal
deposition (Hughes et al., 1997). The Eau Claire Formation

has Cedaria, Crepicephalus, and Aphelaspis Zone trilobites,
indicating deposition during latest middle Cambrian time
(Nelson, 1951, 1956; Runkel et al., 2007).

The Wonewoc Formation is dominated by mature quartz
sandstones to orthoquartzites with minor carbonates and
shales, representing deposition in offshore, inner shelf and
shoreface environments (Runkle et al., 1998). Sedimentary
structures and trace fossil assemblages are similar to those of
the Mount Simon Sandstone; obollelid brachiopods and
Crepicephalus, Dunderbergia, Aphelaspis, and Elvinia Zone
trilobites, suggesting deposition of this unit during middle
Cambrian and Furongian time (Runkle et al., 1998, 2007).

At Blackberry Hill, Wisconsin, biostratigraphically useful
body fossils do not occur and the Eau Claire Formation is
absent. Because it is not possible to ascertain which of these
two Elk Mound sandstone units these new arthropods come
from, or if the Wonewoc and Mount Simon Formations are
superimposed in outcrop, all described material is referred to
the Elk Mound Group. Fossils described herein occur in fine-

FIGURE 1—Geological context of the Elk Mound Group and St. Lawrence Formation of Wisconsin and the Potsdam Group of New York, Quebec,
and Ontario. 1, Laurentia in the late Cambrian (Furongian) with the locations of field sites starred along the shoreline; 2, outcrop map of the Potsdam
Group in the New York/southern Quebec area, star represents field site, generalized stratigraphic column on far right; 3, geological map of Wisconsin,
showing the distribution of Cambrian strata and location of field sites (stars); 4, generalized stratigraphic column of Cambrian strata of Wisconsin
showing arrangement and approximate unit ages; 5, portion of the stratigraphic section of the quarry that the Elk Mound arthropods occur at 11.6 m.
Note the prominent channel also illustrated in Fig. 2.1 and co-occurrence with both Cruziana and Rusophycus.
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to medium-grained clean orthoquartzites immediately adja-
cent to a shallow channel (Figure 1.5) and occur as positive
impressions on bed soles with abundant polygonal mud cracks
(see stratigraphic column, Figure 1.5).

Lodi Member of St. Lawrence Formation.—In western
Wisconsin, the Lodi Member is part of the Furongian St.
Lawrence Formation, which underlies the Jordan Formation
and overlies the Tunnel City Group; the Tunnel City Group
overlies the Elk Mound Group (Byers and Dott, 1995; Hughes
and Hesselbo, 1997). Biostratigraphically, the St. Lawrence
Formation contains Saukia Zone trilobites (Upper Sunwaptan
Stage of the Furongian epoch; sensu Raasch, 1951). The St.
Lawrence Formation is a thin (15–20 m), laterally extensive
unit, composed largely of a mixture of silty shale, very fine
sandstone and dolomite (Byers and Dott, 1995; Hughes and
Hesselbo, 1997). The St. Lawrence Formation contains a
number of well-preserved invertebrate fossils, including
aglaspidids and trilobites occurring predominantly in the very
fine- to medium-grained sandy facies of this heterolithic unit
(Byers and Dott, 1995; Hughes and Hesselbo, 1997). In
western Wisconsin and eastern Iowa, the Lodi Member
consists of a burrowed, ripple-marked, dolomitic siltstone to
fine sandy dolomite with wavy shaley partings and local
stromatolites (Anderson et al., 1979; Byers and Dott, 1995).
Lithofacies present in the St. Lawrence indicate a shallow
marine environment with episodically changing current
directions and episodic storm deposits; this unit has been
interpreted as the toeset of a transgressive shoreface that
migrated northward with sea level rise (Hughes and Hesselbo,
1997). Fossils described herein occur in fine- to very fine-
grained sandstones, in both positive and negative relief.

Potsdam Group.—The Potsdam Group of southwestern
Quebec is a typical epicratonic sandstone unit that uncon-
formably blankets the crystalline Precambrian rocks of the
Grenville and adjacent structural provinces (Figure 1.2). The
Potsdam Group has a complex internal stratigraphy (summa-
rized in Sanford, in press), biostratigraphy, and nomenclatural
history. Fossils described herein come from one or both of two
units within the Potsdam Group; the Ausable-Covey Hill
Formation or the overlying Keeseville-Cairnside-Nepean
Formation. Although both units are sandstones, in Quebec
the Ausable-Covey Hill Formation is more feldspathic and
conglomeratic. Based on primary structures and bed thickness,
it appears to have been deposited in an interfingering
succession of eolian, braided fluvial, and shallow marine
facies (Lewis, 1963, 1971; Hofmann, 1972; Globensky, 1987;
Salad Hersi and Lavoie, 2000a; Sanford, in press). The unit is
underlain by strata bearing Series 2 and middle Cambrian
trilobites (Bathyuriscus–Elrathina Zone; Landing et al., 2009).

The Keeseville-Cairnside-Nepean disconformably overlies
the Ausable-Covey Hill Formation. It is a cleaner quartz
sandstone, and is fairly homogeneous throughout Quebec,
consisting mainly of medium to coarse-grained, thick to

medium-bedded mature quartz arenite. The most common
types of fossils in the Cairnside Formation are trace fossils
such as Arenicolites, Climactichnites, Cruziana, Diplichnites,
Protichnites, and Skolithos. Rare phosphatic remains of
linguloid brachiopods have also been reported (Clark, 1966).
Sedimentary structures, trace fossils, and body fossils in this
unit indicate deposition in a tide dominated, shallow subtidal
to intertidal setting, possibly with shoreline sand bars (Lewis,
1963; Salad Hersi and Lavoie, 2000b). The unit contains
middle Cambrian (Crepicephalus Zone; Lemieux and Amati,
2008) trilobites and is unconformably overlain by strata which
bear Lower Ordovician (Tremadoc) trilobites and conodonts
(Dix et al., 2004).

Fossils described herein come from massive slabs quarried
from outcrops which now underlie the St. Lawrence Seaway,
in an area where both the Ausable-Covey Hill and the
Keeseville-Cairnside-Nepean Formations occur. Despite ex-
amination of outcrops along the drained seaway, as well as
outcrops nearby and cores from this area, it is unclear from
which of the two Potsdam units these slabs come from. Thus,
fossils on the slabs may be from either unit, and represent
animals that lived sometime during middle Cambrian to
Furongian time. The Potsdam Group arthropods reported
herein are preserved in life position (ventrally), in convex
hyporelief on bed soles, in fine- to medium-grained, sub- to
well-rounded, clean quartz arenites and orthoquartzites.

METHODS

Large fossil-bearing slabs were photographed, gridded and
mapped, cast, and described in the field (Figure 2). Where
possible, slabs were trimmed to sub-meter sized specimens in
order to reposit them in museums. Selected fossils were
drawn with both a field-based camera lucida unit (Holbein),
and with a Nikon binocular microscope fitted with a lucida
attachment. In all camera lucida drawings, gray represents
deep relief, and white represents high relief. Morphometric
parameters were measured with digital calipers. For field
specimens too large to collect, a reinforced latex mold of the
original surface was produced, from which a subsequent
plaster facsimile of the original surface was reproduced.
Specimens in this study are reposited in the collections of the
Paleontological Research Institution, Ithaca, New York
(PRI); the Pointe-du-Buisson Archaeological Park, Beauhar-
nois, Quebec, Canada, (PDB); the Royal Ontario Museum,
Ontario, Canada (ROM); and the University of Wisconsin
Geology Museum (UWGM). Throughout this contribution,
the nomenclature for arthropodan limb tagmosis outlined by
Boxshall (2004) is followed.

TAPHONOMIC MODEL OF ARTHROPOD BODY FOSSILS

Three-dimensional preservation of body fossils in sandstone
is not unique in the fossil record. Many Ediacaran fossils are

FIGURE 2—Arthropod-bearing bed soles from Wisconsin and Quebec. 1, gridded map of arthropod-bearing sole from the Elk Mound Group (PRI
station 3421) showing distribution and orientation of arthropod body and trace fossils, note the prominent channel at top. Numbers indicate location of
arthropod fossils; most represent phyllocarids, but a euthycarcinoid, and Rusophycus are also present on this bed sole (labeled). Inset rose diagram shows
the orientation of arthropod body fossils relative to the orientation of the slab in the map. Note two prominent directions of alignment, both away from
the channel, and toward it (see text for discussion); 2, photograph of one of the two blocks comprising the upper half of the grid map in Figure 2.1. Slab
broke in half during transport from the field and was subsequently cut into pieces, which are all housed at PRI. Channel direction is toward the top in
this photograph; 3, map of arthropod-bearing sole from the Potsdam Group PDB JF25AR (PRI station 3849), showing the distribution of fossils.
Numbers indicate individual arthropod fossils referred in subsequent figures. Note the thickest mudcracks are toward the lower left, and that arthropod
trackways leading up to body fossils mediate the formation of mudcracks. Inset rose diagram shows the orientation of arthropods relative to the
orientation of the slab in the map. Note the prominent node toward 310u and one trending toward 190u (discussed in text); 2, photograph of the slab
shown in grid map 2.3 (PDB JF25AR). Scale bars 5 1 m.
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preserved in convex hyporelief on arenitic bed soles and in
sandstone (Narbonne, 1998; Grazhdankin, 2004). In the
Phanerozoic, however, this style of preservation is much less
common. In addition to the phyllocarid and euthycarcinoid
arthropods described herein, two other occurrences have been
documented. Chasmataspid-like arthropods from the Upper
Cambrian (Dresbachian) Hickory Sandstone of Texas are
preserved as casts of the ventral surface of the animals
(Wahlman and Caster, 1978; Dunlop et al., 2004). A single
euthycarcinoid arthropod from the Silurian Tumblagooda
Sandstone of Western Australia is preserved as a ventral cast
in medium- to coarse-grained quartz sandstone (McNamara
and Trewin, 1993).

Ediacaran organisms lived on a sand or mud substrate that
was often microbially bound, and in mud settings like the Ust-
Pinega Formation (i.e., White Sea Biota) they were impressed
into the underlying mud by the rapid deposition of storm
sands (Narbonne, 1998; Gehling, 1999; Steiner and Reitner,
2001; Grazhdankin, 2004). Three-dimensionally preserved
arthropod body fossils from Quebec and Wisconsin share
key characteristics with White Sea-type Ediacaran preserva-
tion: they required a mud substrate to form a mold of the
organisms, and both were cast in sand. However, the Quebec
and Wisconsin arthropods are preserved in much more robust,
three-dimensional relief with very little compaction, and they
were subaerially exposed.

Arthropod fossils from Quebec and Wisconsin are preserved
in convex hyporelief on bed soles. A complete lack of dorsal
preservation indicates that the arthropods are preserved in life
position. Three-dimensional arthropod body fossils occur on
soles concurrent with green glauconitic clay veneers, which in
turn are often associated with discrete channels. These clay
horizons represent overbank deposits of shallow channels and
are often associated with large-scale (up to 2 cm wide)
polygonal desiccation cracks. Cracks have T-shaped intersec-
tions and casts of inter-crack areas indicate that mud clasts
had upwardly curled edges; thus they were produced
subaerially. Where traces produced by furrowing activities of
arthropods are present on these slabs, cracks mostly follow the
furrows. Together with the occurrence of many arthropods at
the end of these furrows, these cross-cutting relationships
demonstrate that these arthropods moved across muds and
died in the muds prior to the subaerial exposure event(s) that
cracked the mud. Because these mud cracks never cross-cut
the arthropod fossils, intact arthropod remains may have also
functioned to both keep the underlying mud moist, and to act
as a physical barrier to crack propogation. A hypothetical
taphonomic model that explains how these primary sedimen-
tary structures and fossils formed is given in Figure 3. This
model, illustrated with phyllocarids, invokes production of
three-dimensional hardened mud molds of the ventral surface
of arthropods and infilling of these molds with sand.

FIGURE 3—Hypothetical block model explaining the unusual style of ventral three-dimensional preservation of the Elk Mound and Potsdam Group.
Although this model illustration contains phyllocarids, the larger arthropod fossils Mosinieia macnaughtoni and Mictomerus melochevillensis are
hypothesized to have been produced in the same manner. 1, high water allows the arthropods to access overbank areas. Cruziana and Rusophycus traces
may be produced at this time; 2, water level then drops, stranding arthropods in an ephemeral pool. Individuals may have attempted to burrow into the
mud as an anti-desiccation strategy, producing cruzianid- and didymaulichnid-like furrows, and possibly also producing Rusophycus; 3, water evaporates
or is drained. Large-scale polygonal desiccation cracks and mud curls form, but do not cross-cut arthropod remains, indicating that carcasses remained
intact for a time; 4, water level once again overtops the levee, allowing the overbank to flood and sand to be deposited on top of the arthropod-bearing
mud; 5, as carcasses degrade, sand falls into carcass voids and casts their ventral surfaces and appendages.
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The first step of this model involves stranding of arthropods
by high water. Stranding might result from a spring tide, a
storm surge, or an end-monsoonal cycle and would allow
arthropods that had been confined to a channel or embayment
to access overbank mud (Figure 3.1). Because Cruziana and
Rusophycus co-occur on the same bed soles, these overbank
mud deposits might have represented a desirable food source.

As the water receded, the arthropods became trapped in the
overbank muds. Locally, ephemeral pools were probably
present (Figure 3.2). Support for the presence of these pools is
given by the distribution of arthropod remains in Figure 2.1
and 2.3, in which clustering occurs in areas representing
topographic lows where water would have been deeper. Other
areas of large arthropod-bearing bed soles lack desiccation
cracks and have been loaded by sand, indicating that the mud
in these areas was still pliable when sand deposition took
place. During this interval, it is possible that the arthropods
burrowed into the unconsolidated mud to avoid desiccation.
This would have allowed clay minerals to coat the ventral
surfaces, preserving limb detail in three-dimensions. The
overbank ephemeral pool then desiccated, encasing the lower
portions of the arthropods in hardened clay (Figure 3.3).
Polygonal desiccation cracks do not cross-cut arthropod
fossils, implying that arthropod carcasses may have inhibited
crack propagation. High water again inundated the levee
overbank (Figure 3.4). A fresh bed of sand was then deposited
over the partially decomposed, but probably still intact,
arthropod remains. Because the arthropod remains were
now below the surface of the sand, and thus perpetually
moist, enhanced bacterial degradation probably decomposed
the remains quickly. As degradation ensued, the overlying
well-rounded sand gradually moved downward into interstices
where the arthropod body was. Because well-rounded sand
has a low angle of internal friction, individual grains could
cast every cavity in the mold that they could fit into,
producing three-dimensional fossils with remarkable detail.
Much later, dissolved silica lithified the sediments (sensu
Selleck, 1993) and facilitated formation of an erosion-resistant
cast of each arthropod.

Interestingly, the clay that mediated preservation of the
fossils is still present in an unlithified state; it consists of pale
pistachio-green glauconitic clay. Because similar green sandy
shale occurs in the Eau Claire Formation, it is hypothesized
that this clay was produced millions of years later, by
degradation of shale by the movement of subsurface
groundwater. Three large samples (.1 kg each) of this clay
were collected for palynologic and conodont analysis; no
fossils were identified.

It should be noted that these animals often occur at the end
of their trails and were likely attempting either to burrow or to
escape just prior to death. Thus, it is possible that the limbs
have been elongated or otherwise distorted by back-and-forth
and/or up-and-down motion during this effort and that these
fossils may represent a hybrid between trace and body fossils.
However, because other exoskeletal structures (somites and
carapace valves, most notably) do not show analogous
distortion, limb distortion is also unlikely. Because the
underlying mud was fluid enough to produce a ventral mold
of the arthropods with great fidelity, it likewise would also
have been pliable enough to reform around the limbs if
disturbed. Similarly, preservation varies widely from specimen
to specimen depending upon how much sand loading occurred
during casting of the fossils, whether mud cracks are present,
what the local grain size is, and what the thickness of
underlying mud layer is.

SYSTEMATIC PALEONTOLOGY

Subclass PHYLLOCARIDA Packard, 1879
Order ARCHAEOSTRACA Claus, 1888

Family unassigned
ARENOSICARIS new genus

Type species.—Arenosicaris inflata by monotypy
Diagnosis.—Valves ovate to subovate in outline, posterior

margin convex. Surface of carapace may have evenly spaced
striations that parallel the carapace margin. Hinge line flat to
very slightly convex; median dorsal plate absent. Narrow
ventral margin present; extends from the anteriodorsal to
posteriodorsal surfaces. Substantial ventrally reflected out-
growth of carapace (doublure) present. Abdominal somites
increase slightly in length from anterior A1 to posterior A7.

Etymology.—Arenosum, a sandy place; caris, shrimp; refers
to the unusual style of preservation in sand.

ARENOSICARIS INFLATA new species
Figures 4.1–4.7, 5.1–5.7, 6.1–6.3, 11.1

Diagnosis.—As for genus.
Description.—Length to depth ratio of carapace 1.66–4.46

(n 5 19, x̄ 5 2.69). Valve lengths (unbroken examples) are
28.6–36.2 mm, x̄ 5 32.6 mm. Valve depths are 10.7–18.5 mm,
with substantial variance due to the three-dimensionality of
the fossils and the degree of taphonomic flattening; mean
measured from complete carapaces (articulated valves) is 11.8
(n 5 10), mean of flattened examples 18.11 (n 5 2). Carapace
valves ovate in outline when flattened; valve morphology
varies in three-dimensionally preserved examples, which are
ovate to subovate in outline. Carapace valves smooth; dorsal
surface evenly convex in cross-section, becoming slightly less
convex ventrally. Hinge line nearly flat to very slightly
convex; median dorsal plate absent (Figure 6.3). Narrow
thickened ventral margin present, carapace valves reflected
into a true ventral doublure (Figures 4.2, 5.2). Ornamenta-
tion of the carapace valves may be present; consists of a series
of very closely-spaced raised ridge-like features that parallel
the posterior and postero-ventral carapace margins. Rostral
plate unknown. No exterior carapace nodes present. Interior
of carapace valves smooth overall; rounded depressions
present in anteriodorsal location (Figure 6.3). A series of
raised, apparently grouped, teardrop to apostrophe-shaped
features is present in an anterodorsal to mid dorsal position
on the interior of the carapace valves (Figure 6.1 and 6.2,
arrowed).

No complete, intact example of the thoracic region known.
Abdomen composed of seven somites, gradually increasing in

length posteriorly from somite A1 to pre-telson somite A7
(Figures 4.5, 5.5). Abdominal somites are slightly compressed
cylinders in cross-section, decreasing slightly in width toward the
posterior of the abdomen. Surface of abdomen smooth; no
evidence of ornamentation present on abdominal somites. Ratios
of body segment lengths: A7:A6, 1.15–1.52 (n 5 3, x̄ 5 1.32);
A6:A5, 1.21–1.25 (n5 3, x̄5 1.23); A5:A4, 1.08–1.45 (n5 3, x̄5
1.3);A4:A3,1.13(n51);andA3:A2,1.03(n51).Pleopodspresent
on somitesA1 toA5, somitesA6andA7apodous; pleopods insert
ventromedially along the trunk, at the anterior margin of each
limb-bearing somite. Telson and furcal rami unknown.

Thoracic appendages incompletely known. Unknown num-
ber of paired thoracopods present; insert ventromedially along
thorax, very closely spaced anterio-posteriorly (Figures 4.4,
5.4). At least two limb elements present: basal element small,
roughly circular in outline, semi-circular in cross-section
(length 1.8–2.55 mm); distal element long, relatively narrow,
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FIGURE 4—Arenosicaris inflata n. gen. n. sp. from the Elk Mound Group (4.1–4.5, 4.7) and St. Lawrence Formation (4.6). 1, PRI 10130 (holotype), a
nearly complete phyllocarid, note prominent limb bases (arrowheads); 2, PRI 10131a–c, three phyllocarids (a at top, c at bottom); two partial, and one
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extending distally to near anterior carapace margin, no
evidence of additional division in this element (length and
width vary substantially and cannot be accurately measured
due to preservation). Flattened, paddle- or oar-like elements
often present toward the anterior of the ventral side of the
carapace. Tightly packed, imbricated structures (Figures 4.3,
5.3 ‘‘?th’’) are occasionally present in the anterior of the
carapace in the thoracic region.

Regarding abdominal appendages, five pairs of biramous
pleopods present; pleopods insert ventromedially along
abdomen (Figures 4.1–4.4, 5.1–5.4). Pleopods comprise three
limb elements: a proximal uniramous limb element (proto-
podite) terminating distally in two rami; an endopodite
located on the ventral side of the trunk that articulates with
the distal end of the protopodite; and an exopodite located
dorsolaterally, sharing the distal articulation with the proto-
podite. Protopodite short, rectangular to nearly round,
average length to width ratio 1.86 (n 5 11), length from 2.3–
4.6 mm, width from 1.5–2.5 mm. Protopodites decrease in
both length and width posteriorly, appears slightly flattened.
Protopodites present on abdominal somites A1 to A5. In some
examples, there appear to be well-developed ridges (Fig-
ures 4.3, 5.3 ‘‘r’’) extending longitudinally along the ventral
surface of the protopodite. Endopodite–inner abdominal limb
ramus–incompletely known. Exopodite—outer abdominal
limb ramus–relatively large in comparison to other limb
elements; often extends from near the ventral body axis to the
inner carapace margin, foliaceous, decrease markedly in length
and width posteriorly. Exopodites often U-shaped in cross-
section, vary in length from #7.2 to #8.2 mm. Pattern of
arcuate, raised, possibly imbricate features may be present. No
evidence of setation on any thoracic or abdominal limbs.

Etymology.—Inflata, inflated, referring to the uncom-
pressed nature of the fossils.

Holotype.—PRI 10130 (Figures 4.1, 5.1) a partial phyllo-
carid, consisting of abdomen, abdominal appendages, cara-
pace valves, and a number of poorly preserved structures at
the anterior end that probably represent thoracopods.

Other material examined.—PRI 10131–10142; UWGM 745,
ten unnumbered UWGM specimens.

Occurrence.—Elk Mound Group, Terreneuvian-Furongian,
Wisconsin; Lodi Member of the St. Lawrence Formation,
Furongian, Wisconsin.

Discussion.—The Subclass Phyllocarida is both a long-lived
and morphologically varied group of malacostracan crusta-
ceans that has been well documented throughout much of the
Phanerozoic, and includes 32 living representatives (Haney
and Martin, 2000). The earliest phyllocarids previously
known, the caryocarids, are known from the early Ordovi-
cian, with as many as four species first appearing in the
Tremadocian (see summary in Vannier et al., 2003). Arenosi-
caris inflata is the first pre-Ordovician phyllocarid (see Table
1), and demonstrates that malacostracans existed in the
Cambrian (Dahl, 1984; Walossek, 1999). Superficially similar
bivalved arthropods of the Burgess and Maotianshan Shales,
such as Canadaspis, Kunmingella, Odaraia, Perspicaris, Pleno-
caris, and Waptia, are excluded from the Crustacea, and
therefore the Phyllocarida, because of major morphological

disparities in either body segment number, limb morphology,
or both (Dahl, 1984; Hou et al., 1997; Hou and Bergström,
1997; Shu et al., 1999; Walossek, 1999; Taylor, 2002; Hou et
al., 2004). The definition of Phyllocarida emended from Rolfe
(1981) is used here: Malacostraca with large carapace of two
valves, with or without hinge line along the dorsal margin,
connected by adductor muscle, with or without movable
articulated rostral plate. Thorax composed of eight short
somites; abdomen of seven somites and telson, telson bearing
unsegmented, articulated furcal rami.

In all but a handful of phyllocarid taxa, limbs are virtually
unknown, hampering accurate diagnosis [e.g., Nahecaris
stuertzi from the Devonian Hunsrück Slate (Bergström et
al., 1987); Cinerocaris magnifica from the Silurian Here-
fordshire Lagerstätte (Briggs et al., 2003)]. Thus, phyllocarids
from the Blackberry Hill Lagerstätte are unusual not only
because they are preserved in three dimensions, but because
limbs are also present. In nearly all examples, it is the pleopods
that are best preserved. Thoracopods are much more closely
spaced, and likely much less robust, than were the pleopods
and thus are preserved infrequently and poorly. In one
example (Figures 4.4, 5.4 arrowed ‘‘th’’), at least three pairs
of anterior thoracopods are preserved. Segmentation of these
limbs cannot be characterized in great detail, but structure is
certainly apparent. Proximal, ventromedially located thoraco-
pod elements (‘‘pe’’) are evident in this specimen. In some
examples, tightly packed, imbricated structures (Figures 4.3,
5.3 ‘‘?th’’) interpreted as thoracopods are present in the
thoracic area of some examples. Because these appendages are
imbricated and in their original position, the structure of the
protopodites, exopodites, endopodites, and other limb ele-
ments are unknown. Flattened, paddle- or oar-like elements
are occasionally present toward the anterior of the ventral side
of the carapace (Figures 4.1, 5.1). These are interpreted as
poorly preserved thoracopods or thoracopod elements. Gills
are unknown.

In nearly all cases, some of the abdominal limb elements are
distorted, broken, missing, or obscured. However, a survey of
all specimens possessing limb information reveals that the
pleopods of Arenosicaris inflata n. sp. appear to be composed
of the typical crustacean limb divisions: protopodite, endop-
odite, and exopodite (Figures 4.1–4.4, 5.1–5.4), although the
full extent of some of these individual elements remains
unclear.

The most proximal abdominal limb element in Arenosicaris
inflata n. sp., the protopodite, appears to be undivided
(Figures 4.1, 4.7; 5.1, 5.7 arrowed ‘‘p’’); however, very
infrequently, segmentation is visible. In these rare instances,
it appears possible that the protopodite may be divided into a
proximal element and a distal element (Figures 4.1, 5.1
arrowed ‘‘?pe,’’ and ‘‘?de’’). The function of the longitudinal
ridges that are infrequently preserved (Figures 4.3, 5.3 ‘‘r’’) is
uncertain; they may have served to reinforce the protopodite
while burrowing through sediment. Modern phyllocarids such
as Nebalia are known to burrow into the mud.

At the distal end of the protopodite, two rami are present, a
broad, flattened, foliaceous outer ramus and an incompletely

r
complete. The three-dimensional style of preservation is evident in this specimen. Note the thick carapace valves in the center specimen, as well as a
portion of the doublure preserved on the right side (arrowhead); 3. PRI 10131d, incomplete phyllocarid trunk showing limb morphology; 4, PRI 10132a,
incomplete phyllocarid abdomen and part of thorax illustrating abdominal, as well as thoracic limbs; 5, PRI 10142, plaster cast of a nearly complete
phyllocarid, an example of a more flattened style of preservation; 6, cf. Arenosicaris inflata carapace valves, UWGM 745, a pair of flattened phyllocarid
carapace valves showing the thin ventral carapace margin and overall valve shape when flattened; 7, field photograph of a flattened phyllocarid bearing
limbs and abdominal details. All scale bars 5 1 cm.
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known inner ramus. The foliaceous outer ramus, or exopodite,
is quite large, often draping over the dorsal side of the
protopodite and extending from the body center line to the
inside edge of the carapace (Figures 4.1, 4.2; 5.1, 5.2 ‘‘ex’’).
The exopodites appear U-shaped in cross-section and partially
folded over themselves, often occluding details of the
underlying limbs. In the holotype (PRI 10130), the exopodite
of the first pleopod has a distinctive arcuate pattern of raised,
possibly imbricate features. The function of this feature is
unknown and has not been previously reported in archae-
ostracans.

The inner rami, or endopodites (Figure 5.2, 5.7 ‘‘en’’), are
not well known. Their presence can be inferred from limb-like

structures that extend away from the presumed articulation
with the protopodite, which is often either broken off or
obscured by the exopodite. Limbs of the cephalic area are
unknown.

Segmentation in the abdomen is well preserved in several
specimens. Like the majority of Archaeostraca, as well as in
the living Leptostraca, the abdominal somites in Arenosicaris
inflata n. sp. gradually increase in length toward the posterior
of the animal. Unfortunately, with preservation in fine- to
medium-grained sand, any ornamentation that may have been
present on the abdominal segments is not preserved.

The carapace valves of Arenosicaris inflata n. sp. are ovate to
subovate in outline with a slightly concave dorsal margin.

FIGURE 5—Camera lucida drawings of Arenosicaris inflata n. gen. n. sp. shown in Figure 4; in all camera lucida drawings where gray is present, gray
represents areas of deep relief and white represents areas of high relief. 1, PRI 10130 (holotype). This example illustrates abdominal morphology quite
well, including details of pleopods. Note also the possible partial impression of a telson at bottom; 2, PRI 10131a–c. Specimen shows detail of the
exopodites of the pleopods (specimen b, middle), and arrangement of the abdominal somites. Note prominent doublure on the right side of the middle
phyllocarid; 3, PRI 10131d, showing additional limb morphology. Note apparent ridge present on one protopodite (‘‘r’’), and possible thoracopod
impressions in the anterior part of the carapace; 4, PRI 10132a showing detail of the thoracic appendages. Note closely spaced bulbous proximal limb
elements and relatively thin distal limb elements; 5, PRI 10142, all seven abdominal somites are present, as well as most of the carapace valves. A very
low relief, rounded structure is present in the anterior of this example, representing a possible rostral plate; 6, cf. Arenosicaris inflata, UWGM 745, note
thin, well-defined carapace margin; 7, flattened phyllocarid; note the posteriormost two thoracopod pairs are intact, but anterior limbs are spread out
and appear partially disarticulated. This example is interpreted as a molt. All scale bars 5 1 cm. Abbreviations used: A1–A7—abdominal somites; C—
carapace; cm—carapace margin; ?co—possible coxa; do—doublure; de—distal thoracopod element; en—endopodite; ex—exopodite; p—protopodite;
pe—proximal thoracopod limb element; r—ridge present on limb element; th—thoracopod; ?t—possible telson impression.

r

FIGURE 6—Arenosicaris inflata n. gen. n. sp. carapaces from the Elk Mound Group. 1, carapace internal mold, field specimen and 2, (lucida). These
specimens show the internal surface morphology of the carapace valves. Note the anterodorsal depression present in both examples, which may represent
the carapace adductor muscule scar (arrowed ‘‘?ms). Note also the raised, grouped structures (arrowheads); 3, carapace dorsal surface, PRI 10133. This
articulated carapace is preserved as a cast of the dorsal surface on a bed sole. Note the absence of a median dorsal plate. Scale bar5 1 cm. Abbreviations
used: hl—hinge line; ?ms—possible adductor muscle scars.
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Overall, this valve shape is similar to that of modern
leptostracans. However, in Arenosicaris inflata n. sp., the valves
are quite thick [0.9–1.27 mm thick, x̄ 5 1.11 mm (Figures 4.2–
4.4, 5.2–5.4)] and have a well-developed doublure [3.0–4.3 mm,
x̄ 5 3.5 mm (n 5 3) (Figures 4.2, 5.2 ‘‘do’’)]. Evidence from an
internal mold of a carapace indicates that the carapace valves
may have been ornamented with a series of raised, concentric,
closely-spaced striations that parallel the ventral and postero-
ventral carapace valve margins; the unusual internal geometry
of these field specimens inhibited photography of the orna-
mentation. A similar style of carapace ornamentation has been
documented in the Silurian archaeostracan genus Ceratiocaris,
where these structures may have served to stiffen a relatively
thin and flimsy carapace. Because the carapace valves of
Arenosicaris inflata n. sp. are thick, possess a robust doublure,
and have a thickened margin, it would seem additional
stiffening would not be necessary. Such a carapace might,
however, serve as protection from predators.

On some well-preserved carapace internal molds, rounded
or elongate anterodorsally located depressions may indicate
the position of the carapace adductor musculature (Figure 6.1
and 6.2, arrowed ‘‘?ms’’). A series of raised, teardrop- or
apostrophe-shaped node-like features are also present ante-
rodorsally to mid dorsally adjacent to the carapace hinge line
(Figure 6.1 and 6.2, arrowheads). These features appear to be
grouped, and are present in pairs or triplets occasionally in a
bilaterally symmetrical configuration. The function of these
structures is unknown.

The Lodi Member of the St. Lawrence Formation contains
comparable, but stratigraphically younger, phyllocarids (Fig-
ures 4.6, 5.6). Phyllocarid carapaces from the Lodi Member
are substantially flattened; however, they do retain a degree of
three-dimensionality even after compression, indicating sub-
stantial thickness. These carapace valves are considered to be
cf. Arenosicaris inflata based on overall carapace shape and
substantial thickness of the valves. A pair of nearly articulated
valves (Figures 4.6 and 5.6) illustrates the similarity to Elk
Mound Group phyllocarids; the valves are both slightly
inflated, and sand fills the interstitial space. A well-preserved,
thin ventral margin is present along both outer carapace valve
margins. No nodes on the carapace are present in any of the
Lodi Member material.

In addition to the three-dimensionally preserved phyllocar-
ids in the Elk Mound, relatively flat phyllocarid impressions
also occur. In these examples, the limbs are less well preserved,
and the animals often appear partially disarticulated. Fig-
ures 4.5 and 5.5 show a compressed phyllocarid that
comprises all seven abdominal somites, both carapace valves,
and an enigmatic circular to ovoid impression in the area
immediately anterior of the carapace valves that could
represent a rostrum. However, in this specimen, the ratios of
lengths of the abdominal somites to each other are distorted
when compared to the three-dimensional specimens, possibly
due to telescoping of abdominal somites after death. In

another compressed specimen (Figures 4.7, 5.7), the posteri-
ormost two pairs of abdominal limbs appear to be in place,
but anterior to these, the limbs appear to be partially
disarticulated. These flattened, apparently disarticulated
isolated individuals are rare, and may represent exuviae.

It is interesting that not a single definitive example of a
telson or furca is preserved, either isolated or in connection
with a phyllocarid. A small part of a possible telson may be
preserved in connection with the posterior of somite A7 in the
uppermost of the three phyllocarids present in Figure 4.2.
Unfortunately, this structure was broken during excavation
and transportation of the slab. Because the telsons in many
phyllocarids are blade- or leaf-like, and they are located at the
distal end of the body, it is possible that the telson did not
impress deeply enough into the substrate to form a mold.

The alignment of the arthropods in Figures 4.2 and 5.2 is
similar to that shown by Hou et al. (2008), in which aligned
Waptia-like arthropods from the Chengjiang Lagerstätte were
described. Chains of as many as 20 individuals of this
Cambrian arthropod have been recovered; these have been
interpreted as a collective strategy for migration or defense
(Hou et al., 2008; see also Gutierrez-Marco et al., 2009). The
three aligned specimens of A. inflata n. sp. are substantially
larger than are the Chengjiang examples (2.27 cm length in the
Chengjiang examples, 4.5 cm in a nearly complete example of
A. inflata), indicating a greater mass. Considering the
paleoenvironment in which they were found, and their greater
mass, a migration strategy for these aligned arthropods is not
supported. It is possible that these three aligned specimens
were mating, but it is also possible that they were simply
following each other in an attempt to return to deeper water.
Indeed, they are preserved at the edge of a channel levee.

Nearly half of the Elk Mound phyllocarid remains
recovered from the main fossil-bearing bed sole (Figure 2.1)
are oriented in one of two main directions, with one node
trending toward 310u and one trending toward 190u. The
phyllocarids are preserved in the overbank portion of a
shallow channel and are distributed from the levee bank to
more distal, topographically lower areas (i.e., toward the
bottom of the slab in Figure 2.1). The bimodal distribution of
phyllocarid body fossil orientations suggest that the phyllo-
carids were attempting to either return to the channel (310u
mode), or move toward the deeper portions of the flooded
banks (190u mode).

Class EUTHYCARCINOIEA Gall and Grauvogel, 1964
Order and family uncertain

MOSINEIA new genus

Type species.—Mosineia macnaughtoni by monotypy.
Diagnosis.—Large, prominent preabdomen. At least seven

thoracic segments. Postabdomen apodous, composed of six
segments and telson. First preabdominal somite greatly
reduced, subsequent somites approximately same length, but
decreasing in width posteriorly. Telson blade-like, no rami;

FIGURE 7—Mosinieia macnaughtoni n. gen. n. sp. from the Elk Mound Group, and Mictomerus melochevillensis n. fam. n. gen. n. sp. from the
Potsdam Group. 1, PRI 10144 (holotype) Mosinieia macnaughtoni n. sp. and 2, camera lucida drawing. Note that the preservation of the abdominal
region is much better than the thoracic region. All six abdominal somites and telson are preserved. Note indistinct imbricate structures present on right
side (arrowed ‘‘I’’); 3, PRI 10145 Mosinieia macnaughtoni n. sp. and 4, camera lucida. Note the distinct narrow somite separating the thorax and
abdomen, and flattened appearance of the abdominal appendages. Seven pairs of flattened limbs are in the thoracic region of this specimen, but note
additional structures in the anterior area which may be additional limbs; 5, 6, ROM 59386 (holotype) Mictomerus melochevillensis n. sp. Note that the
proximal elements of each limb pair form a ramification, which in turn forms a distinct groove along the ventromedial surface of the arthropod. Note
also the five abdominal somites, and that the anteriormost limb on the right side appears to articulate forward. All scale bars 5 1 cm. Abbreviations
used: A1–A6—abdominal segments; ?fa—forward articulation?; gr—ventromedial groove; i—imbricate features; pe—proximal limb element, proximal
ramification; t—telson.

r
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FIGURE 8—Mictomerus melochevillensis n. fam., n. gen. n. sp., from the Potsdam Group (PBD JF25AR). 1, a mostly complete specimen (number 1
from Figure 2.3). Note alignment of limbs forming a ventromedial groove; 2, partial specimen revealing detail of the cephalic region (number 2 from
Figure 2.3). Note anterior convex process extending anterior to the convex cephalic margin (labeled ?hy); 3, partial arthropod showing additional details
of the thoracic limbs (vague segmentation) and outline of carapace (number 3 from Figure 2.3); 4, nearly complete arthropod showing well-preserved
hypostome present in the anterior (cephalic) area (number 6 from Figure 2.3). Note rear-facing opening present in the hypostome; 5, incomplete, poorly
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approximately three times the length of the posteriormost
abdominal segment.

Etymology.—Named after Mosinee, Wisconsin, where these
arthropod fossils were discovered.

MOSINEIA MACNAUGHTONI new species
Figures 7.1–7.4, 11.2

Diagnosis.—As for genus.
Description.—Body with distinct tagmosis; divided into

limb-bearing preabdomen, and apodous postabdomen termi-
nating in a telson. Cephalic region unknown.

Details of the dorsal surface of preabdomen unclear,
appears to consist of a large plate or series of plates that are
convex in cross-section; outline of dorsal margins in ventral
view roughly oval; dorsal surface narrower at anterior and
posterior margins. Imbricate features may be present in
carapace region (Figure 7.1, 7.2 arrowed ‘‘i’’). Ventral
preabdominal segmentation has not been directly observed,
but its presence is inferred by the presence of limbs.
Preabdomen of at least seven limb-bearing sternites; appears
to reach its maximum width at the third or fourth sternite
from the anterior margin of the preserved portion of the
preabdomen.

Postabdomen composed of six apodous somites, terminat-
ing in telson. First postabdominal segment (A1) greatly
reduced anteroposteriorly, approximately one-third the length
of subsequent somites (Figure 7.1–7.4 labeled ‘‘A1’’). Post-
abdominal somites A2–A6 of similar length, width decreases
slightly posteriorly with each somite (Figure 7.2, 7.4). No
postabdominal ornamentation known. Telson elongate, blade-
like, unornamented; broad at junction with postebdom,
tapering to a rounded terminus. Length of telson corresponds
to at least three abdominal somites (Figure 7.2 arrowed ‘‘t’’).

At least seven pairs of apparently uniramous thoracic limbs
present. Limbs insert very closely along ventromedial surface
of thoracic trunk, with proximal limb elements of limb pairs
nearly touching medially. Occasional raised ramifications
present proximally [Figure 7.4, arrowed ‘‘pe’’ (proximal
element)]. Limbs flattened, appear paddle-like; limb segmen-
tation not well-defined, possibly three elements preserved.

Etymology.—Named in honor of the discoverer of the main
Wisconsin arthropod-bearing surface, Robert MacNaughton.

Holotype.—PRI 10144 (Figure 7.1, 7.2), a ventrally-pre-
served partial specimen, consisting of five postabdominal
somites with articulated telson, and a preabdominal area with
an unknown number of somites.

Other material examined.—PRI 10141, a plaster cast of a
field specimen, PRI 10145.

Occurrence.—Elk Mound Group, Terreneuvian–Furongian,
Mosinee, Wisconsin.

Discussion.—Details of the dorsal surface of M. macnaugh-
toni n. sp. are unclear. The general outline suggests an oval
shape in ventral view (Figure 7.2), and a series of linear,
imbricate features suggest that the dorsal surface may have
been composed of a series of dorsal tergites. Details of the
cephalic area are unknown.

Limb segmentation is poorly understood in M. macnaugh-
toni n. sp., with very few instances where individual limb

elements can be observed. In Figure 7.3 and 7.4, very subtle
changes in relief along limbs indicates that at least two limb
elements (possibly as many as three) may be present: a
proximal element (arrowed ‘‘pe’’), and a more distal, straight,
broad, and possibly flattened element. It is possible that these
broad, flattened limbs could have been useful in swimming,
although this flattening could be due to taphonomic processes
such as post-burial compaction.

The tagmatization between the limb-bearing preabdomen
and apodous postabdomen is manifested in both known
specimens as an anteroposteriorly reduced somite (Fig-
ures 7.1–7.4 labeled A1), which is attributed to the postabdo-
men based on its lack of appendages. Subsequent postabdom-
inal somites are approximately the same length, but decrease
slightly in width along the trunk (PRI 10144: A1—1.45 mm
long, A2–A6—3.58 to 4.92 mm long; width from A2 to A6—
13.31 to 9.33 mm; PRI 10145: A1—2.29 mm long, A2–A6—
6.25 to 6.8 mm long; as this specimen is broken along its left
side, width data is incomplete. One well-preserved somite
(Figure 7.2 labeled ‘‘A6’’) shows a subtle narrow lip on the
anterior ventral surface. This may represent the articulation
between abdominal segments. The telson is elongate and
blade-like, and is approximately as long as the posterior three
postabdominal somites. A large mud crack is present along the
entire right side of this specimen. Thus, it is possible that the
telson in this specimen is incompletely preserved, and may be
longer. No rami appear to be present.

These large arthropods (9.04 to $10 cm in length) might
represent the producer of a number of Diplichnites- and/or
Protichnites-like trace fossils from the Elk Mound Group of
Wisconsin. Well-preserved in-phase Diplichnites and Protich-
nites trackways generally have 6–9 pairs of limb imprints per
set (Hoxie, 2005), corresponding with the number of limbs
thus far observed in M. macnaughtoni n. sp. Many of these
trackways also have a distinct medial furrow, and their
external width (Hagadorn and Seilacher, 2009) is consistent
with that ofM. macnaughtoni n. sp. (5.1 1–6.7 cm wide). In Elk
Mound Diplichnites and Protichnites, the most widely spaced
imprints are near or at the anterior end of each set within the
trackway, and a gradual decrease in the external width of the
trackways occurs with each subsequent posterior ped impres-
sion (Hoxie, 2005; Hagadorn and Seilacher, 2009); the limb
morphology of M. macnaughtoni (larger, longer limbs
anteriorly, smaller limbs posteriorly) might be expected to
produce similar trackway sets.

Mosineia macnaughtoni n. sp. is distinguished from Micto-
merus melochevillensis n. sp. (described below) based on the
anteroposteriorly reduced first postabdominal somite, a
postabdomen of six somites, and flattened, paddle-like
preabdominal appendages. These new arthropods share a
number of morphological characters with the Euthycarcinoi-
dea, including possible dorsal-ventral segment mismatch, a six
segmented postabdomen (in Cambrian species), and a blade-
like telson lacking rami. However, because the appendages of
M. macnaughtoni insert much more closely to the ventral
midline than do other euthycarcinoid appendages, and
because euthycarcinoid limbs are typically composed of many
more (up to 24) comparatively much smaller box-shaped limb

r
preserved specimen showing the shape of the posteriormost tergite (number 5 from Figure 2.3); 6, partial arthropod, showing detail of the cephalic area
(number 9 from Figure 2.3). Note anterior hypostome is followed immediately by a pair of appendages; 7, mostly complete specimen showing a clearly
defined tergal plate on the left side (number 7 from Figure 2.3). Abbreviations used: ap—appendages; hy—possible hypostome; pm—posterior margin;
te–tergite. All scale bars 5 1 cm.
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FIGURE 9—Camera lucida drawings of M. melochevillensis n. fam., n. gen. n. sp. shown in Figure 8. 1, note alignment of limbs close to the
ventromedial axis, forming a ventromedial groove (arrowed ‘‘g’’), and presence of proximal limb elements (arrowed ‘‘pe’’). Partial hypostome appears
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elements, Mosineia macnaughtoni n. sp. may represent an
ancestral condition of the class Euthycarcinoidea.

Family MICTOMERIDAE new family
MICTOMERUS new genus

Type species.—Mictomerus melochevillensis by monotypy.
Diagnosis.—Large dorsal shield composed of overlapping,

dorsal tergites. Eleven preabdominal sternites, each bearing a
pair of homopodous limbs. Limbs insert very close to the
ventromedial axis of body, producing a ventromedial groove.
Postabdomen apodous, composed of at least five somites of
similar length; abdominal somites decrease slightly in width
posteriorly. Telson unknown.

Etymology.—From miktous (Greek) meaning mixed or
blended; and meros (Greek) meaning parts. Refers to the
mixture of morphological parts, which seem drawn from both
euthycarcinoids and arachnomorphs.

MICTOMERUS MELOCHEVILLENSIS new species
Figures 7.5–7.6, 8.1–8.7, 9.1–9.7, 10.1–10.6, 11.3.

Diagnosis.—As for genus.
Description.—Cephalic area poorly known. Anterior of

cephalic area convex, equal to approximately one-third overall
width; rapidly becoming concave before again becoming
convex. A laterally elongate oval structure is present in the
anteriormost cephalic area (Figures 8.4, 9.4 arrowed ‘‘la’’).
This structure has a narrow medial envagination present in the
posterior edge of this structure that is aligned with the
ventromedial axis of the trunk; margins of slot opening
smoothly convex, apex of slot acutely pointed. This slot is
approximately one-half of the anterior-posterior length of the
structure. A pair of laterally placed, spherical structures
(Figures 8.2, 8.6; 9.2, 9.6 labeled ‘‘e’’) are immediately
posterior to the slotted oval structure.

Thorax consists of large preabdominal tagma (referred to as
thorax hereafter) consisting of five to six overlapping dorsal
tergites (Figures 8.1, 8.7; 9.1, 9.7; 10.5, 10.6 arrowed ‘‘te’’).
Greatest width occurs in first half of thoracic area. Postero-
lateral margins of dorsal tergites vary substantially from
rounded (Figure 8.1, 9.1 arrowed ‘‘te’’), to distinctly truncated
at the juncture of the ventral and posterior margins
(Figures 8.7, 9.7, 10.5–10.6 arrowed ‘‘te’’). Posterior margin
of last tergite may be rounded (Figure 9.5 ‘‘pm’’). The extent
of posterior projection of the dorsal tergites varies from nearly
no overlap with the abdomen (e.g., Figure 9.1) to perhaps the
midpoint or end of abdominal somite one (Figure 9.5, 10.6).
Dorsal surface of tergites unknown. Thoracic segmentation
has not been directly observed; its presence is defined by limbs.
Thorax of up to eleven limb-bearing segments.

Abdomen composed of at least five apodous somites of
similar length, decreasing very slightly in width posteriorly
(Figure 7.5–7.6; 9.1–9.2, 9.5–9.6). Lateral margins of abdominal
somites straight, posterolateral margins sharply truncated.
Abdominal ornamentation absent; telson unknown.

Up to eleven pairs of homopodous thoracic limbs present;
limbs composed of three to five elements. The proximal limb
element is short, wide, and usually has more relief than the
distal limb elements. Second and third elements slightly longer
than the proximal element, straight, tubular; approximately
the same length. Occasionally, two additional limb elements of
similar size and shape as the immediately preceding element
may be present (Figures 8.4, 9.4 numbered). Limb pairs insert
ventromedially along trunk, decrease in size posteriorly; limbs
evenly spaced antoroposteriorly along the trunk. A narrow
recess is developed between the proximal limb element of each
limb pair; together, these recesses form a linear, anteroposte-
rior recess running the length of the thorax (Figures 7.5–7.6,
8.1, 9.1).

Etymology.—Named after Melocheville, Quebec, Canada,
where the holotype was discovered. Entire binomial name
meaning: (animal with) a strange mixture of parts coming
from Melocheville.

Holotype.—ROM 59386, a ventrally-preserved, nearly
complete animal consisting of thorax, thoracic limbs, and
abdomen.

Other material examined.—ROM 59387, a single incomplete
individual; PDB JF25AR, A large slab consisting of a bed sole
with 28 ventrally-preserved individuals; silicone casts of 15
individuals from PDB JF25AR [Figure 2.3 (numbers 1, 3, 4, 5,
6, 7, 8, 9, 10, 11, 16, 19, 22, 23, and 27)], also housed at PRI.

Occurrence.—Potsdam Group, middle Cambrian–Furon-
gian, Melocheville, Quebec, Canada.

Discussion.—Studies of fossilization potential in a modern
cold-water intertidal environment (Friday Harbor, WA)
indicates that as much as 29% of the total fauna might be
expected to fossilize in low energy sand-dominated environ-
ments (Schopf, 1978). However, articulated body fossils are
virtually unknown from sand-flats (Hagadorn and Belt, 2008).
Given the unusual morphology of these euthycarcinoid
arthropods, the rarity of preservation and the dearth of body
fossils in these sand-dominated intertidal lithofacies, it is
plausible that these arthropods represent the ancestral
euthycarcinoid condition.

Indeed,M. melochevillensis n. sp. has a peculiar collection of
characters: dorsal-ventral segmental mismatch; uniramous,
homopodous limbs with a pronounced proximal ramification;
and a linear ventromedial groove. This taxon may also possess
a labrum with a rearward-oriented opening [Figures 8.2, 8.4,
8.6; and 9.2, 9.4, 9.6 (arrowed ‘‘la’’)]. The very closely-spaced
limbs and the linear ventromedial grove (Figure 7.5–7.6),
suggest that Mictomerus melochevillensis n. sp. has a
gnathobasic, or coxa style of food transport and processing.
The first pair of limbs is immediately posterior to the labrum,
and appears to make contact with it (Figure 9.4, 9.6); in most
specimens, a distinctly developed proximal ramification is
present. No coxal ‘‘teeth’’ have been observed.

The anterior, laterally placed hemispherical structures
(Figures 8.2, 8.6; 9.2, 9.6) are interpreted as eyes. Their

r
preserved at the anterior margin of the cephalic area. Tergal plates are evident in this specimen, as are at least four apodous abdominal segments; 2,
partial arthropod, revealing detail of the cephalic region. The posterolateral margin of at least two dorsal tergal plates are visible (labeled ‘‘te’’ right side),
and possible eyes (arrowed ‘‘?e’’); 3, detail of limb tagamtization. Three limb elements (numbered) may be present; 4, note well-preserved hypostome
present in the anterior (cephalic) area, with rear-facing opening. Also note limb with five apparent limb elements (numbered); 5, note shape of the
posteriormost tergite and the apparent invagination of one of the posterior abdominal somites, possibly representing an anus; 6, cephalic area showing
arrangement of the hypostome and anteriormost pair of appendages. Note laterally located, round, globular structures, interpreted as ventrolaterally
located eyes; 7, nearly complete arthropod showing a clearly defined tergal plate on the left side and several apparent tergites on the right. All scale bars
5 1 cm. Abbreviations used: ?a—possible anus; ap—anterior appendage pair; A1–A4—abdominal segments; e—eye; g—ventromedial groove; hy—
hypostome; pe—proximal limb element; pm—tergite posterior margin; te—tergite.
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placement is coincident with the posterior terminus of a tergal
plate (Figures 8.2, 9.2), perhaps the only tergal plate of the
cephalic region. It is not known whether an additional, smaller
tergal plate was located anterior to the first large tergite, but
an impression anterior to the labrum in Figure 9.4 suggests
this adjacency. There is no evidence to suggest that the eyes
were stalked.

When limb segmentation is evident, the majority of
specimens indicate three limb elements (Figures 9.1, 9.3;
10.3, 10.4). However, in one example (Figure 9.4) it appears
that five limb elements may be present. It is possible that
additional limb elements were present in these arthropods but
are not preserved. In the reconstruction of M. melochevillensis
n. sp. (Figure 11.3), five limb elements are included. All of the
limbs appear homopodous, decreasing slightly in size toward
the posterior of the animal, and appear fairly robust. The
limbs do not appear to be flattened as in Mosineia
macnaughtoni n. sp. Eleven pairs of limbs are present in the
best preserved example of M. melochevillensis n. sp. (Fig-
ures 8.1, 9.1); thus it is probable that it had eleven pairs of
walking limbs. In one example (Figure 7.5, 7.6), an appendage
is present in the anterior right side of the thorax that appears
to articulate forward and have a substantial number of
elements. However, it is likely that this ‘‘appendage’’ is in fact
two appendages, where the anterior appendage is overlain by
the immediately posterior one.

On one large bed sole, 28 well-preserved specimens are
preserved along with their Cruziana-like trace fossils. A rose
diagram of orientations of the arthropods (Figure 2.3) shows
three main nodes. One node is oriented toward 075u, one
toward 190u, and the third toward 310u. Sedimentary
structures and the lithology of this slab suggest an overbank
depositional environment similar to the environment of
deposition of the phyllocarid-bearing bed sole from Wiscon-
sin. Because this slab was collected as float, however, it is not
possible to determine where the channel edges were located.
Mud cracks present on the slab (Figure 2.3) cross-cut tracks
and body fossils and are polygonal with T-shaped intersec-
tions and upturned edges. Together, these features indicate
subaerial desiccation of this surface after production of the
traces and burial of the arthropods. Presence of first-, second-,
and third-order cracks requires the presence of a thick mud
horizon and either protracted or multiple episode(s) of
subaerial exposure. Cracks on the left side of this slab are
deeper than those on the right, indicating that this part of the
bed surface must have been bathymetrically deeper than the
right side of the slab. The 190u trending node shown on the
rose diagram may indicate that arthropods were preferentially
moving toward this deeper area of the slab, possibly seeking
refuge in the only standing water still available.

IMPLICATIONS: PALEOBIOLOGY, PALEOECOLOGY

AND ‘‘EUTHYCARCINOIDS’’

A variety of arthropod trackways are preserved in intertidal
facies of the Potsdam Group, including Cruziana, Diplichnites,
and Protichnites (Bjerstedt and Erickson, 1989; Hagadorn and
Belt, 2008), and Diplichnites-like and Protichnites trackways in
aeolian facies (MacNaughton et al., 2002), and are notable
because they are the earliest evidence of animals on land.
Diplichnites and Protichnites trackways may have been made
by a homopodous arthropod that had a telson, such as a
euthycarcinoid (MacNaughton et al., 2002). The new euthy-
carcinoids described herein represent a possible producer of
protichnitid and diplichnitid trace fossils from the Elk Mound
and Potsdam Groups.

Mictomerus melochevillensis n. sp. has all the morphological
characteristics required to produce these traces; it has eleven
pairs of limbs (some of which might not have been used for
ambulation), a body having a long, narrow, postabdomen
(and likely a telson as well), and homopodous limbs.
MacNaughton et al. (2002) noted the robust nature of
Potsdam Protichnites appendage marks, suggesting a substan-
tial body mass. However, many euthycarcinoids have limbs
composed of a large number of thin, identical, box-like
elements, often with feather-like setae present (Schram and
Rolfe, 1982; Anderson and Trewin, 2003). These feather-like
structures have been interpreted as adaptations for swimming
(Schram and Rolfe, 1982; Anderson and Trewin, 2003),
although there is some evidence suggesting limb setae may
have been used for sweep-feeding (e.g., Schneider, 1983;
Minter et al., 2007). Such fragile appendages, however, could
probably not support a large, heavy animal like M.
melochevillensis out of the water. Limb elements of another
Cambrian euthycarcinoid, Apankura machu, are much more
robust (Vaccari et al., 2004), and could possibly have
supported its body weight in the absence of hydrous buoying.

Eolian arthropod trackways from the Potsdam of Ontario
and New York show no evidence of body impressions other
than intermittent drag marks interpreted as having been made
by a telson (MacNaughton et al., 2002; Hagadorn, 2008).
Sediment push-up mounds located posterior to limb imprints
preclude an undertrack origin for these trackways; thus, the
limbs of the tracemakers must have been both robust enough
and long enough to have held these fairly large arthropods off
the surface as they were climbing dune faces. The limbs of
both M. macnaughtoni n. sp. and M. melochevillensis n. sp.
appear to have been robust enough to have supported these
arthropods for brief subaerial forays.

Mictomerus melochevillensis n. sp. possesses multiple
characters that allow its assignment to the Euthycarcinoidea.
The presence of pre- and postabdomen tagmata, eleven pairs
of homopodous appendages, dorsal tergites, and an ante-
rioventral labrum are known to be present in a number of
euthycarcinoid species. The euthycarcinoid family Kottixerxi-
dae has five dorsal tergites, and it appears that the ‘‘carapace’’
of M. melochevillensis n. sp. is also composed of a series of
overlapping dorsal plates. Indeed, the major difference
between Mictomerus melochevillensis n. sp. and all other
known euthycarcinoids lies is the arrangement and makeup of
the limbs and limb elements. In all other well-known
euthycarcinoids, the many-segmented limbs insert along the
anterior lateral margin of the pre-abdominal somites; and,
although each limb element gradually increases in size toward
the insertion point, there is no proximal ramification present
on each limb in euthycarcinoids (Schram and Rolfe, 1982;
Anderson and Trewin, 2003). Apankura machu appears to
have more robust appendages that other post-Cambrian
occurrences, but the morphology of the limb insertion points
is unclear in the only known example of this taxon. In M.
melochevillensis n. sp., there are probably not many more than
five limb elements preserved, a distinct proximal ramification
is present in each limb, and the limbs insert much closer to the
ventromedial axis of the trunk. These differences in limb
morphology, when compared with that of all other known
euthycarcinoids, indicate that M. melochevillensis may be a
euthycarcinoid plesion (sensu Patterson and Rosen (1977),
where each plesion is a sister group of all those that succeed it),
possibly lying close to the branching point with a myriapod–
hexapod lineage (Edgecombe and Morgan, 1999). Addition-
ally, the presence of a labrum in the anterior (head) area of
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Mictomerus melochevillensis may represent the primitive
condition of the group, and the large, well-developed
mandibles present in other euthycarcinoids (e.g., Apankura
machu, Euthycarcinus ibbenburensis, E. martensi, and
Heterocrania rhyniensis) may represent a more derived
condition (synapomorphy).

The limbs of M. melochevillensis n. sp., however, are much
more robust than all other known euthycarcinoid limbs. Its
appendages are not well-suited for swimming because they
appear to lack exopodites. Together these features suggest that
the animal walked along the bottom when ambulating
subaqueously. Its robust appendages might have also facili-

FIGURE 10—Additional specimens from PDB JF25AR (1, 3, 5) and camera lucida drawings (2, 4, 6) of M. melochevillensis n. fam., n. gen. n. sp. from
the Potsdam Group. 1, 2, specimen showing general outline of the thoracic area (number 10 from Figure 2.3). Note also presence of at least four
apodous abdominal somites (numbered). Note possible eye in the right anterior portion of the cephalic area; 3, 4, specimen showing exceptionally well
preserved limbs (number 22 from Figure 2.3). Note gradual decrease in overall limb size posteriorly, and the limited limb tagmatization (numbered); 5, 6,
specimen showing imbricated, slightly convex tergites on the right side (number 27 from Figure 2.3). An additional tergite is present in the upper left side
of the drawing. This example also preserves at least four abdominal somites (numbered). All scale bars5 1 cm. Abbreviations used: A1–A5—abdominal
segments; te—tergite.
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tated lifting of its body off the substrate without the assistance
of subaqueous buoyancy. Mictomerus melochevillensis occurs
in the Potsdam Group in rocks with abundant evidence of
desiccation indicating that it inhabited environments that were
subject to intermittent subaerial exposure. Given its morphol-
ogy, size and location, Mictomerus melochevillensis seems a
likely candidate producer of subaerial trackways in the
Potsdam Group.

The high density of individuals on the studied surfaces is
also notable. When considered together, the rarity of exuviae,
the overall uniform body sizes, and the alignment of some
individuals (Figures 4.2 and 5.2) hint at rapid death of a
congregation of living individuals. Such concentrations are
common among modern branchiopod crustaceans that live in
ephemeral ponds in continental settings (Vannier et al., 2005)

and are common to the mass molt or mating strategies of some
marginal-marine crabs and limulids (Braddy, 2001). Such
individuals might become stranded and died in/on mud-
cracked sediment, and in one example from the Carboniferous
of France (Vannier et al., 2003), dense aggregations of
spinicaudatan arthropods were preserved with strikingly little
post-burial decay in such a setting. Such individuals,
particularly if they had lifestyles like modern Nebalia-like
phyllocarids (Vannier et al., 1997), might have burrowed into
the sediment, either to feed or to escape desiccation.
Reinforcement-like longitudinal ridges observed in the proto-
podites of the Elk Mound phyllocarids, together with the
trackways associated with the PotsdamGroup euthycarcinoids,
indicate that such burrowing was not only plausible but
probable.

FIGURE 11—Composite reconstructions of the arthropods presented in this study. 1, Arenosicaris inflata n. sp. from the Elk Mound Group and Lodi
Member, St. Lawrence Formation of Wisconsin. Reconstruction based on 47 specimens; 2,Mosinieia macnaughtoni n. sp. from the Elk Mound Group of
Wisconsin. Reconstruction based on 3 specimens; 3, Mictomerus melochevillensis n. sp. from the Potsdam Group of southern Quebec. Reconstruction
based on 30 specimens. Dashed lines and question marks indicate areas that are currently not known with sufficient detail to reconstruct. Scale bar
represents specimens of average size.
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Another possible cause for a mass mortality might be a
change in salinity. The intertidal environments in which these
Cambrian animals lived may have been intermittently or
persistently inundated with sufficient rainwater or fluvial
runoff to yield brackish conditions. If Elk Mound and
Potsdam taxa experienced a rapid salinity reduction and were
not adapted to such conditions, an en-masse demise of
individuals might have resulted. This hypothesis seems less
plausible, however, given how rapidly euryhaline and fresh-
water tolerance evolved among early marine arthropods (Kues
and Kietzke, 1981; Braddy, 2001; Racheboeuf et al., 2008).

Clearly, experimental work is needed to test the hypothetical
taphonomic model presented herein. This model predicts that
the key factor in mediating this style of sand-cast preservation is
the presence of mud or clay, and that arthropod remains
interrupt propagation of desiccation cracks. There is some
evidence to support this model from other deposits in the fossil
record that experience subaerial desiccation and cracking yet
still exhibit soft tissue preservation (e.g., the Montceau and
Cerin Lagerstätten (Vannier et al., 2003; Gaillard et al., 2006)).
This model suggests that a resistant mold of hardened clay must
have formed around the ventral surface of the arthropods,
allowing subsequent casting in sand.

CONCLUSIONS

Arenosicaris inflata n. sp. is the earliest known phyllocarid,
extending the first occurrence of the Subclass Phyllocarida
from the early Ordovician (middle Tremadocian (Vannier et
al., 2003)) to the early Furongian or possibly to the
Terreneuvian. These phyllocarids are quite similar to modern
leptostracan forms in the shape of the carapace and
generalized abdominal morphology; however, they differ in
their larger size, flap-like pleopod exopodites, and substan-
tially thickened carapace valves with a well-developed
doublure. Mosineia macnaughtoni n. sp. and Mictomerus
melochevillensis n. sp. are new types of large, unusual
euthycarcinoid arthropods that may represent the ancestral
euthycarcinoid condition. They are also likely the earliest
known euthycarcinoids, and are robust enough that they may
have been able to produce Protichnites and Diplichnites
trackways.

Sandy environments are not thought of as conducive to
preservation of soft-bodied or lightly mineralized animals,
except in the Ediacaran. New fossils described here are a
notable exception. Because they are preserved in a very
narrowly defined environment (exposed overbanks near

shallow channels) characterized by the presence of large-scale
desiccation features, they help narrow the environments in
which paleontologists might search for such fossils. The
discovery of these fossils also hints that there may be more
exceptional fossils in the abundant epicratonic sheet sand-
stones of the early Paleozoic (e.g., Wahlman and Caster, 1978;
McNamara and Trewin, 1993). Such deposits also have the
potential to fill in gaps in our understanding of evolution in an
environment that was likely important in early terrestrializa-
tion of animals.
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aus dem mitteleuropäischen Rotliegenden (Perm) mit Bemerkungen zu
limnischen Arthropoden-Assoziationen. Freiberger Forschungshefte,
Series C, 384:49–57.

SCHOPF, T. J. M. 1978. Fossilization potential of an intertidal fauna:
Friday Harbor, Washington. Paleobiology, 4:261–70.

SCHRAM, F. R. AND W. D. I. ROLFE. 1982. New euthycarcinoid
arthropods from the Upper Pennsylvanian of France and Illinois.
Journal of Paleontology, 56:1434–1450.

666 JOURNAL OF PALEONTOLOGY, V. 84, NO. 4, 2010



SEILACHER, A. 2008. Biomats, biofilms, and bioglue as preservational
agents for arthropod trackways. Palaeogeography, Palaeoclimatology,
Palaeoecology, 270:252–257.

SELLECK, B. 1993. Sedimentology and diagenesis of the Potsdam
Sandstone and Theresa Formation, southwestern St. Lawrence Valley,
New York. State Geological Association, Annual Meeting, Field Trip
Guidebook, 65:219–228.

SHU, D., J. VANNIER, H. LUO, L. CHEN, X. ZHANG, AND S. HU. 1999.
Anatomy and lifestyle of Kunmingella (Arthropoda, Bradoriida) from
the Chengjiang fossil Lagerstätte (lower Cambrian; Southwest China).
Lethaia, 32:279–298.

STEINER, M. AND J. REITNER. 2001. Evidence of organic structures in
Ediacara-type fossils and associated microbial mats. Geology, 29:1119–
1122.

TAYLOR, R. S. 2002. A new bivalve arthropod from the Early Cambrian
Sirius Passet fauna, North Greenland. Palaeontology, 45:97–123.

VACCARI, N. E., G. D. EDGECOMBE, AND C. ESCUDERO. 2004. Cambrian
origins and affinities of an enigmatic fossil group of arthropods. Nature,
430:554–557.

VANNIER, J., P. RACHEBOEUF, E. BRUSSA, M. WILLIAMS, A. W. A.
RUSHTON, T. H. SERVAIS, AND D. J. SIVITER. 2003. Cosmopolitan
arthropod zooplankton in the Ordovician seas. Palaeogeography,
Palaeoclimatology, Palaeoecology, 79:1–19.
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