Arthropod appendages from the Weeks Formation
Konservat-Lagerstatte: new occurrences
of anomalocaridids in the Cambrian of Utah, USA
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The Guzhangian Weeks Formation (House Range, Utah, USA) contains a virtually unstudied but diverse assemblage of
“soft-bodied” organisms. This fauna includes several enigmatic appendages of arthropods that are described in this con-
tribution. Six appendages (two isolated and four paired appendages) are interpreted as frontal appendages of a probably
new species of Anomalocaris. They are characterized by a slender morphology, 14 podomeres, ventral spines alternating
in size, up to three auxiliary spines per ventral spine, and only two dorsal spines. Another isolated appendage is also ten-
tatively assigned to Anomalocaris, but it exhibits a more robust morphology, a stronger distal tapering, and apparently
simple ventral spines, suggesting that it may represent a distinct taxon. These frontal appendages represent the youngest
occurrence of anomalocaridids in Laurentia and demonstrate the persistence of older, Burgess Shale-type taxa in the
Weeks Formation. An assemblage of four antenniform and six robust and heavily-armed appendages is also described.
These are interpreted as the serially arranged, anterior appendages of a single individual of an undetermined arthropod
species. This association of three pairs of robust, spiny appendages with two pairs of antenniform structures in a Cam-
brian arthropod is unique. * Key words: Arthropoda, Anomalocarididae, Weeks Formation, Konservat-Lagerstitte,
Cambrian, Guzhangian.
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The Weeks Formation is one of at least nine Cambrian
Konservat-Lagerstitten in the Great Basin region (Utah,
Nevada, and California) of the western United States (e.g.
Gunther & Gunther 1981, Robison 1991 and references
therein, Lieberman 2003, English & Babcock 2010, Robi-
son & Babcock 2011). Fossils from the Weeks Formation
have been known for more than a century (Walcott 1908a,
b) but many remain to be thoroughly studied. Until recently
(Adrain et al. 2009, Robison & Babcock 2011), the trilo-
bite fauna had received little scientific attention since Wal-
cott (19164, b), with the exception of a couple of unpublis-
hed Ph.D. theses (Beebe 1990, Peters 2003). This trilobite
fauna is remarkable for the high proportion of articulated
specimens (Adrain et al. 2009, Robison & Babcock 2011)
and for the rare but exquisite preservation of digestive
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structures (Robison & Babcock 2011, Lerosey-Aubril et al.
2012). The shelly fauna also includes abundant inarticulate
brachiopods (Walcott 1908b, Rowell 1966, Streng & Hol-
mer 2006), hyolithids (Walcott 1908b), sponge spicules, and
rare echinoderms (Ubaghs & Robison 1985). The upper part
of the Weeks Formation has produced a rather diverse as-
semblage of both weakly-biomineralised and soft-bodied
organisms dominated by arthropods and worms (e.g. paleo-
scolescids). This includes the oldest aglaspidid (Lerosey-
Aubril et al. 2013), the enigmatic aglaspidid-like arthropod
Beckwithia (Raasch 1939, Hesselbo 1989), and the arthro-
pod appendages described herein. Although fragmentary,
these new fossils give important insights into the composi-
tion of the Weeks Formation fauna and its relationships with
older, better-known Cambrian soft-bodied assemblages.
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Geological setting

Cambrian shelf deposits of Laurentia were intermittently
characterized by three broad lithofacies belts that encircled
the continent (Palmer 1973; Aitken 1978, 1997): an Inner
Detrital Belt (IDB), a Middle Carbonate Belt (MCB), and
an Outer Detrital Belt. These lithofacies belts are the result
of the presence of a carbonate platform (MCB) that separa-
ted proximal, largely restricted environments (IDB) from
distal, open-marine, and relatively deep-water environ-
ments (ODB). In present-day western North America, they
extend along a grossly north-south axis, the succession
IDB-MCB-ODB being observed from east to west. During
Cambrian Epochs 2 and 3, an eastward, fault-controlled
trough, termed the House Range Embayment, developed
within the carbonate platform in east-central Nevada and
west-central Utah (Rees 1986). This led to the local deposi-
tion of shales and argillaceous carbonates typical of the
ODB, instead of the shallow-water carbonates of the MCB.
In the central House Range, such deposits are represented
by a continuous sequence encompassing the Wheeler and
Marjum Formations and the lower part of the Weeks For-
mation (Elrick & Snider 2002, Miller et al. 2012). In con-
trast, the Orr Formation, which conformably overlies the
Weeks Formation, is composed of shallow-water carbo-
nates typical of the MCB lithofacies (Miller ef al. 2012).
This indicates that the upper part of the Weeks Formation
records a substantial shallowing succession (Beebe
1990), which marks the end of the House Range embay-
ment as a locus for deep-water sedimentation (Miller et
al. 2012).

The 300-m-thick sequence of the Weeks Formation is
predominantly composed of thin-bedded lime mudstones,
wackestones, and grainstones with variable amounts of
shale (Beebe 1990). Beds yielding exceptionally preserved
arthropods and other fossils are exposed in North Canyon
(Weeks Canyon of C.D. Walcott) on the NE slope of Notch
(locality 824 in Robison & Babcock 2011), central House
Range, Millard County, Utah. They correspond to the up-
per part of the Weeks Formation and may therefore repre-
sent a relatively shallow-water environment. This is sup-
ported by the fact that the non-trilobite arthropod fauna is
dominated by aglaspidids or aglaspidid-like arthropods.
These organisms mostly occur in proximal, relatively shal-
low-water deposits (Lerosey-Aubril et al. 2013), such as

those of the IDB lithofacies of the St. Lawrence Formation
(Furongian) in the Upper Mississippi Valley. However, the
trilobite fauna suggests that there was open-marine access
during the time of deposition of the Weeks Formation
(Robison & Babcock 2011). According to the developing
global chronostratigraphy of the Cambrian (Peng er al.
2009, Babcock et al. 2011), the presence of the polymerid
trilobite Cedaria minor and agnostoids indicative of the
Proagnostus bulbus Zone (agnostoid zonation) in the up-
per part of the Weeks Formation indicates a late Guzhang-
ian age for the exceptionally preserved fauna.

Material and methods

The examination of hundreds of fossil-bearing slabs has re-
vealed three isolated appendages and three assemblages of
appendages belonging to arthropods previously unknown
from the Weeks Formation. These specimens are deposited
in the Back to the Past Museum (Canctn, Mexico; BPM),
the Smithsonian Institution, National Museum of Natural
History (Washington, USA; USNM), the University of
Utah (Salt Lake City, USA; UU), and the Yale Peabody
Museum (New Haven, USA; YPM). BPM 1025 represents
an assemblage of appendages, USNM 593550 and 593551
(part and counterpart) and UU 13072.02 are pairs of appen-
dages, and UU 13072.01a and UU 13072.01b (part and
counterpart), YPM 237023 (part and counterpart) and
BPM 1034b are isolated appendages. Both the part and
counterpart of YPM 237023 are associated with inarticu-
late brachiopod fragments. UU 13072.02 is also associated
with inarticulate brachiopods and an undetermined fossil
(priapulid worm?), whereas the left librigena of an undeter-
mined trilobite occurs close to UU 13072.01a along with a
possible, poorly preserved appendage of similar size.
Lastly, BPM 1034b is on a slab also bearing nearly com-
plete specimens of the trilobites Lonchocephalus pholus
Walcott, 1916a, Menomonia semele (Walcott, 1916a), and
Weeksina unispina (Walcott, 1916a) and a couple of inarti-
culate brachiopods. High-resolution photographs of BPM
1025, BPM 1034b, UU 13072.01a, b, and UU 13072.02
were taken with a digital camera Leica DFC420 mounted
on a microscope Leica MZ12.5; except for UU 13072.02,
these specimens were immersed in diluted ethanol to en-
hance the contrast between fossil remains and the matrix.

Figure 1. Photographs of frontal appendages of Anomalocaris aff. canadensis from the Weeks Formation (Cambrian: Guzhangian), North Canyon,
House Range, Utah, USA. ¢ A, B — part (USNM 593550) and counterpart (USNM 593551) of a pair of frontal appendages. * C — pair of poorly preserved
frontal appendages (UU 13072.02). « D, E —isolated frontal appendage (YPM 237023); D — part, E — counterpart. e F-J — isolated frontal appendage (prox-
imal portion missing) immersed in diluted ethanol; F-H — part (UU 13072.01a), F — general view, G —detail of F, showing the distal part of the appendage,
with its dorsal (ds) and terminal (ts) spines, H — detail of F, showing the ventral spine of P8 and its three auxiliary spines (arrows); I, J — counterpart (UU
13072.01b); I — detail of J, showing the ventral spine of P8 and two of its three auxiliary spines (the most basal one is missing), J — general view. B, E-H

are mirrored to facilitate comparisons.
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Part and counterpart of YPM 237023 were photographed
using a Leica DFC420 camera mounted on a Leica MZ16
microscope, and USNM 593550 and 593551 using a Ca-
non EOS Rebel Xsi digital camera with a Tamron XRDi
lens. The photographs were used to make interpretative
drawings on Adobe Photoshop CS5. BPM 1025 was also
investigated using a scanning electron microscope (SEM;
JEOL 310 JSM-6490LV) equipped with an energy disper-
sive X-ray (EDX) module (EDAX-Ametek). Lengths of
the appendages assigned to Anomalocaris aff. canadensis
and Anomalocaris? sp. were measured along their mostly
smooth margin (“dorsal margin” as defined below).

Terminology and abbreviations. — For the anomalocaridid
appendages described herein, we follow Briggs (1979) in
using “ventral margin” to refer to the usually concave mar-
gin that bears numerous spines (i.e. the “ventral spines”),
and “dorsal margin” to refer to the opposite, generally con-
vex margin that bears a few spines (i.e. the “dorsal spines”™)
on distal podomeres only. “Auxiliary spines” refers to
small spines located on the lateral margins of a ventral
spine, whereas “terminal spines” are spines at the distal tip
of the appendage. P1-14 refer to podomeres 1 to 14 and the
numbering reflects a proximal-distal axis.

Preservation

Shelly remains from the Weeks Formation are usually preser-
ved in their original mineralogy. However, the exoskele-
tons of trilobites and aglaspidids frequently show evidence
of a partial silicification (Beebe 1990, Adrain et al. 2009,
Lerosey-Aubril ef al. 2013). Internal organs (e.g. digestive
structures) are preserved with calcium phosphate
(Lerosey-Aubril et al. 2012) or more rarely with iron oxi-
des (unpublished data). Exceptionally preserved organisms
are otherwise preserved with iron oxides and/or an undeter-
mined material (likely to be silicate) containing O, Si, Al,
and Mg.

All the specimens described herein are preserved as
nearly two-dimensional compression fossils. EDX analy-
ses performed on BPM 1025 have revealed significant
amounts of O and Fe, suggesting that it is predominantly
composed of iron oxides. Small peaks of Ti, Al, Si, and Ca
were also present on the spectra. However, as the latter

three elements are the most abundant elements in the sur-
rounding matrix, they were probably detected through the
thin layer of fossilised material. EDX analyses could not be
performed on the other specimens considered herein; none-
theless, they all exhibit the same aforementioned features
of Weeks Formation soft-body preservation: a layer of the
undetermined greenish/bluish grey material surrounding a
layer of iron oxides.

Systematic palaeontology

Arthropoda von Siebold, 1848 (sensu Legg & Vannier
2013)

Order Radiodonta Collins, 1996

Family Anomalocarididae Raymond, 1935

Genus Anomalocaris Whiteaves, 1892

Anomalocaris aff. canadensis Whiteaves, 1892
Figures 1A-J, 2A-J, 3

Material. — USNM 593550 and 593551, part and counter-
part of a pair of appendages; UU 13072.01a, b, part and
counterpart of an isolated appendage (proximal portion
missing), UU 13072.02, part of a pair of appendages; YPM
237023, part and counterpart of an isolated appendage.

Description. — The six appendages range from ca 20 to
25 mm in length. They are similar in general morphology,
but also in proportions and characteristics of each podom-
ere, which supports their assignment to Anomalocaris aff.
canadensis. The appendages are slender, only moderately
narrowing distally (Fig. 1). They are all flexed ventrally to
some degree, but the flexure may be even along the entire
length of the specimen (Fig. 1A, B, appendage on the left)
or restricted to the distal portion (e.g. Fig. 1D, E). The dis-
tribution of ventral spines, the presence of indentations
along the ventral margin and, in some cases, marks on
the surface of the fossils suggest that it is composed of 14
podomeres (Fig. 2A—E). The triangular shape of the inden-
tations separating the podomeres (Fig. 1F, J) evocates
the putative arthrodial membranes described in other Ano-
malocaris species (e.g. A. canadensis, Daley & Edge-
combe 2014, fig. 13.2, 3, 5, 7). The non-preservation of

Figure 2. Interpretative drawings of Anomalocaris aff. canadensis from the Weeks Formation (Cambrian: Guzhangian), North Canyon, House Range,
Utah, USA. ¢ A, B — part (USNM 593550) and counterpart (USNM 593551) of a pair of frontal appendages. ® C — pair of poorly preserved frontal append-
ages (UU 13072.02). D, E —isolated frontal appendage (YPM 237023); D — part, E — counterpart.  F-J — isolated frontal appendage (proximal portion
missing); F-H — part (UU 13072.01a), F — general view, G — detail of F, showing the distal part of the appendage, with its dorsal and terminal spines,
H —detail of F, showing the ventral spine of P8 and its three auxiliary spines; I, J — counterpart (UU 13072.01b); I — detail of J, showing the ventral spine of
P8 and two of its three auxiliary spines (the most basal one is missing), J — general view. B, E-H are mirrored to facilitate comparisons. Abbreviations:

as — auxiliary spine, ds — dorsal spine, ts — terminal spine.
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Anomalocaris aff. canadensis (juvenile?)

A. canadensis 5 mm

- !LWW%

5 mm d ‘
A
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Figure 3. Morphologies of the frontal appendages in four species of
Anomalocaris. The frontal appendages of A. aff. canadensis are character-
ized by a particularly slender morphology and the presence of 14 podo-
meres, dorsal spines on P13 and P14, and three auxiliary spines per ventral
spine. This latter characteristic has as-yet been observed on P8 only, but
since the type of ventral spines is constant from P2-8 in other species of
Anomalocaris, it is assumed to be also the case in this taxon. Frontal ap-
pendages also comprise 14 podomeres in A. canadensis, but they more
strongly taper distally and they display dorsal spines on P9 to P14 and two
auxiliary spines per ventral spine only on P2-10 (proportions based on
specimen of fig. 13.6 in Daley & Edgecombe 2014). With 15, possibly
16 podomeres and two pairs of auxiliary spines per ventral spine on P2-11
(at least), the frontal appendages of A. saron are particularly distinctive
(reconstruction based on a juvenile specimen illustrated on figs 2B, 3A in
Hou et al. 1995). The most conspicuous characteristic of the frontal ap-
pendages of A. briggsi is the presence of long ventral spines, which are
fringed laterally with numerous auxiliary spines on P1-12 (modified after
fig. 2 in Daley et al. 2013b).

such structures in the material from the Weeks Formation
suggests that they may have been softer than other parts of
the appendage, which is to be expected for an articulation
zone. The relative proportions of each podomere corres-
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pond well between all the appendages. P1 is particularly
short, but possibly never complete. P2 is the longest of all
podomeres. Distally, there is a general trend toward decre-
asing podomere length, albeit not an absolute trend (e.g. P7
might be shorter than P8, Fig. 2E, J).

A single ventral spine is borne by each podomere from
P1 to P13. Ventral spines are always paired in Anoma-
locaris species, so it seems probable that a second row of
ventral spines remained concealed within the matrix in all
these specimens. The ventral spine on P1 is apparently
small (Fig. 2C), whereas P2 bears the largest of all (e.g.
Fig. 1D). From P2 to P13, the ventral spines alternate in
size, with those on the even-numbered podomeres being
the largest (Figs 1J, 2J). This pattern is superimposed to a
general decrease in size of ventral spines distally. These
spines also differ in the way they insert on podomeres and
in their orientation relative to them. On P1-5, the ventral
spines project distally from the distal half of the podomere
at an angle of ca 45-50° (relative to the long axis of the ap-
pendage; Figs 1B, D, E, J, 2B, D, E, J). On P6, the ventral
spine projects from a point mid-length on the podomere
and is orientated at a right angle relative to its margin. More
distal ventral spines up to P13 have a similar mid-length in-
sertion on podomeres, but they project at an increasingly
low angle relative to podomere margins (Figs 1E, J, 2E, J).
Three auxiliary spines are borne by the ventral spine of P8
in specimen UU 13072.01a (Figs 1F, H, 2F, H), and two
of them by the ventral spines of P6 on UU 13072.01b
(Figs 1J,2J) and P10 on YPM 237023 (Figs 1E, 2E). A dor-
sal spine apparently occurs on P13 and P14. In the latter, it
is associated with a terminal spine (Figs 1D-G, J, 2D-G, J).
A reconstruction summarizing the main characteristics of
the frontal appendages of this species is proposed on Fig. 3.

Discussion. — These appendages are heavily-armed and
their different postures indicate some degree of flexibility.
Together, these observations are compatible with a grasp-
ing function. They also exhibit a number of podomeres
and a spinosity pattern that are strongly reminiscent of the
frontal appendages of anomalocaridids, specifically those
described for species of the genus Anomalocaris (see text-
fig. 1 in Daley & Budd, 2010 and Fig. 3). For instance, the
frontal appendages of Anomalocaris canadensis Whitea-
ves, 1892 (e.g. Briggs 1979, Daley & Edgecombe 2014),
A. cf. canadensis (Daley et al. 2013b), and A. pennsylva-
nica Resser, 1929 (Briggs 1979) possess all 14 podomeres
and ventral spines alternating in size, as observed in the ap-
pendages from the Weeks Formation. However, the new
appendages differ from those of the above mentioned spe-
cies by the following traits: a particularly slender morpho-
logy, with a length (along proximo-distal axis) / height
(ventro-distal axis) ratio of most podomeres of 1 or above
(e.g. in P2-5), a weak distal tapering, the presence of up to
three auxiliary spines on some ventral spines (never more
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ventral spine of P2
or part of P1?

dorsal spine
or part of an extra
podomere?

Figure 4. Anomalocaris sp., specimen BPM 1034b, isolated frontal appendage from the Weeks Formation (Cambrian: Guzhangian), North Canyon,
House Range, Utah, USA. ¢ A, C — photographs of specimen immersed in diluted ethanol (mirrored); A — general view, C — detail of marginal spines.
B, D —interpretative drawings of A and C respectively. For a given podomere, one spine (dark grey) apparently lays on a lower plane than the rest of the

fossil (light grey).

than two in A. canadensis, four to six in A. cf. canadensis,
and none in A. pennsylvanica) and of dorsal spines on P13
and 14 only (on P9-P14 or P10-P14 in the other species).
A rather slender morphology and ventral spines alternating
in size are also observed in adult frontal appendages
of A. saron Hou, Bergstrom & Ahlberg, 1995 from Cheng-
jiang. However, these Chinese frontal appendages differ
from those of the Weeks Formation by their higher num-
bers of podomeres (15, possibly 16), auxiliary spines per
ventral spine (4, except in the most proximal pair), and dor-
sal spines (on P10-15) (Hou et al. 1995). A. briggsi Nedin,
1995 from the Emu Bay Shale possesses frontal appenda-
ges with 14 podomeres, but those have a particularly low
length/height ratio and their ventral spines have numerous
auxiliary spines and do not alternate in length (Daley et al.
2013b), which excludes any close relationships with the
frontal appendages of the Weeks Formation.

In summary, these new frontal appendages exhibit
characters commonly observed in species of Anomalocaris
(14 podomeres, ventral spines alternating in size), along
with unique features (high length/height ratios of podo-
meres, three auxiliary spines on at least some ventral
spines, dorsal spines on P13 and P14 only). This suggests
that they probably represent a new species within this ge-

nus. However, the specimens never exceed 25 mm in
length and it could be argued that their unique traits are re-
lated to them belonging to juveniles. Anomalocaridid on-
togeny has never been thoroughly explored, but some fron-
tal appendages as small as those from the Weeks Formation
are known in A. canadensis (Daley & Edgecombe 2014),
A. pennsylvanica (Briggs 1979), or A. saron (Hou et al.
1995), allowing to comment about ontogenetic changes in
these species. In A. canadensis, the number of podomeres
and their proportions do not seem to change during ontog-
eny (Briggs 1979; A. Daley, personal communication
2012). Moreover, no more than a single pair of auxiliary
spines per ventral spine has ever been described in this spe-
cies, whatever the size of the specimens. Comparison be-
tween the three known specimens of A. pennsylvanica re-
veals that the length/height ratio of podomeres may slightly
decrease and the dorsal spines may become sturdier during
the ontogeny of this species (Briggs 1979). In A. saron, the
length/height ratio of podomeres may slightly increase dur-
ing ontogeny, but the most conspicuous differences be-
tween small and large specimens concern spinosity. In-
deed, a specimen less than two centimeters long illustrated
by Hou et al. (1995, fig. 3A) already displays ventral
spines with two pairs of auxiliary spines, but these latter
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are located at the base, rather than at mid-length of the
ventral spines that consequently look sturdier. Two dorsal
spines are also missing in this specimen compared to
larger ones, but this might be a preservation bias. The
rapid review of the available ontogenetic data on
anomalocaridid frontal appendages does not support the
hypothesis of juvenile specimens of known species of
Anomalocaris being present in the Weeks Formation. On-
togeny might at best explain the fewer number of dorsal
spines in the Weeks Formation appendages, but not the
particularly high length/height ratio of their podomeres or
the presence of up to three auxiliary spines per ventral
spine, as opposed to two as in A. canadensis and none in
A. pennsylvanica.

To conclude, we believe that these new frontal append-
ages may or may not have belonged to juveniles, but in any
cases they most likely represent a new species of Anoma-
locaris. However, none of them is sufficiently well-pre-
served to show all the characteristics of this new taxon and
consequently, a formal description should await the dis-
covery of more material, with possibly other body parts. In
the meantime, we refer to this taxon as Anomalocaris aff.
canadensis, for A. canadensis is the species to which it re-
sembles the most in Laurentia.

Anomalocaris? sp.
Figure 4

Material. — BPM1034b, an isolated appendage.

Description. — Specimen BPM 1034b represents an isola-
ted grasping appendage of ca 43 mm in length, which is
about four times narrower distally (proximal part of P12)
than proximally (distal part of P2; Fig. 4A, B). Itis flexed at
both extremities, but straight in between. The ventral mar-
gin bears remains of robust spines and exhibits indentati-
ons, the latter possibly marking the location of non-
preserved arthrodial membranes as in specimens of A. aff.
canadensis. Added to breaks in slope running from the
ventral margin to the dorsal margin, these features allow
the tentative recognition of at least 12 podomeres (Fig. 4B).
P1 is only represented by a small patch of fossilized mate-
rial apparently representing its dorsal part. The length of
podomeres does not change substantially from P2-8, but it
abruptly decreases from P9 to P12. P5-P8 (at least) were
associated with a pair of robust, simple ventral spines.
These spines lie almost on the same bedding plane, but this
is obviously the result of the flattening of the specimen
(Fig. 4C, D; see discussion below). A patch of fossilized
material occurs close to P2 and seems to represent a struc-
ture initially connected to this podomere, possibly a large
ventral spine (Fig. 4A, B). Alternatively, it may represent
the ventral part of P1, which would be particularly wide in
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that case. A tiny patch of fossilised material also occurs in
the continuity of P12 and could represent a structure pro-
jecting from it (e.g. a terminal spine or a dorsal spine) or re-
main of a more distal podomere (Fig. 4B). Otherwise, there
is no evidence of dorsal spines in this specimen.

Discussion. — Like the specimens assigned to Anomaloca-
ris aff. canadensis, BPM 1034b bears strong ventral spines
and was probably capable of flexure; this suggests that it
was a grasping appendage reminiscent of the frontal appen-
dages of anomalocaridids. However, it is slightly more ro-
bust than the frontal appendages described above and
clearly tapers distally. There is also no evidence of auxili-
ary spines in this specimen, despite a better overall preser-
vation, and the ventral spines look sturdier. Whether these
differences indicate different affinities or are due to preser-
vation biases is unclear, but we believe this specimen
should be described separately.

Careful examination of the topography of the specimen
reveals that the two ventral spines associated with each
spine-bearing podomere lay on slightly different planes
(Fig. 4C, D). Considering the fact that the specimen is
strongly compressed, it can be assumed that these spines
initially inserted some distance from the plane of symmetry
of the appendage, forming two rows along its ventral mar-
gin. A similar preservation is sometimes observed with
anomalocaridid frontal appendages (e.g. Daley & Edge-
combe 2014, fig. 13). With its strong distal tapering, this
appendage resembles frontal appendages of A. canadensis
in overall shape. It is composed of twelve podomeres,
rather than 14, but some may actually be missing at both
extremities. However, its ventral spines also lack auxiliary
spines. Such simple ventral spines occur in A. pennsyl-
vanica, but the frontal appendages in this species are more
robust (i.e. lower length/height ratio; see Briggs 1979,
text-figs 17-19, pl. 79, figs 4-6) than BPM 1034b. In sum-
mary, this specimen differs in several aspects from the
frontal appendages described above and can only be tenta-
tively assigned to the genus Anomalocaris.

Class, Order, Family uncertain

Undetermined arthropod sp. 1
Figure 5

Material. — Specimen BPM 1025, an assemblage of appen-
dages.

Description. — BPM 1025 is made of patches of iron oxides
and represents a poorly-preserved assemblage of ten ap-
pendages (Fig. 5A, E). The interpretation of this fossil is
challenging and requires focusing on some aspects of its
morphology in a step-wise sequence.
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Figure 5. Assemblage of appendages belonging to an enigmatic arthropod from the Weeks Formation (Cambrian: Guzhangian), North Canyon, House
Range, Utah, USA. « A-D — photographs of specimen BPM 1025 immersed in diluted ethanol; A — general view, B —two pairs of robust spines along the
margin of a spiny appendage; C, D — bifid distal tips of two spiny appendages, probably representing a pair of claws. ¢ E — interpretative drawing of
A. * F —explanatory drawing showing the presence of antenniform (A) and spiny (S) appendages. * G — explanatory drawing showing the apparently un-
disturbed series of two antenniform (All, Al2) and three spiny (SI11, S12, S13) appendages on the left side, and the symmetrical disposition of the last pair
of spiny appendages (S13, Sr3). « H — explanatory drawing illustrating a possible scenario explaining the arrangement of the appendages on the right by a
clockwise rotation of the ensemble composed of Arl, Ar2, and Srl, and an anticlockwise rotation of Sr2 after death or ecdysis. * I — tentative reconstruc-
tion of the original disposition of the appendages relative to the body (in grey).

Two types of appendages are recognized. Four of them
are antenniform, ca 9.7-13.7 mm long, tapering distally,
and paired (A on Fig. 5F). Each pair is composed of one
appendage gently bending outwards distally and one ap-
pendage straight; they apparently represent separate struc-
tures, but it cannot be excluded that they were connected to
one another proximally, as a single, bifid appendage. Six
appendages are heavily-armed (referred to as the spiny
type below; S on Fig. 5F). All of them taper distally and
bend in the same direction (i.e. the bottom on Fig. SA). The

presence of robust, paired spines along one margin
(Fig. 5B) and a pair of smaller spines at the tip is obvious
on several of them (Fig. 5C, D). One of these appendages
shows that the pairs of robust spines were regularly ar-
ranged along the margin, which suggests that it was com-
posed of about eight repeated units (e.g. podomeres of ar-
thropod appendages).

The appendages on the left side of the fossil are regu-
larly arranged without crossing one another, forming
what is interpreted as an “undisturbed” series of two
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antenniform appendages and three robust spiny ones (re-
spectively All, 2 and SI1-3 on Fig. 5G). All of them
seem to converge medially, likely originating from an
unpreserved body. The arrangement of the appendages
on the right is more chaotic, but all converge toward the
same supposed area of insertion as the left ones. Two are
antenniform and three are spiny (respectively Arl, 2 and
Sr1-3 on Fig. 5H), which suggests that their arrange-
ment was similar to that of the left appendages initially.
The similar area of insertion and the same number of
structures indicate that this assemblage of appendages
attached to the same body. This assumption is supported
by the symmetrical disposition of SI3 and Sr3 (Fig. 5G),
which also allows the recognition of a sagittal axis. The
positions of Arl, Ar2, Srl, and Sr2 are problematic, but
they can be explained by post-mortem or post-exuvial,
but pre-burial rotations around their insertion sites on
the body (Fig. SH illustrates one possible scenario).

Discussion. —The types of appendages (i.e. antenniform,
spiny), their serial arrangement (at least on the left), and
especially the fact that they are apparently segmented
(at least the spiny ones) strongly suggest arthropod affini-
ties sensu Legg & Vannier (2013; i.e. segmented inver-
tebrate animal with articulated legs). The apparent displa-
cement of the limbs on the right can be explained by a
post-mortem (or post-exuvial) tangling (Fig. SH). Similar
displacements can be observed in modern aquatic envi-
ronments with either arthropod carcasses that have under-
gone decay or with molted exoskeletons (RLA, personal
observations). Restoration from such taphonomic rotati-
ons enables these appendages to be interpreted as belong-
ing to a bilaterally-symmetrical organism. The occur-
rence of two antenniform appendages and three spiny
appendages on each side, the orientation of the spiny ones
with their spine-bearing margins facing the same direc-
tion (i.e. the bottom of the picture on Fig. 5SA, E-H), and
the fact that all these appendages apparently inserted in
the same area strongly support the view that they all be-
longed to a single individual (Fig. 5I). However, whether
these remains represent the anterior or the posterior part
of the body is difficult to ascertain. Antenniform appen-
dages include both antennae and cerci, and therefore may
be associated with either end of an arthropod body. The
robust, heavily-armed appendages have greater likeli-
hood of being associated with the cephalic region, especi-
ally if they were used for seizing or tearing apart prey or
carcasses, but it cannot be entirely ruled out that they
might have inserted on the posterior part of the body.
Another important question concerns the paired an-
tenniform structures. For a given pair, the two structures
seem to have been close to one another proximally, which
might indicate that they were elements of a single append-
age, such as the flagellum-bearing projections on the

278

great appendages of leanchoiliids. However, a lean-
choiliid great appendage comprises three of these flagel-
lum-bearing projections (e.g. Edgecombe ef al. 2011),
whereas BPM 1025 exhibits only two stout antenniform
structures on each side. According to Zhang et al. (2007,
figs 34.1, 2, 35.2), the antennae of the Cambrian naroiid
Misszhouia is composed of two branches. However, un-
like the structures described herein (which are almost
identical), the antennal branches of Misszhouia differ
markedly in size and morphology — one of them is very
short and only composed of three short podomeres. The
Devonian crustaceanomorphs Cambronatus brasseli
Briggs & Bartels, 2001 and Eschenbachiellus wuttkensis
Briggs & Bartels, 2001 both have biramous antennae
(possibly triramous in the case of E. wuttkensis). Both are
very elongate animals with many homonymous limbs,
which are difficult to reconcile with the apparent tagmosis
of this animal from the Weeks Formation. If the rest of the
body were removed, the limb arrangement of the head
of E. wuttkensis alone would be rather similar to the un-
identified arthropod discussed above — with one pair of
biramous antennae and three pairs of robust appendages
(Briggs & Bartels 2001).

In modern crustaceans, bifid first antennae (i.e. anten-
nulae) in adults represent an autapomorphy of the mala-
costracans (Boxhall 2004, Boxhall & Jaume 2013). These
appendages are composed of a segmented peduncle bear-
ing two multi-annulated flagella that can be very similar
from one another. Although considered a derived charac-
ter within crustaceans (Boxhall 2004, Boxhall & Jaume
2013), this condition was already acquired in (at least) the
Silurian, as illustrated by Cinerocaris magnificus Briggs
et al., 2004 from the Herefordshire biota. However, mala-
costracans, like most crustaceans, also possess biramous
second antennae (Boxhall 2004, Boxhall & Jaume 2013),
which is apparently not the case of the arthropod from the
Weeks Formation. Double-axis first antennae are also
known in remipedes, where they are made of two struc-
tures that substantially differ in nature, size, and morphol-
ogy (Boxhall 2004). One represents the main axis of the
antennule; it is segmented and rather long. The second
axis is shorter and actually represents a weakly annulated
flagellum. Moreover, as in malacostracans, these append-
ages are followed by biramous second antennae and spe-
cialized mandibles (Felgenhauer et al. 1992). There are
no evidences of such features in the arthropod from the
Weeks Formation, and therefore an assignment to the
remipedes is excluded.

The antenniform structures described herein could al-
ternatively represent two pairs of uniramous antennae. To
our knowledge, the only Cambrian arthropod genera that
possess two pairs of uniramous cephalic appendages are
Branchiocaris (Briggs 1976) and Marrella (e.g. Garcia-
Bellido & Collins 2006). In both cases, the appendages of



the two pairs exhibit notable differences in size, podomere
number, and shape, whereas the antenniform structures of
the arthropod from the Weeks Formation seem almost
identical. Moreover, the more posterior appendages in
Branchiocaris and Marrella are biramous and possess par-
ticularly frail endopods, which strongly contrasts with the
robust and heavily-armed appendages associated with the
antenniform structures in the fossil from Utah. Thus,
whether these antenniform structures are interpreted as a
pair of bifid antennae or two pairs of uniramous append-
ages, they have apparently no equivalent in Cambrian ar-
thropods.

In summary, the material is too fragmentary to allow a
precise identification of this specimen beyond the fact that
it most likely represents an arthropod (sensu Legg &
Vannier 2013). However, the association of two pairs of
antenniform structures (one pair of bifid antennae or two
pairs of uniramous antennae) with (at least) three pairs of
robust, heavily-armed ones has apparently no equivalent in
Cambrian or Recent arthropods. Accordingly, BPM 1025
is thought to represent either a new taxon or a taxon for
which appendage morphology was not known.

Discussion

The frontal appendages described herein constitute the first
evidence of anomalocaridids in the Weeks Formation. In
the Great Basin, anomalocaridid remains have been repor-
ted from the Spence Shale (Briggs er al. 2008), Wheeler
Formation (Briggs & Robison 1984; Conway Morris &
Robison 1982, 1988), and Marjum Formation (Briggs &
Robison 1984) of Utah, the Pioche Formation (Lieberman
2003, Moore & Lieberman 2009) and Poleta Formation
(English & Babcock 2010) of Nevada, and the Latham
Shale (Briggs & Mount 1982) and Carrara Formation
(Babcock 2003) of eastern California. Most specimens
found in the House Range were assigned to Peytoia nathor-
sti (Walcott 1911) (Wheeler Formation: Conway Morris &
Robison 1982, 1988, Briggs et al. 2008; Marjum Forma-
tion: Briggs & Robison 1984). Briggs et al. (2008) also il-
lustrated an oral cone and an incomplete frontal appendage
from the Wheeler Formation, which they did not assign to
any particular genus. According to Daley er al. (2013a), the
isolated appendage probably belongs to Hurdia. The mor-
phological characteristics of at least one type of frontal ap-
pendages found in the upper part of the Weeks Formation
strongly suggest that they belong to a species of Anomalo-
caris, which constitutes the youngest occurrence of this ge-
nus. By the same token, this discovery also demonstrates
that anomalocaridids were still present in Laurentia during
the late Guzhangian.

Relatively little is known about the non-trilobite arthro-
pod fauna from the Weeks Formation, but taxa such as
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Beckwithia typa Resser, 1931 (Raasch 1939, Hesselbo
1989) and Tremaglaspis vanroyi Lerosey-Aubril et al.,
2013 suggest that its composition may notably differ from
those of better-known Cambrian arthropod assemblages.
This is further illustrated by the description of specimen
BPM 1025, which exhibits an intriguing combination of
characters that do not fit with the current definitions of any
fossil or modern arthropod taxa. However, the presence in
the Weeks Formation of frontal appendages of Anoma-
locaris, i.e. a typical element of older soft-bodied fauna
(e.g. Burgess Shale), speaks to a rather progressive evolu-
tion of arthropod communities during the late Cambrian
Epoch 3.

Summary

The arthropod appendages described herein expands our li-
mited knowledge of the non-trilobite fauna from the Weeks
Formation. They demonstrate the presence of anomalocari-
dids in these deposits, the youngest occurrence of the group
in Laurentia. This is the first evidence of the persistence in
the Weeks Formation of a typical component of older
soft-bodied biotas. Although preliminary assigned to Ano-
malocaris aff. canadensis, six of these appendages may ac-
tually represent a new species of this genus, possibly juve-
niles. Four antenniform appendages and six robust
heavily-armed appendages present on one slab are regar-
ded as serially arranged appendages attached to the same
body. This animal was an arthropod sensu Legg & Vannier
(2013), but the poor preservation of the fossil does not al-
low a more precise identification. However, the association
of four antenniform structures (antennae/cerci?) and three
pairs of appendages bearing robust spines has apparently
no equivalent in Cambrian or modern arthropods, which
suggests that it represents a new taxon or a previously
known taxon for which no data on appendage morphology
were known. The discovery of these fossils further demon-
strates the singular composition of the non-trilobite arthro-
pod fauna from the Weeks Formation.
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