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ABSTRACT
The central nervous system (CNS) presents unique insight into the behaviors and ecology 

of extant and extinct animal groups. However, neurological tissues are delicate and prone 
to rapid decay, and thus their occurrence as fossils is mostly confined to Cambrian Burgess 
Shale–type deposits and Cenozoic amber inclusions. We describe an exceptionally preserved 
CNS in the horseshoe crab Euproops danae from the late Carboniferous (Moscovian) Mazon 
Creek Konservat-Lagerstätte in Illinois, USA. The E. danae CNS demonstrates that the general 
prosomal synganglion organization has remained essentially unchanged in horseshoe crabs 
for >300 m.y., despite substantial morphological and ecological diversification in that time. 
Furthermore, it reveals that the euarthropod CNS can be preserved by molding in siderite 
and suggests that further examples may be present in the Mazon Creek fauna. This discov-
ery fills a significant temporal gap in the fossil record of euarthropod CNSs and expands the 
taphonomic scope for preservation of detailed paleoneuroanatomical data in the Paleozoic 
to siderite concretion Lagerstätten of marginal marine deposits.

INTRODUCTION
The central nervous system (CNS) plays a 

critical role in animal functions, behavior, and 
ecology, and contains valuable morphologi-
cal data that inform the evolution of complex 
organisms (Schmidt-Rhaesa et al., 2015). Al-
though the lipid-rich composition of the CNS 
makes it prone to rapid decay (Sansom, 2016), 
recent research demonstrates that neurologi-
cal tissues can be preserved as carbonaceous 
compressions in Cambrian animal macrofossils 
from open- marine deposits (Edgecombe et al., 
2015; Strausfeld et al., 2016; Ortega-Hernán-
dez et al., 2019; Table S1 in the Supplemen-
tal Material1). Paleoneuroanatomical remains 
are extremely rare in younger deposits before 
 Cenozoic ambers, leaving profound gaps in our 

understanding of CNS evolution. Notable excep-
tions include the putative brain described for the 
Carboniferous Tullimonstrum gregarium Rich-
ardson, 1966 (McCoy et al., 2016) and a phos-
phatized ventral nerve cord in a Triassic insect 
(Montagna et al., 2017), suggesting that paleo-
neuroanatomical structures can be captured by 
taphonomic pathways other than Burgess Shale–
type preservation in the Paleozoic (Butterfield, 
1995; Gaines, 2014), albeit extremely rarely.

We describe an exceptionally well- preserved 
CNS in the belinurid Euproops danae (Meek 
and Worthen, 1865) from the Pennsylva-
nian (Moscovian) Mazon Creek Konservat- 
Lagerstätte in Illinois, USA. The discovery of 
paleoneuroanatomy in E. danae is significant 
because xiphosurids (horseshoe crabs) are the 
only wholly aquatic extant order of euchelic-
erates, and their fossil record is critical for 

 reconstructing the complex evolutionary history 
of Euarthropoda (Lamsdell, 2016). Euproops 
danae shares similar prosomal appendage or-
ganization with the extant Limulus polyphemus 
(Linnaeus, 1758) (Haug and Rötzer, 2018) and 
is one of the best-documented fossil xiphosurids 
both within  Mazon Creek (Raymond, 1945) 
and globally (Haug and Rötzer, 2018; Bicknell 
and Pates, 2020). Therefore, these new data on 
E. danae inform on the internal anatomy of this 
major euchelicerate group, represent the first oc-
currence of CNS preservation in a fossil horse-
shoe crab, and shed new light on preservational 
modes for fossilized neural tissue.

MATERIALS AND METHODS
We reviewed E. danae specimens in the Yale 

Peabody Museum (New Haven, Connecticut, 
USA) Division of Invertebrate Paleontology 
(YMP IP). One specimen (YPM IP 168040) 
showing evidence of preserved internal anatomy 
was identified. This specimen was photographed 
as a series of stacked images under normal LED 
light using a Canon EOS 5DS digital SLR cam-
era fitted with a Canon MP-E 65 mm macro 
lens (complete specimen) and a Canon MP-E 
65 mm 1×–5× macro lens (close-up on CNS) 
and a Cognisys StackShot 3X stacking system. 
Photos were stacked and stitched using Helicon 
Focus 7 (https://www.heliconsoft.com/helicon-
soft-products/helicon-focus/). Backscatter and 
energy dispersive X-ray spectroscopy (EDS) 
analyses were conducted to examine compo-
sition of the CNS with a JEOL JSM-6010LA *E-mail: rbickne2@une.edu.au
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scanning  electron microscope (SEM) under low 
vacuum at a voltage of 20 kV. The specimen 
was not coated.

RESULTS
Specimen YPM IP 168040 contains the first 

known record of E. danae internal anatomy, as-
pects of which are preserved on both the part 
and counterpart (Fig. 1; Fig. S1 in the Supple-
mental Material). The specimen is a fully ar-
ticulated individual in dorsal view, preserved 
with limited relief in a siderite concretion, as 
is typical for Mazon Creek fossils (Clements 
et al., 2019). The prosoma is 6.9 mm long and 
16.8 mm wide, the opisthosoma is 7.3 mm long 
and 11.2 mm wide, and the telson is 7.9 mm 
long. Based on opisthosomal size, the speci-
men likely represents the third Euproops devel-
opmental stage (sensu Haug and Rötzer, 2018). 
The axial region of the prosoma features a  
bilaterally symmetrical complex structure with a 
white coloration (Figs. 1A, 1B, and 1G). Elemen-
tal mapping indicates that this feature is enriched 
in aluminum and silicon (Clements et al., 2019; 
Figs. 1I and 1J) and depleted in iron, potassium, 
and magnesium relative to the siderite matrix 
(Figs. 1H, 1M, and 1N). The morphology of the 
internal structure consists of a fusiform ring ori-
ented along the sagittal axis with seven paired and 
regularly spaced  lobe-like lateral extensions that 
generally increase in length posteriorly (Figs. 1B 
and 1D). Although the anterior-most third of the 
structure is broken and displaced laterally, there 
is direct continuity between the lateral extensions 
on both sides and the width of the aluminosili-
cates defining the ring boundaries. White color-
ation is also noted at the prosoma-opisthosoma 
and opisthosoma-telson articulations.

DISCUSSION
The internal structure preserved in specimen 

YPM IP 168040 is morphologically comparable 
to the CNS of L. polyphemus early juveniles 
and more mature individuals, specifically the 
synganglion formed by the fusion of the seg-
mental ganglia in the prosoma (Harzsch et al., 
2005; Göpel and Wirkner, 2015; Fig. 1E). The 
seven paired lateral extensions correspond to the 
segmental nerves of the protocerebrum (optic 
nerves), deutocerebrum (chelicerae), four walk-
ing legs, and the pushing leg. The opening of the 
fusiform ring structure represents the esophageal 
foramen (Figs. 1B and 1D). There is no evidence 
of a preserved opisthosomal CNS in specimen 
YPM IP 168040. An alternative interpretation of 
the internal axial structure as a gut is discounted 
because the conspicuous opening corresponding 
to the esophageal foramen is a feature without 
an analogue in the euarthropod digestive tract, 
and the L. polyphemus gut lacks a metameric 
organization (Zacaï et al., 2016).

Euproops danae offers valuable insights 
into the CNS of extinct euchelicerates. The 

 correspondence between the synganglia of 
E. danae and L. polyphemus suggests close 
functional and behavioral similarities between 
modern and extinct xiphosurids, despite the 
substantial temporal and phylogenetic gaps 
between their respective clades (Bicknell and 
Pates, 2020). This fossil shows that the funda-
mental organization of the xiphosurid CNS has 
essentially  remained unchanged for >300 m.y. 
Furthermore, close anatomical parallels between 
the CNS organization of L. polyphemus, E. da-
nae, and the great appendage stem-group che-
licerates (Tanaka et al., 2013; Ortega-Hernández 
et al., 2019) suggest that euchelicerates have 
sustained this conserved neuroanatomy since 
the Cambrian.

This unique E. danae specimen represents 
the earliest unequivocal evidence of preserved 
euarthropod neuroanatomy from a brackish mar-
ginal-marine deposit (Clements et al., 2019). El-
emental mapping indicates that the CNS—which 
is white in visible light (Fig. 1G)—is enriched 
in aluminum, silicon, and oxygen (Figs. 1I–1K). 
Further, SEM imaging reveals that vermiform 
stacks of platy, micron-sized crystallites com-
pose the white material (Fig. 1F). These obser-
vations, coupled with depletion in potassium and 
magnesium relative to matrix, indicate that the 
white mineral highlighting the CNS is kaolinite.

Kaolinite is well documented in Mazon Creek 
fossils (Baird et al., 1986; Cotroneo et al., 2016; 
Clements et al., 2019). It commonly occurs as 
a void-filling mineral that precipitated within 
concretion cavities. This includes voids inside 
fossils where bones had dissolved, where plant 
stems were carbonized and undergone volume 
loss, leaving spaces, and where aragonitic bivalve 
shells dissolved within the concretion matrix 
(Baird et al., 1986; Cotroneo et al., 2016; Cle-
ments et al., 2019). In Mazon Creek material, 
kaolinite is associated occasionally with sphal-
erite and galena, indicative of later-stage miner-
alization during burial (Keller, 1988), and more 
commonly with pyrite, which may form during 
early diagenesis or later mineralization. Based on 
these aspects of its occurrence, kaolinite in Ma-
zon Creek fossils has been consistently interpret-
ed as being late diagenetic in origin (Baird et al., 
1986, 1997; Clements et al., 2019), precipitating 
in voids long after fossilization was complete.

Morphology of kaolinite crystallites within 
the examined CNS (Fig. 1F) confirms the late-
stage precipitate origin, consistent with previous 
interpretations. However, kaolinite was not a 
component of the original fossilization process 
that captured the paleoneuroanatomical infor-
mation. Instead, kaolinite precipitated in a void 
that remained long after the decay of neural tis-
sue. The CNS was therefore preserved originally 
as a mold, captured as minerals grew around the 
highly labile tissues prior to loss of structural 
integrity during decomposition. Elemental map-
ping (Figs. 1H–1N; Fig. S2) shows that the outer 

CNS margin is sharp and the matrix is composed 
of siderite, as indicated by enrichment in iron, 
carbon, and oxygen (Figs. 1H and 1K; Fig. S2). 
The siderite surrounding the CNS has the same 
composition and texture as the matrix of the 
concretion enveloping the specimen.

The preservation of the examined CNS re-
quires that siderite grew rapidly around the de-
composing organism, molding the CNS in three 
dimensions. The CNS was then lost to decay, 
leaving a void inside its external mold that was 
stabilized by the siderite mineral matrix. This 
void was subsequently filled by the precipita-
tion of kaolinite (Fig. 2). Such a pathway has 
two important implications.

(1) The siderite matrix must have been em-
placed very quickly to capture neural tissue. 
While this rapid growth could be difficult to 
account for (e.g., Berner, 1968; Yoshida et al., 
2020), it is currently the accepted mode of ex-
ceptional preservation within the Mazon Creek 
Konservat-Lagerstätte (Clements et al., 2019). 
Such a preservational pathway is thought to 
have produced the flattened composite molds 
observed in the Mazon Creek concretions, 
particularly of dermal, cuticular, and other ex-
ternal structures (Baird et al., 1986;  Clements 
et al., 2019). However, this pathway can also 
preserve more labile internal tissues, such as 
the observed CNS, which is very rare in Mazon 
Creek fossils. Rapid precipitation of the con-
cretionary matrix is consistent with the notably 
narrow range of δ13C values reported from the 
fossiliferous concretions (Cotroneo et al., 2016). 
During prolonged concretion growth, changes 
in pore-water biogeochemistry due to exhaus-
tion of oxidants and switching of primary bac-
terial metabolic pathways commonly result in 
pronounced variation in carbon isotope values 
across concretions from the center to the edge 
(Raiswell and Fisher, 2000). Although similarly 
suppressed δ13C variation might result from pro-
tracted pervasive growth, rather than from rapid 
concentric growth (Mozley and Burns, 1993), 
the robust molding of the CNS in siderite sug-
gests rapid pervasive concretion growth is far 
more likely (Sellés-Martínez, 1996). The limited 
range of isotopic variation observed in Mazon 
Creek concretions is therefore noteworthy (Co-
troneo et al., 2016) and supports rapid siderite 
development around decaying organisms.

(2) CNS preservation by molding implies 
a loss of other soft tissues beneath the pro-
somal shield prior to CNS decay. In modern 
xiphosurids, the CNS is sheathed by a thick 
vascular membrane (Göpel and Wirkner, 
2015). Such a membrane in E. danae may have 
slowed the decay of the synganglion (relative 
to other internal structures) and facilitated the 
rapid molding of these delicate tissues. Given 
the ferruginous pore-water conditions that led 
to the precipitation of siderite, it is also pos-
sible that dissolved Fe2+ may have played a role 
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Figure 1. The central nervous system (CNS) of Euproops danae from the Carboniferous (Moscovian) Mazon Creek 
Konservat-Lagerstätte in Illinois, USA. (A) Part of Yale Peabody Museum Division of Invertebrate Paleontology speci-
men YPM IP 168040; complete specimen preserved in dorsal view. Box indicates close-up shown in B and G–N. (B) 
Interpretative drawing of the CNS in specimen YPM IP 168040. (C) Reconstruction of E. danae showing CNS position. 
(D) Reconstruction of observed CNS. (E) Limulus polyphemus early juvenile nervous system imaged using confocal 
laser scan; from Harzsch et al. (2005, their figure 6A; reproduced with permission from S. Harzsch). (F) Backscat-
tered secondary electron image of vermiform stacks of platy crystallites of kaolinite replicating the CNS. (G) Close-up 
of the CNS under normal lighting. (H–N) Elemental maps of iron, aluminum, silicon, oxygen, sulfur, potassium, and 
magnesium, respectively. Dark areas indicate low elemental abundance, and bright areas indicate high elemental 
abundance. Scale bars: A—2 mm; B,G—500 µm; F—10 µm. Scale bar in G also applies to H–N. Abbreviations: ch—
chelicerae; ef—esophageal foramen; on—optic nerve; op—opisthosoma; pl—pushing leg; pr—prosoma; te—telson; 
wl1–wl4—walking leg 1–4.
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in  delaying decay of neural tissue (Schweitzer 
et al., 2014; Saleh et al., 2020). It is also possible 
that reduction of porosity around the CNS via 
the rapid growth of concretion matrix further 
delayed its decay until after the neural tissue was 
robustly molded (McCoy et al., 2015a, 2015b). 
The present Carboniferous example validates 
earlier observations of euarthropod CNS tissues 
preserved through a fundamentally different ta-
phonomic pathway (see Table S1).

This proposed taphonomic pathway also ex-
plains the presence of kaolinite along the exo-
skeletal articulations between the prosoma and 
opisthosoma as well as between the opisthosoma 
and telson (Fig. 1A; Figs. S1A and S1B). In life, 
these articulation sites would have contained 
arthrodial membrane, which is markedly softer 
than the carapace. Such material may have also 
been molded by siderite and subsequently de-
cayed, leaving voids that were partially filled by 
the growth of kaolinite.

The presence of kaolinite in the examined 
CNS was not essential to its fossilization but 
was critical to its recognition because of its 
contrasting color compared to the remainder 
of the fossil and its host concretion. This record 
suggests that other examples of molded neu-
ral tissue could be preserved in Mazon Creek 
fossils. However, such evidence may be more 
cryptic and difficult to recognize, represented 
only by slight topographic variation in the sider-
ite matrix in the absence of substantial mineral 
infillings. Hence, future studies on the Mazon 
Creek Konservat-Lagerstätte should consider 
careful exploration of the subtle topographic 
features on fossil surfaces that may assist in the 
possible detection of exceptionally preserved 
labile tissues.
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