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Abstract 27 

Horseshoe crabs (Xiphosura) have a deep fossil record but are exceedingly rare within early 28 

Palaeozoic deposits. Here, we report a new xiphosuran from the Middle Ordovician (Darriwilian) 29 

of AlUla, Saudi Arabia—one of the oldest documented horseshoe crabs that also exhibit 30 

strikingly large size for the age. The specimens, preserved in multiple lower shoreface and 31 

storm-deposited layers, include three-dimensionally preserved prosomae and detailed 32 

impressions, all associated with trace fossils assigned to the new ichnospecies, Selenichnites 33 

sursumdeorsum. All fossils are preserved dorsal-down—a unique taphonomic mode for 34 

xiphosurans—interpreted as storm-mediated transport of individuals followed by unsuccessful 35 

escape attempts. The recurrence of these horseshoe crab fossils across multiple stratigraphic 36 

surfaces suggests occupation of the same region over the timespan of cyclical storms, analogous 37 

to spawning behaviours in modern horseshoe crabs. Palaeoclimatic reconstructions of AlUla in 38 

the Middle Ordovician place the new horseshoe crabs within a seasonally variable nearshore 39 

environment, reflecting the ecological conditions of modern xiphosurans. These findings 40 

evidence the oldest association of horseshoe crab body and trace fossils (mortichnia), and hint at 41 

an Ordovician origin of behaviours observed in extant Xiphosura. 42 

Keywords: invertebrate palaeontology, taphonomy, reproductive behaviour, trace fossils, 43 

palaeoecology 44 
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Introduction 46 

The Great Ordovician Biodiversification Event (GOBE) is considered a vital evolutionary 47 

radiation that occurred ~470–460 mya (Servais and Harper, 2018). It records an unprecedented 48 

increase in marine biodiversity across all phyla during this time period (Servais et al., 2010; 49 

Harper et al., 2015). A combination of environmental and ecological factors—increased oxygen 50 

levels, changing ocean chemistry, and shifts in predation pressures—drove the radiation (Servais 51 

et al., 2010; Edwards, 2019). These established facets of the modern marine ecosystem, 52 

significantly shaping the evolutionary trajectory of marine life (Webby et al., 2004; Servais et al., 53 

2010; Harper et al., 2015; Servais and Harper, 2018; Edwards, 2019). 54 

The GOBE saw the origin of animal groups that are seen in modern biotas. Among these, 55 

the horseshoe crabs (Xiphosura)—the only modern marine euchelicerates (Størmer, 1952; 56 

Shuster Jr., 1982; Shuster Jr., 2001)—had an Ordovician origin (Rudkin and Young, 2009; 57 

Lamsdell et al., 2023). Horseshoe crabs have a fossil record spanning over ~480 million years, 58 

during which time they experienced two major morphological and taxonomic radiations—the 59 

Carboniferous and Triassic (Bicknell and Pates, 2020; Lamsdell, 2020; Bicknell et al., 2022). 60 

Presently, the oldest known horseshoe crabs are considered un-described specimens from the 61 

Lower Ordovician (Tremadocian) of western Utah and southeastern Idaho (Adrain et al., 2023) 62 

and the Lower Ordovician (Floian) Fezouata Lagerstätte, Morocco (Van Roy et al., 2015; 63 

Lamsdell and Ocon, 2025), as well as  named younger species from the Upper Ordovician 64 

(Sandbian-Katian) of Canada (Rudkin and Young, 2009; Lamsdell et al., 2023) and the USA 65 

(Lamsdell et al., 2025). A Silurian (Ludlow) species from the USA has also recently been 66 

documented (Lamsdell, 2025). These early xiphosurans have ovate, shovel, to crescentic 67 

prosomae and a fused thoracetron expressing tergites—structures ancestral to the extant 68 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



4 
 

morphotype. Here we document new, large Middle Ordovician horseshoe crab body fossils 69 

associated with trace fossils from the Darriwilian of Saudi Arabia that shed light on behaviour in 70 

early Xiphosura. 71 

Geological context 72 

AlUla, in northwest Saudi Arabia, is a geologically diverse region. It is a part of the 73 

Arabian Shield, which includes Precambrian igneous and metamorphic rocks, as well as 74 

Cambrian and Early Ordovician sandstones (Hadly, 1987). Extensive lava fields developed from 75 

around 10 mya until 500,000 years ago due to the Red Sea rifting (Hadly, 1987; Rasul et al., 76 

2015; Altherr et al., 2019). More recent alluvial deposits can be found across the region, 77 

especially in valleys (wadis), ranging from large water-travelled boulders to fine-grained wind-78 

blown sand (Al-Bassam et al., 2014). Early Palaeozoic fine-grained to medium-grained quartz 79 

sandstones and conglomerates (the older Siq Sandstone and younger Quweira Sandstone and Saq 80 

Formation) dominate the central and northern part of AlUla (Hadly, 1987). The palaeogeography 81 

and fauna/ichnology of the Palaeozoic deposits of AlUla are poorly known, with only Cruziana 82 

and Skolithos trace fossils documented in the Saq Formation (Helal, 1964, 1968; Hadly, 1987). 83 

The location of the new material consists of the Late Cambrian Quweria Sandstone and 84 

the Lower to Middle Ordovician Saq Formation. The Quweira Sandstone (= the Ram and Umm 85 

Sahm sandstones in Jordan, Quennell, 1951) reflects fluvial dominated to tidal deltaic 86 

environments, with no body or trace fossils. Conglomerates are present in the middle Quweira 87 

Sandstone in palaeo-valleys, indicating a significant sea-level drop. The Risha Member is the 88 

first unit of the Saq Formation, conformably overlying the Quweira Sandstone (El-Khayal and 89 

Romano, 1988). The Risha Member consists of poorly- to well-sorted, cross-bedded sandstone 90 

typical of braided-river systems. The upper Risha Member consists of storm-dominated marine 91 
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deposits containing Cruziana indicative of more distal marine palaeoenvironments. The 92 

transition from Risha Member to the overlying Sajir Member is a 1 m-thick, fine-grained section 93 

reflecting a shift from shoreface to proximal offshore deposits. The lower Sajir Member records 94 

repeated transgressive parasequences shifting between tidally to fluvial-influenced mouth-bar 95 

deltaic and storm-dominated deposits. The transgressions are marked by hardground and 96 

condensed levels, while marine beds are indicated by wave ripples, interference ripples, gutter 97 

casts, hummocky and swaley cross-stratification, and tidal bundles.  98 

Distinct bedding surfaces within the middle units of the Sajir Member preserve horseshoe 99 

crab material (Figure 1). These surfaces also record bioturbation, evidence of low sediment 100 

supply, and extensive time periods in these conditions. These condensed horizons are always 101 

overlain by repeated storm-influenced beds. The specimens considered here are all preserved 102 

upside down in lower shoreface sandstones overlain by storm dominated layers that indicate 103 

repeated, cyclical storm events. Several thin, dark red, iron- and mica-rich sandstone beds that 104 

vary between 5–50 mm in thickness preserve both Cruziana and Xiphosura specimens. Thicker 105 

(130–160 mm), light grey, sandstone beds that are stratigraphically above the iron rich beds 106 

preserve multiple Xiphosura body and associated trace fossils. Gutter casts, wave ripples and 107 

hummocky crossbedding indicate storm deposits. These thicker beds are overlain by thinner (10–108 

30 mm) grey sandstone beds, interbedded with thicker (100 mm) beds. 109 

 A lack of biostratigraphic markers has precluded the determination of an absolute age for 110 

the Sajir Member. However, the Hanadir Member of the Qasim Formation that overlies the Sajir 111 

Member has been dated. Shales of the Hanadir Member are graptolite-rich (McClure, 1978) and 112 

preserve several trilobite and cryptospore species indicative of an upper Middle Ordovician 113 

(Darriwilian) age (El-Khayal and Romano, 1985; Strother et al., 2015). Trace fossils in the upper 114 
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Saq Formation suggest a Lower to Middle Ordovician age (El-Khayal and Romano, 1988). As 115 

the Saq Formation underlies the Hanadir Member, we propose a Middle Ordovician, Darriwilian 116 

age, following Le Hérissé et al. (2017). Note that due to the limited biostratigraphic data, the 117 

Sajir Member may be older than this and we have used conservative (young) age estimates 118 

herein. 119 

Methodology 120 

Imaging and measurement—Specimens were imaged under LED light with an Olympus 121 

E-M1MarkIII camera. Originally, specimens were coated with ammonium chloride sublimate 122 

prior to photography to enhance contrast. However, due to the three-dimensional nature of the 123 

specimens, we present them uncoated. Measurements of specimens were gathered using digital 124 

callipers (Table 1). Specimens are housed within the Royal Commission of AlUla collections 125 

(RCU), Saudi Arabia.  126 

Systematics of body fossils—We follow the systematic taxonomy of Rudkin et al. (2008), 127 

Lamsdell (2020), and Bicknell et al. (2024) and anatomical terms from Bicknell and Pates (2020) 128 

and Lamsdell et al. (2023) when describing the body fossils. 129 

Systematics of trace fossils—We follow the systematic taxonomy of Romano and Whyte, 130 

(1987; 1990; 2015) and Leibach et al. (2021) when describing the trace fossils.  131 

 Size data—To compare the size of Sajir specimens to other horseshoe crab species, we 132 

used the prosomal size data collated in Bicknell et al. (2022). Prosomal length and width 133 

measurements were natural log (ln) normalized and plotted, highlighting the position of new 134 

specimens in bivariate space. 135 
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Neoichnology—To explore the origin of the trace fossils, we used living juvenile 136 

specimens of the American horseshoe crab Limulus polyphemus of comparable size to Sajir 137 

specimens to reproduce the traces. A sand and clay mixture was layered on a ~25o angle in a 138 

Plexiglastm aquarium (60 cm x 29 cm x 20 cm), creating a sloped “beach” that levelled out two 139 

thirds of the way across the tank. Seawater was poured into the low end to submerge the matrix 140 

and allowed to stand for 24 hours. Water was then siphoned off to expose a “beach” area, leaving 141 

3 cm of water over the lowest part of the “beach”. The juvenile L. polyphemus was removed 142 

from a holding tank and gently placed prosoma-down into the slope substrate to model the 143 

upside-down deposition of an individual on a sandy bed. The horseshoe crab was left for five 144 

minutes to make a trace, after which they were gently removed without disturbing the underlying 145 

substrate and returned to their aquaculture tanks. Remaining water was siphoned out without 146 

disturbing the trace. After 24 hours, a cast of the trace was produced by pouring DAP Plaster of 147 

Paristm into the aquarium, beginning at the lowest point until the entire slope was covered. Once 148 

fully dry, the plaster cast was removed and a series of medium to fine-ultra paintbrushes were 149 

used to clear away sediment stuck to the cast. The cast (Figure 2H) is housed within the Yale 150 

Peabody Museum invertebrate paleontology (YPM IP) collection. 151 

Palaeoclimatic analyses—To estimate the palaeoenvironmental conditions that were 152 

present in AlUla during the Darriwilian, palaeoclimatic analyses were conducted using Global 153 

Circulation Models (GCM). Occurrences of the new Ordovician horseshoe crab were acquired 154 

using GPS from the type locality (27°18'56.0", N 37°56'14.2"E). Using the rgplates package 155 

version 0.3.2 (Kocsis et al., 2023) in R version 4.0 (Team, 2021), the occurrence was palaeo-156 

rotated to the Darriwilian using Scotese’s PALEOMAP (Scotese, 2016) palaeo-digital elevation 157 

model. As the Darriwilian overlaps with two palaeo-digital elevation models, the occurrence was 158 
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rotated to the 460 mya and 465 mya time slices. The palaeo-rotated occurrence data placed the 159 

new Ordovician horseshoe crabs approximately ~500 km inland—a complication that is 160 

associated with palaeorotation of models (particularly epicontinental sea boundaries) that can 161 

reconstruct coastal invertebrate occurrences on land instead of in the ocean (Scotese and Wright, 162 

2018; Goodman et al., 2025). Furthermore, the coarseness of the digital elevation models (DEM) 163 

and palaeoclimatic variables may have resulted in the placement of the specimens distal from the 164 

coast as the ocean-to-land transition is represented by limited pixels (Goodman et al., 2025). As 165 

the specimens were preserved dorsal-down, given the preservational mode and evidence for 166 

storm-mediated burial, we propose the specimens were swept onto the shoreline. 167 

We used an equal-area (Eckert IV) projection to define a 1000 km radius around the fossil 168 

site to explore climatic and bathymetric ranges of the new Ordovician horseshoe crab and 169 

possible species dispersal. This conservative buffer is appropriate for examining global 170 

ecological niche models (see discussion in Kass et al., 2021; Goodman et al., 2025) and aligns 171 

with observations of Limulus polyphemus, Carcinoscorpius rotundicauda, and Tachypleus gigas 172 

that disperse >200 km from the shoreline (Botton et al., 2003; Tang et al., 2021), although 173 

dispersal capability of horseshoe crabs is also impacted by wind and ocean currents, temperature, 174 

salinity, maturity rate, and breeding ground availability (Botton et al., 1988; Botton et al., 2003; 175 

Berkson et al., 2009; Botton et al., 2010; Carmichael and Brush, 2012; Tang et al., 2021). Within 176 

the study extent, we sampled the total amount of pixels within our study extent (n=107) and this 177 

was repeated for the 460 mya and 465 mya time slices. 178 

Environmental layers were generated using output from the HadCML3 climate model 179 

version 4.5 (Valdes et al., 2017), with inputs from solar luminosity, and the PALEOMAP 180 

palaeogeographic atlas (Scotese, 2016; Scotese and Wright, 2018) for the Darriwilian Stage. The 181 
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GCM “HadCM3LB-M2.1aD” set of simulations (sensu Valdes et al. 2017) was used, with a 182 

surface resolution of 3.75° longitude × 2.75° latitude (grid box size of ~420 × 220 km; at the 183 

equator, reducing to ~200 × 280 km at 45° latitude).  184 

The Scotese simulations are similar to the Middle Ordovician (Map numbers 80 & 80.5) 185 

simulations of Valdes et al. (2021). These simulations prescribe a pCO2 concentration after 186 

Foster et al. (2017). Compared to the Valdes et al. (2021) study, simulations were run for an 187 

additional 2,000 years, with modified atmospheric and ocean physics following Sagoo et al. 188 

(2013), improving polar amplification in deep-time climates. Additionally, islands are defined 189 

correctly for calculating ocean barotropic stream function.  190 

Climate model outputs were chosen to encapsulate the abiotic restrictions of modern and 191 

fossil horseshoe crab species (Shuster Jr. et al., 2003). Variables chosen within the Darriwilian 192 

model sets were annual mixed layer depth (in meters), annual maximum (warmest) and annual 193 

minimum (coldest) sea-surface temperature within a three-month interval (in ºC), monsoon 194 

seasonality index—a proxy for tropical seasonal variability—and annual mean sea-surface 195 

temperature (in ºC). Although horseshoe crabs are known to spend time on the continental shelf 196 

at depths exceeding 290 m (Botton and Ropes, 1987), we did not consider depth-related climatic 197 

variables(Goodman et al., 2025) as the geology suggests shoreline conditions. Finally, we 198 

incorporated bathymetry (in meters), derived from the DEMs that underlie the Scotese GCM 199 

simulations. All variables were rotated from a 0–360 longitudinal format to -180–180 200 

longitudinal format to avoid cutoff at the international date line.  201 

Environmental values from each variable within the 460 mya and 465 mya Darriwilian 202 

time slices were extracted to encapsulate the climatic range of the horseshoe crabs. These 203 

occurrence and climatic data were presented using QGIS version 3.42. Boxplots of each climatic 204 
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variable were also generated using ggplot2 (Wickham et al., 2016), consisting of the extracted 205 

environmental values and the average of the two, and performed analysis of variance and 206 

Tukey’s HSD tests using the agricolae package (de Mendiburu and de Mendiburu, 2019). 207 

Importantly, pixel size (i.e., spatial grain) impacts the interpretation of environmental variables, 208 

specifically bathymetry.  209 

Results 210 

Sajir specimens are preserved as three-dimensional (3D) moulds, prosoma-down (upside 211 

down) (Figure 2). Specimens include body fossils, impressions of body fossils, and trace fossils. 212 

They are documented on several distinct bedding surfaces, cyclically deposited above each other. 213 

Bedding surfaces also show evidence of Cruziana, burrowing traces, and mud cracks. 214 

  The size of Sajir specimens in comparison to other xiphosurans (Figure 3A) demonstrates 215 

that the new material is located within the largest size classes of Mesolimulus (Jurassic) and 216 

medium classes for Tachypleus (modern). These Ordovician forms were therefore substantially 217 

larger than all other Palaeozoic xiphosurans in the Bicknell et al. (2022) dataset. Additionally, the 218 

Sajir specimens are ~60% the size of the largest known Palaeozoic xiphosuran–Xaniopyramis 219 

linseyi. 220 

Comparing the cast of the Limulus polyphemus trace to the trace fossils considered here, 221 

marked similarities in morphology are clear (Figure 2H). The traces record the horseshoe crab 222 

attempting to right itself on the slope and the bilobed trace morphology reflects clumping of 223 

sediment together. Motion along the prosoma-thoracetron articulation produced the clumping, 224 

recording attempts at enrolment and shifting the body to right the exoskeleton.  225 
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Palaeoclimatic models of the Ordovician present important insight into the conditions in 226 

which the Sajir specimens lived. There was an annual mean sea surface temperature range from 227 

15.9–22.7°C (Figure 3B–D), a water depth range between -1,200–0 m, with most of the 228 

distribution being shallow water conditions (Figure 3E), a monsoon seasonality index of -1.7–-229 

1.1 (Figure 3F), and an annual mixed layer depth range of 14–35 m (Figure 3G). 230 

No statistical differences in geologic stages and the average bathymetric readings, coldest 231 

season, and annual mean sea surface temperature were found (Figure 4). Evidence was, however, 232 

found for significant differences in geologic stages and the average for Monsoon Seasonality 233 

Index (F2, 346 = 7.08, p < 0.001) and warmest season (F2, 346 = 3.73, p =0.02) (Figure 4). 234 

Differences in climatic variables reflect averaging across geologic stages. 235 

Systematic Palaeontology 236 

Subphylum: Chelicerata Heymons, 1901 (Heymons, 1901) 237 

Euchelicerata: Weygoldt and Paulus, 1979 (Weygoldt and Paulus, 1979) 238 

Xiphosura: Latreille, 1802 (Latreille, 1802) 239 

Xiphosura incertae sedis 240 

Referred material: RCU.2025.312, RCU.2025.315 241 

Formation, locality, and age: Sajir Member, Saq Formation, AlUla (27°18'56.0"N 242 

37°56'14.2"E), Saudi Arabia, Middle Ordovician (Darriwilian). 243 

Preservation: The specimens are preserved as external, 3D mould on brownish white sandstone.  244 

Description: Isolated prosomal sections (Figure 2) that show marked 3D relief. Prosomae 245 

measure 39.9 (RCU.2025.315) and 47.9 (RCU.2025.312) mm in length, and 77.8 246 

(RCU.2025.315) and 84.9 (RCU.2025.312) mm in width. Prosoma crescentic, with weak, 247 

concave ophthalmic ridges on each side. Ophthalmic ridges form a rounded ‘M’-shape within the 248 
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posterior third of prosoma (Figure 2D, E). Prosoma otherwise effaced. Genal spines robust, 249 

projecting posteriorly from prosoma by 25.9–35.8 mm. Posterior prosomal border curved slightly 250 

convexly anteriorly. Thoracetron and telson unknown. 251 

Remarks: Fossil horseshoe crab species are commonly defined by characters of both prosomal 252 

and thoracetron morphologies. Examined material here is limited to two prosomae and due to 253 

this limited material, we have maintained the taxon in open nomenclature; more complete 254 

specimens are needed for genus and species level assignments. However, we highlight that a 255 

distinctive ‘M’-shaped ophthalmic ridge joint is observed on the prosomae. This joint shape is 256 

observed in the Devonian kasibelinurid Patesia, and limuloid Bellinuroopsis; Carboniferous 257 

belinurids (Belinurus, Euproops, Liomesaspis), Carboniferous and Permian Paleolimulus, and 258 

the Triassic Tasmaniolimulus (Bicknell and Pates, 2020), reinforcing the xiphosuran identity of 259 

the Saudi material, but in all cases the joint is towards the anterior third of the prosoma. The new 260 

material contrasts with these other examples in having an ‘M’-shaped ophthalmic ridge joint 261 

within the posterior third of the prosoma. Compound eyes are not observed in the material. 262 

However, xiphosuran lateral compound eyes are located along ophthalmic ridges. The reduced 263 

ophthalmic ridge length in the Saudi material indicates that lateral compound eyes were located 264 

posteriorly compared to modern forms (Bicknell et al., 2019).  265 

Systematic Ichnology  266 

Ichnogenus: Selenichnites Romano and Whyte, 1990 (Romano and Whyte, 1990) (= 267 

Selenichnus Romano and Whyte, 1987 (Romano and Whyte, 1987)) 268 

Ichnospecies: Selenichnites sursumdeorsum 269 

Figure 2 270 

Etymology: Named after the dorsal-down preservation, Latin for upside down. 271 

Holotype: RCU.2025.313 272 
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Referred material: RCU.2025.312, RCU.2025.314–RCU.2025.319,  273 

Type locality, formation, and age: Sajir Member, Saq Formation, AlUla (27°18'56.0"N 274 

37°56'14.2"E), Saudi Arabia, Middle Ordovician (Darriwilian). 275 

Diagnosis: Solitary crescent-shaped trace, approximately as long as wide, with inner margin of 276 

crescent interrupted in midline to give two paired lobes with long axes more or less parallel to 277 

median line. Posterior to the crescent a convex bilobate morphology with two parallel lobes, 278 

covered by transverse ridges, separated by a median line in the posterior part of the lobes, long 279 

axis of each lobe at about 30°. Trace strongly convex. 280 

Description: Specimens are preserved as positive convex hypo-relief casts (Epichnia). Quality 281 

of preservation varies, with some specimens preserving detailed posterior bilobate-shaped 282 

morphology, whereas others preserve relatively undefined lobes.  283 

The anterior crescent is approximately as long as wide. The prosoma is represented by 284 

bilaterally symmetrical lobes, which form thin ridges on the exterior of the trace and slope gently 285 

inwards, towards the other lobe. The crescent is interrupted in midline to give two paired lobes 286 

with long axes about the median line. The anterior margin has a slight indent in the middle, 287 

creating an M-shape. The impressions of the genal spines are nearly straight.  288 

The posterior bilobate-shaped morphology consists of two parallel lobes that join 289 

anteriorly. They are preserved in positive convex hypo-relief and range in length between 20.0–290 

28.0 mm and in width between 38.1–47.3 mm. There are three to four transverse corrugations at 291 

common distances of 2–5 mm. Posterior lobes terminate at the posterior end of the crescent 292 

shaped anterior.  293 

Remarks: These trace fossils are assigned to the ichnogenus Selenichnites, as they 294 

preserve the rounded anterior margin and paired crescent-shaped anterolateral lobes that are 295 
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typical of this ichnogenus (Romano and Whyte, 1987, 2003, 2015). The anterior morphology of 296 

the AlUla traces resembles Selenichnites cordiformis (Fischer, 1978), but S. cordiformis is 297 

missing the posterior bilobate morphology.  298 

Discussion 299 

The specimens observed here are preserved upside down without evidence for 300 

tectonically overturned beds. This is unique in the horseshoe crab fossil record. Using the 301 

depositional environment and proposed palaeoclimatic reconstructions (Figure 3), we outline the 302 

following system as an explanation for the material. The Sajir Member represents a tidally- 303 

influenced delta where horseshoe crabs spawned proximal to the palaeo-shoreline, likely in 304 

lower shoreface conditions. During large, storm events, spawning individuals were picked up and 305 

redeposited upside down. Horseshoe crabs attempted to escape by moving along the prosoma-306 

thoracetron articulation, producing the bilobed traces. The lack of thoracetron sections as body 307 

fossils demonstrates that posterior exoskeletal sections were damaged during failed attempts to 308 

escape. One of two taphonomic pathways then occurred—(1) the prosoma was preserved as a 309 

mould or (2) the prosoma decayed, leaving either a detailed or poorly defined impression. In the 310 

first pathway, the horseshoe crab was deposited in a localized area of anoxia (possibly from 311 

proximal algal masses), moulding the prosoma in sufficient detail in the matrix, prior to 312 

exoskeletal decay. This mould was then lithified as the body fossil. In the second pathway, the 313 

prosoma made an impression in a substrate that was too oxygen-rich. The prosoma completely 314 

decayed, preserving body fossil impressions. The extreme of this pathway is represented by 315 

specimens that show poorly defined prosomae and trace fossils. Here, either the substrate was 316 

too coarse or saturated to permit detailed impressions, or during prosomal decay sediment 317 

slumping and infilling occurred. In all pathways, the trace fossils are more consistently 318 
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preserved. This taphonomic pathway was repeated multiple times, evidenced by different 319 

bedding plains preserving xiphosuran fossils (Figure 1). 320 

The trace fossil posterior to the prosoma was reproduced when modern horseshoe crabs 321 

were positioned upside down on the substrate (Figure 2H). Motion along the prosoma–322 

thoracetron articulation reflects sediment clumping. Traces posterior to prosomae in 323 

RCU.2025.312 and RCU.2025.315 are therefore interpreted as examples of attempted escape 324 

traces, not burrowing traces. These are the oldest xiphosuran trace fossils in the marine fossil 325 

record, together with the Darriwilian Kouphichnium specimens from the Baykit Sandstone of 326 

Siberia (Kushlina and Dronov, 2011) and only slightly younger than the Tremadocian 327 

Crescentichnus antarcticus from the marginal marine sediments of the Blaiklock Glacier Group 328 

of Antarctica (Weber and Braddy, 2003; Romano and Whyte, 2015). The appearance of the 329 

similarly crescent shaped traces Crescentichnus antarcticus and Selenichnites cordiformis (the 330 

latter from the Sandbian of Colorado, USA) (Fischer, 1978) suggests that the modern prosoma 331 

shape of xiphosurans developed early in their evolution, however, both of these traces are ~50% 332 

smaller than the examples here, suggesting that they were produced by either juveniles or a 333 

different species.  334 

The association of the trace fossil Selenichnites sursumdeorsum with its trace maker is 335 

particularly important. Examples of trace fossils in association with the trace maker are 336 

extremely rare in the fossil record (Fortey and Seilacher, 1997; Fatka and Szabad, 2011; Lomax 337 

and Racay, 2012), as the trace and body fossils must both have comparable preservation 338 

potentials (Fatka and Szabad, 2011; Lomax and Racay, 2012). Horseshoe crabs have only been 339 

found in association with Kouphichnium tracks, where the horseshoe crab landed on the seafloor, 340 

walked for a small distance and perished (Lomax and Racay, 2012). Such traces are referred to as 341 
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death traces or mortichnia. In most cases death traces are preserved in largely anoxic settings 342 

(Buatois and Mángano, 2011), which makes the herein described especially interesting, as the 343 

depositional setting does not suggest extensive anoxia. The preserved tracemakers of the studied 344 

specimens likely suffocated while they tried to escape the substrate and were buried in place.  345 

Horseshoe crabs reaching sizes of Mesolimulus and Tachypleus in the Ordovician are 346 

unprecedented. Xiphosura of these sizes are aberrant prior to the Jurassic (Bicknell and Pates, 347 

2020; Bicknell et al., 2022) with just two other examples—a recently documented Late 348 

Ordovician Lunataspis with a shovel shaped prosoma (Lamsdell et al., 2025) and a large 349 

Carboniferous paleolimulid (Siveter and Selden, 1987). The Xiphosura incertae sedis material 350 

considered here therefore presents strong evidence for the rise of larger horseshoe crabs within 351 

the Ordovician. Extinct horseshoe crabs clearly exceeded previous body size expectations, 352 

rivalling modern forms, much deeper within the fossil record. These large xiphosurans may have 353 

followed the pathway exhibited by trilobites or eurypterids, showing substantial increases in size 354 

in the Ordovician (Sun et al., 2025) and Siluro-Devonian (Braddy et al., 2008), respectively. This 355 

would reflect selection towards increased sizes associated with marine redox conditions (Sun et 356 

al., 2025), or size refugia (Vermeij, 2016). 357 

Horseshoe crab body and trace fossils preserved in multiple, overlaying bedding planes 358 

illustrate that xiphosurans had occupied the same locality and environment over a timespan 359 

measured by cyclical storms. Modern horseshoe crabs return to the same spawning locality 360 

across different years (Leschen et al., 2006; Brockmann and Johnson, 2011). Genetic separation 361 

of different populations demonstrates that biologically distinct groups arise from this spawning 362 

biology (Avise et al., 1994; King et al., 2015; García-Enríquez et al., 2023). We infer that these 363 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



17 
 

Ordovician horseshoe crabs may have exhibited similar behaviours over deep time and highlight 364 

that this reproductive strategy is deeply rooted in the euchelicerate tree. 365 

Palaeoclimatic modelling reinforces the origin of horseshoe crab behaviour in the Middle 366 

Ordovician. Water depth ranges are consistent with those of modern species (Botton and Ropes, 367 

1987; Botton and Ropes, 1989). The range of annual mean sea surface temperature (15.9–22.7 368 

°C) demonstrates a temperate environment, consistent with conditions inhabited by the American 369 

horseshoe crab (Shuster Jr., 1982). Further, the high monsoonal seasonality Index (-1.7–-1.1) 370 

provides evidence for an environment with strong seasonal variation—consistent with modern 371 

forms (Shuster Jr. et al., 2003)—where variation in nutrient delivery (either from overturn or 372 

terrestrial runoff) results in increased primary and secondary productivity and prey consumption.  373 

Conclusion 374 

The discovery of Ordovician xiphosurans and associated attempted escape trace fossils 375 

offer a unique glimpse into early ecological strategies of Xiphosura. The inverted preservation 376 

and repeated stratigraphic recurrence of body and trace fossils evidence storm-driven burial of 377 

individuals. The shoreface context of the xiphosurans is consistent with spawning, and signals 378 

the possibility that reproductive site selectivity was established as early as the Ordovician. 379 

Together, the morphological, iconological, and palaeoenvironmental data presented herein 380 

highlight the deep origin of modern behaviours within Palaeozoic marine ecosystems. 381 
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 397 

Specimen Prosoma

l length 

(mm) 

Prosomal width 

(mm) 

Trace length 

(mm) 

Trace width 

(mm) 

Impression length 

(mm) 

Impression width 

(mm) 

RCU.2025.312  47.9 84.9 20.0 38.4 – – 

RCU.2025.315 39.9 77.8 24.9 46.9 – – 

RCU.2025.313 – – 25.8 47.3 24.6 72.3 

RCU.2025.314 – – 21.6 38.1 51.9 75.7 

RCU.2025.318a – – – – 34.4 75.3 

RCU.2025.318b – – – – 49.9 70.1 

RCU.2025.317 – – 27.3 45.7 34.0 71.0 

RCU.2025.316 – – 28.0 47.3 23.1 64.8 

RCU.2025.319 – – 28.6 62.3 – 13.5 

Table 1: Summary of measurements for examined body and trace fossils. 398 
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 400 

Supplemental Data 1: Measurement data of xiphosurans from Bicknell et al. (2022) used for 401 

Figure 2A. 402 

Supplemental Data 2: Palaeoclimatic data outputs used to compare and contextualize 403 

differences in environmental conditions across Darriwilian. 404 

Supplemental Data 3: Raw palaeoclimatic data required for analyses. 405 

Supplemental Code: R code used for palaeoclimatic analyses and plots. 406 
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Figure captions 408 

Figure 1: Stratigraphic section of studied region showing localities of horseshoe crab fossils 409 

and traces. (A): RCU.2025.319. (B): RCU.2025.314. (C): RCU.2025.316. (D): RCU.2025.318. 410 

(E): RCU.2025.313. (F): RCU.2025.312. (G): RCU.2025.315. (H): RCU.2025.317. 411 

Figure 2: Horseshoe crab body and trace fossils from AlUla, along with modern horseshoe 412 

crab traces. (A, B, D, E) Xiphosura incertae sedis with Selenichnites sursumdeorsum. (A, D) 413 

RCU.2025.312. (A) Image of specimen. (D) Line drawing of specimen. (B, E) RCU.2025.315. 414 

(B) Image of specimen. (E) Line drawing of specimen. (C, F, G) Selenichnites sursumdeorsum 415 

with well-defined prosomal impressions. (C) Holotype. RCU.2025.313. (F) RCU.2025.314. (G) 416 

RCU.2025.318. (a) and (b) denote different impressions on slab. (H) Impression produced by 417 

modern American horseshoe crab, Limulus polyphemus. YPM IP 259971. (I, J) Selenichnites 418 

sursumdeorsum with poorly defined prosomal impressions. (I) RCU.2025.316. (J) 419 

RCU.2025.317. RCU.2025.319 not figured. (H) image converted to greyscale. (D, E) Lighter 420 

grey: prosoma. Darker grey: Selenichnites sursumdeorsum. Abbreviations: gs, genal spine; opr: 421 

ophthalmic ridge. Scale bars: (A, C, D, F, G): 20 mm; (B, E, H, I, J): 10 mm. Image credit: (H): 422 

Jessica Utrup. 423 

Figure 3: Size and palaeoclimatic models associated with new xiphosuran fossils. (A) 424 

Natural log normalized size data of modern and extinct horseshoe crab prosomae showing the 425 

large size of the Saudi xiphosurans. (B–G) Palaeoclimatic models associated with the Saudi 426 

xiphosurans. Yellow star indicates type locality. Purple oval indicates 1000 km buffer. (B) 427 

Annual sea surface temperature. (C) Warmest three-month sea surface temperature. (D) Coldest 428 

three-month sea surface temperature. (E) Bathymetry. (F) Monsoon seasonality index. (G) 429 

Annual mixed layer depth.  430 
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Figure 4: Summary of comparative analyses between different time divisions of the Darriwilian. 431 
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