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A marine bonebed from the Campanian (Upper Cretaceous) Bearpaw – Dinosaur Park Formation transition, containing both micro- and macrovertebrate fossils and trace fossils, was discovered in west-central Saskatchewan, Canada. The bonebed formed during transgression of the Western Interior Seaway, with the stratigraphy of the area displaying extensive interfingering of these terrestrial and marine facies. The macrovertebrate fossils occur in a layer of fine-grained, unconsolidated sand. Directly overlying this stratum is a layer of sulfur-rich, medium-grained sandstone, containing microvertebrate fossils. Most of the material in both layers is highly encrusted in gypsum. We propose that the bonebed formed in a barrier island system over three stages: original deposition of marine reptile bones in a silled basin over a period of sediment starvation, redeposition and burial of the bone material due to higher energy flow through the basin, and deposition of bony and cartilaginous fish material during a period of water stratification and subsequent euxinic (anoxic and sulfuric) conditions. Because sediment deposition rates were low when the marine reptile bones accumulated, these elements spent extended periods at the sediment-water interface, allowing them to become bioeroded. The bioerosion at this site takes two main forms: parallel-sided boreholes about one cm wide, and extensive hollowing out of the cancellous bone. Although the invertebrate tracemakers were not preserved the boreholes resemble clavate borings made by bivalves, and the hollowing could have been caused by polychaete worms or grazing gastropods. The presence of sulfur-rich deposits and chemosymbiotic Chondrites isp. traces in the layer above the bonebed suggest the development of a stratified water column in the basin, with euxinic (anoxic and sulfuric) conditions near the seafloor. Disruption of the water column culminated in a mass die-off of non-air breathing vertebrates in the surface waters and constitutes the microvertebrate layer of the bonebed. Marine reptile bonebeds are rare in the fossil record, and this site represents the first time a vertebrate assemblage has been described from a barrier island system in Saskatchewan.
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INTRODUCTION

The hamlet of Herschel in west-central Saskatchewan, Canada (Figure 1A) is the site of a rare multitaxic, micro- to macrovertebrate bonebed in the Upper Cretaceous marginal marine to marine strata of the Dinosaur Park – Bearpaw formation transition (Figure 1B). Bonebeds preserving the fossil remains of multiple individuals, while uncommon in terrestrial settings, are particularly rare for marine macrovertebrates (Eberth et al., 2007; Rogers and Kidwell, 2007). Bonebeds can form as biogenic and/or physical concentrations (Rogers and Kidwell, 2007). In marine settings, bonebeds are more often the result of physical processes, whether hydraulic, sedimentologic, or a combination of the two. Sedimentologic concentrations include attritional accumulations, in which bioclast input is greater that sediment input, and can result in time-averaged bonebeds with variable quality of preservation of the fossils preserved therein (Rogers and Kidwell, 2007).
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FIGURE 1. Locality map. (A) Map of Canada with Saskatchewan shaded in black. Modified from Bamforth et al. (2014). (B) Map of Saskatchewan with location of Herschel indicated with a star. Orange shading indicates outcrops of the Bearpaw Formation. Modified from Dawson et al. (1994).



Herschel, Saskatchewan, is located approximately 150 km southwest of the city of Saskatoon. The area was primarily known for its First Nations’ history and archeological sites, including petroglyphs, effigies, and at least one buffalo jump, the study of which led to the initial discovery of the local paleontological resources. In 1990, the partial skeleton of a sub-adult polycotylid plesiosaur was discovered close to the community, turning attention toward paleontology in the area. The specimen was excavated by Tim Tokaryk of the Royal Saskatchewan Museum, and was formally described as Dolichorhynchops herschelensis Sato, 2005, a new species endemic to Saskatchewan. Further prospecting revealed the area to be moderately rich in marine fossil material. Of particular note to Tokaryk was a small knoll approximately 200 m from the D. herschelensis type locality, from which a large amount of fossil material was weathering. Excavation of this knoll, which became the Herschel marine bonebed, revealed an abundance of vertebrate fossils, trace fossils, and coalified wood in a concentrated area.

The bonebed site has been collected by the Royal Saskatchewan Museum several times in the last 30 years, with major excavations undertaken in 1997, 2006, and 2014. The Royal Saskatchewan Museum now curates thousands of fossil specimens from the Herschel bonebed. The locally run Ancient Echoes Interpretive Centre at Herschel exhibits the region’s rich archeological and paleontological history. Much of the archival material pertinent to the discovery and collection of D. herschelensis and the Herschel bonebed can be found there.

The vertebrate fauna at the Herschel marine bonebed is dominated by isolated plesiosaur skeletal elements, with elasmosaurids being more abundant than polycotylids. Mosasaur and marine turtle elements are much rarer components of the fauna. The microvertebrate component of the bonebed consists of both teeth and vertebrae of bony and cartilaginous fishes. Abundant trace fossils, mainly belonging to the ichnogenus Planolites isp., are present in the collection, as are several pieces of coalified wood.

Numerous macrovertebrate fossils recovered from the Herschel marine bonebed preserve evidence of bioerosion. In modern marine settings, whale-falls host communities of benthic bone-consuming detritivores and chemoautotrophs in both shallow- (Dahlgren et al., 2006; Braby et al., 2007; Fujiwara et al., 2007) and deep-water environments (Baco and Smith, 2003; Smith and Baco, 2003; Braby et al., 2007; Johnson et al., 2010). Such associations have also been observed in the fossil record for both Cenozoic marine mammals (Kiel et al., 2010, 2013; Higgs et al., 2012; Danise and Higgs, 2015) and Mesozoic marine reptiles (Kaim et al., 2008; Danise et al., 2014). The assemblages of invertebrates found colonizing modern whale-falls include various families of polychaete worms (Baco and Smith, 2003; Fujiwara et al., 2007), including multiple species of the bone-boring Osedax (Braby et al., 2007; Higgs et al., 2010), crustaceans including Paralomas (Johnson et al., 2010), mytilid bivalves (Fujiwara et al., 2007), and gastropods such as Rubyspira (Johnson et al., 2010). Small boreholes, pock-mark-like collapsed galleries, and more extensive bioerosion have been attributed to the presence of Osedax in the fossil record (Kiel et al., 2011, 2013; Higgs et al., 2012; Boessenecker and Fordyce, 2014; Danise and Higgs, 2015). Other fossils record evidence of scavenging by echinoderms (Danise et al., 2014) and gastropods (Kaim et al., 2008).

The purpose of this study is to describe the formation of this highly unique bonebed, deposited during the transition between the terrestrial Dinosaur Park Formation and the marine Bearpaw Formation. The ichnology associated with the vertebrate material in this bonebed and the unusual bioerosion of the fossils are described. The unique stratigraphy, lithology, and array of trace fossils allow for interpretations about the ecology and depositional setting to be made regarding this region of the Western Interior Sea during the Late Campanian age of the Cretaceous.

GEOLOGICAL SETTING

The Upper Cretaceous Bearpaw Formation was deposited in the Western Canadian Sedimentary Basin during the Campanian (∼76–70 Ma). Orogeny in the Canadian Cordillera was active, flexing the North American craton to create accommodation space. This, combined with high global sea levels, resulted in the formation of the Western Interior Seaway, effectively bisecting North America from the Gulf of Mexico to the Arctic (Dawson et al., 1994). Regional subsidence controlled by tectonics resulted in transgressive-regressive cycles, with clastic sedimentation provided by erosion of western mountain sediments. The Bearpaw Formation represents one of the last transgressive pulses of the Western Interior Seaway across the Canadian plains (Kauffman and Caldwell, 1993). The Bearpaw Formation gradationally to abruptly overlies the Dinosaur Park Formation, the uppermost formation of the Belly River Group (and Judith River Formation equivalents of Montana) (McLean, 1971; Dawson et al., 1994; Gilbert et al., 2019).

The Dinosaur Park Formation of Alberta and Saskatchewan is comprised of alluvial, floodplain, estuarine, and lagoon facies bounded at the base by a regional disconformity, and is gradationally to abruptly overlain by marine deposits of the Bearpaw Formation (Eberth and Hamblin, 1993; Gilbert et al., 2018, 2019). The Bearpaw Formation of central Canada and the north-central United States records marine deposition in a shallow, epicontinental seaway, with coarse-grained sedimentation controlled by wave, storm, and fluvial processes. As sea level was in continuous flux, the deposits in the Herschel area are characterized by an interfingering of marine and terrestrial units. Interfingering is commonly seen across the eastern exposures, recording the onset of transgression (e.g., Woodhawk Member of the Judith River Formation) and has been observed in the Cypress Hills region of southwestern Saskatchewan (McLean, 1971; Rogers et al., 2016; Gilbert et al., 2019).

The regional geology at Herschel is represented by marginal marine facies of the Dinosaur Park Formation abruptly overlain by fully marine shales of the Bearpaw Formation. Transitional facies are characteristic of a marginal marine setting, as sediments were deposited along a dynamic paleocoastline. A composite stratigraphic section of the area (Figure 2) suggests the Dinosaur Park Formation at Herschel is a tongue of terrestrial sediment bound between marine strata of the Bearpaw Formation, during the initial transgressive phase of the 2nd order Bearpaw Cycle (Kauffman and Caldwell, 1993; Tsujita, 1995; Gilbert et al., 2019). Palynological analysis of sediments from the site constrain it stratigraphically to within the uppermost Dinosaur Park Formation and the lowermost Bearpaw Formation (Gilbert et al., 2019), dating to late, but not the latest, Campanian age (Baadsgaard et al., 1992). Placing the marginal marine deposits within the Dinosaur Park Formation, instead of the Bearpaw Formation, is consistent with Gilbert et al. (2019) treatment of the formation in the Cypress Hills, where estuary, lagoon, and barrier island sandstones immediately overlying coastal plain deposits were considered marginal marine expressions of the Dinosaur Park Formation.
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FIGURE 2. Composite section of strata and facies associations in Coal Miners’ Ravine, Herschel, Saskatchewan. Symbols are as indicated in the legend. Stratigraphic position of the bonebed-bearing knoll indicated with BB, shown in detail in Figure 3. Modified from Gilbert et al. (2019).



The Herschel marine bonebed is located on the southeast side of Coal Miners’ Ravine, a tributary of Eagle Creek, a large, shallow glacial meltwater valley that runs through west-central Saskatchewan. Rotational-slump faulting due to modern channel migration of Coal Miners’ Creek has offset the stratigraphy on the two sides of the ravine, such that the strata containing the bonebed sit topographically lower in section than the corresponding strata on the northwest side. Lowermost exposures in Coal Miners’ Ravine represent wave-dominated shallow marine deposits of the Bearpaw Formation and are overlain by barrier island sandstones, lagoon heterolithics, and coastal plain mudstones of the Dinosaur Park Formation (Gilbert et al., 2019). The upper Dinosaur Park – Bearpaw Formation contact in the area is marked by a marine flooding surface and a transition from cross-bedded sandstone to shale (Figure 2).

The site was deposited in a transitional zone and records interfingering marginal marine and terrestrial deposits of the Dinosaur Park Formation and marine sediments of the Bearpaw Formation. The interface between the interfingering terrestrial and marine facies is characterized by a wave-dominated, tidally influenced, fluvially affected coastline dominated by barrier island, lagoon, and estuary deposits (Gilbert et al., 2018, 2019). This, combined with regional slump faulting, has resulted in complex stratigraphy with little lateral continuity. The projection of Dinosaur Park facies represents a progradational wedge in an overall transgressive cycle, suggesting the site formed during a time when the rate of sedimentation exceeded the rate at which accommodation space was being created. In regressive barrier island systems of this nature, estuary and tidal flat facies on the paleocoastline would have remained relatively stable as lagoon and barrier island deposits migrated seaward (Timmons et al., 2010). This is analogous to modern barrier island systems at Morgan Peninsula, Alabama (Rodriguez and Meyer, 2006).

MATERIALS AND METHODS

Fossil specimens from the Herschel marine bonebed were obtained by the Royal Saskatchewan Museum in a number of collection events between 1990 and 2019. Fossil positions were mapped using a one-meter grid prior to removal from the quarry, and the specimens were prepared, identified, and cataloged at the T. rex Discovery Centre, Eastend, SK, Canada or the Royal Saskatchewan Museum, Regina, SK, Canada. Specimens from the Herschel collection are currently curated at the T. rex Discovery Centre. Each collection event was designated a specific division number, under which all specimens collected during that event were cataloged. The following division numbers were designated for the Herschel marine bonebed collection: RSKM P2311, RSKM P2625, RSKM P2975, RSKM P3182, RSKM P3197, RSKM P3198, and RSKM P3199. Within each division number, cataloge numbers separated by a period (e.g., RSKM P2975.1) were assigned to individual specimens. The rose diagram used to plot the fossil alignment along fossil’s long axis was generated using the “rose.diag” function in the “Circular” package (Agostinelli and Lund, 2017) of R Statistical Software, version 3.4.4 (R Core Team, 2018). The fossil orientations that were used in this diagram were measured from the quarry map.

The images of the bioeroded specimens illustrated in this study were generated using a Z-Stack (focal stacking) method. Specimens that are tall, rounded, or have convoluted shapes are often difficult to photograph with the entire fossil in focus due to the large depth of field. Z-Stacking is a method whereby multiple images are taken of an object at different focal lengths, and the images are then combined into a single composite image in which the whole specimen is in focus. The specimen photographs were taken at the Royal Saskatchewan Museum with a Visionary Digital photography station using a Canon EOS 5D DSLR camera with Canon EF65 mm lens and Tamron SP AF teleconverter. Specimens were photographed at 10 mm focal intervals, and the subsequent images were combined (stacked) using Helicon Focus 5.4.14 software.

In order to determine the elemental composition of unusual nodules found in the bonebed layer, X-ray florescence analysis (XRF) was employed. XRF is a technique that classifies elements based on the amount of energy released when electrons are displaced from their atomic orbital positions by an X-ray beam. In our analysis, we used a portable Brucker Handheld XRF Analyzer for multi-elemental analyses. The relative elemental composition of the sample was interpreted using a spectral overlay of elemental concentrations, generated using the software provided by the manufacturer. XRF was used to analyze the elemental composition of the Herschel fossil material, bonebed matrix, shale above the microsite layer, and the nodules, though only the composition of the nodules is discussed herein.

RESULTS

Lithology of the Herschel Marine Bonebed

The Herschel bonebed is located on a small knoll of outcrop, approximately 1.5 m high, on the southeastern edge of Coal Miners’ Ravine. The strata overlying the bonebed, and forming the majority of the outcrop, consist of massive, medium to dark gray, and dominantly structureless marine shale (Figure 3A). Localized silt, sand, and sulfur stringers, with rare oscillatory ripples, 3–5 mm in thickness, are pervasive throughout this unit.
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FIGURE 3. Lithology of the Herschel bonebed fossil site. Scale bars are as indicated. (A) General view of outcrop. White rectangle represents the strata shown in (B). (B) Detailed lithology of fossil- and ichnofossil-bearing layers. (C,D) Chondrites isp. (E) Detail of sulfur-rich microvertebrate bearing layer (note black carbonized plant material and white gypsum crystals). (F) Fish vertebra found within microvertebrate layer (note crust of gypsum encapsulating each fossil). (G) RSKM P3229, in situ macrovertebrate fossils from bonebed (from left, plesiosaur propodial and two vertebrae with neural arches attached; note directional alignment of specimens and gypsum encrustation). (H) Manganese and iron-rich nodule. (I) Amber granules found in association with carbonized wood. (J) RSKM P3197.197, ghost crab burrow (Spongeliomorpha isp.). (K) RSKM P3197.206, invertebrate feeding trace (Planolites isp.). CL, Chondrites isp. layer; MvL, microvertebrate layer; BbL, bonebed layer.



The bonebed layer is approximately 15–20 cm thick. In contrast to the massive shale unit that overlies it, the strata above and below the bonebed comprise multiple different lithologies (Figure 3B). Underlying the bonebed is a thin layer of finely laminated shale, gray to yellow-gray (Munsell Soil Color Charts, 2010; 5YR 6/4) in color, and rich in fine black carbonaceous plant debris. Overlying this is the marine macrovertebrate bonebed layer (Figure 3B), approximately 10–15 cm thick, consisting of a fine-grained olive-colored (10Y 6/2), unconsolidated sandstone. The stratum containing the macrovertebrate bonebed is dominantly structureless, but does record small parallel laminae consisting of interbedded mudstone, shale and siltstone. The vast majority of the large vertebrate bones are encrusted with gypsum (Figure 3G), with large gypsum crystals found isolated among the skeletal elements. Coalified wood and amber granules (Figure 3I) are also common throughout. Occasional fish vertebrae and shark teeth were recovered among the macrovertebrate fossils. The bonebed layer is associated with ghost crab burrows (c.f. Spongeliomorpha isp.) (Figure 3J), as well as Planolites isp., (Figure 3K) cylindrical, straight to jointed, and sand-filled casts of invertebrate feeding traces. The bonebed also contained two enigmatic clusters of egg-shaped nodules (Figure 3H). Analysis by X-ray fluorescence revealed these nodules to consist almost entirely of iron and manganese.

Overlying the macrovertebrate bonebed is a laterally continuous 2–7 cm thick, yellow-orange (5YR 8/14) deposit consisting of sulfur, medium-grained sand, pieces of carbonized wood and amber (Figure 3E), and abundant gypsum-encrusted fish and shark isolated elements (Figure 3F). This distinct sulfur-rich layer is referred to as the “microvertebrate layer,” in reference to the vertebrate material it contains. Within the microvertebrate layer, the medium-grained sand deposits occasionally appear to be finely laminated with organic material. This carbon-rich, sulfur deposit reoccurs in patches farther up in the section in the strata overlying the bonebed. Directly above the bonebed layer, the deposits are heavily bioturbated with a monospecific Chondrites isp. assemblage (Figures 3C,D). This same trace fossil is found inside some of the hollowed out marine reptile bones. Above the Chondrites isp. layer is the medium to dark gray, dominantly structureless marine shale that comprises most of the outcrop. Mottled strata, consisting of small sulfur-rich patches is observed close to the base of this stratum. This type of strata is often seen as the result of sediment reworking in other Saskatchewan marine deposits. The presence of a small number of fossils approximately one meter above the bonebed layer to the northwest of the main bonebed (Figure 4A) is consistent this observation.
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FIGURE 4. Quarry map. (A) Detailed map of the location of the fossils recovered from the bonebed. Orange shaded fossils were found one meter above the rest of the bonebed. Original quarry map created by D. Stoffregen and W. Long. (B) Rose diagram of the orientation fossils in the bonebed demonstrating current alignment. F, fish vertebra; G, gastrolith; S, shark tooth.



Spatially, the macrovertebrate fossils in the bonebed layer are not evenly distributed. There are two distinct concentrations of fossils (Figure 4A), each of which contains bones primarily aligned in one direction. The northern arm of the bonebed was uncovered first when excavation began on the north face of the bonebed-hosting knoll. In this northern arm of the bonebed, the fossils are somewhat more dispersed, and long-bones and ribs lie primarily in an east-west orientation (Figure 4B). As the excavation progressed, the denser southern arm of the bonebed was revealed. Ribs in this part of the bonebed are oriented in a northeast-southwest direction (Figure 4B).

Fossil Taxa Overview

Over 3,100 fossil specimens have been recovered from the Herschel Marine bonebed. These fossils include both body and trace fossils, primarily of marine species but also including rare terrestrial taxa. Large marine reptile fossils are the most abundant, but there are also numerous teeth and vertebrae from both bony and cartilaginous fishes. A detailed investigation of the fish diversity preserved in the bonebed is beyond the scope of the present study, but preserved teeth indicate the presence of ichthyodectids, Enchodus sp., Protosphyraena sp., Ischyodus rayhaasi, hybodontids, odontaspidids, and other lamniforms. Most of the marine reptile fossils are referable to polycotylid or elasmosaurid plesiosaurs, though there are also numerous mosasaur remains, representing both Mosasaurinae and Plioplatecarpinae. Finally one identifiable marine turtle costal has also been found. There is a relatively high abundance of juvenile plesiosaur fossils, as evidenced by small, incompletely ossified propodials (humeri and femora) and numerous unfused vertebral centra and neural arches (Brown, 1981). Molluscan fossils are vanishingly rare in the bonebed, with just one ammonite chamber infill recovered; no shelly molluscan material has been found. Trace fossils include both burrows and feeding traces such as Chondrites isp., Planolites isp., and Spongeliomorpha isp. Terrestrial fossils include layers of plant hash below the macrovertebrate bonebed layers, pieces of coalified wood, up to ∼305 mm long with amber inclusions, and champsosaur ribs.

Bioerosion

In addition to the isolated burrows and feeding traces (Figures 3J,K), trace fossils from the marine bonebed include evidence of bioerosion of the preserved macrovertebrate skeletal material. The two primary forms of bioerosion are large (mean ∼ 13 mm diameter) boreholes (Figures 5A–C) and extensive hollowing out of bones (Figures 5B–H). Of these two types of trace fossils, the hollowed bones are more common than the boreholes: hollowing was observed on 27 specimens, boreholes were observed on 5 specimens, and one small plesiosaur propodial was both bored and hollowed (Figures 5B,C). The numerous partial specimens and bone fragments, for which the source of damage could not be determined, were not included in this tally, nor were the microvertebrate fossils. We did not observe evidence of macrovertebrate bioerosion in the form of scavenging scrape marks.
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FIGURE 5. Bioeroded plesiosaur fossils. (A) RSKM P3199.21, vertebra in ventral view exhibiting borehole along path of nutritive foramina. (B) RSKM P3199.152, propodial in post-axial view exhibiting borehole. (C) RSKM P3199.152, same propodial in dorsal or ventral view, also exhibiting hollowing. (D) RSKM P2975.377, distal end of propodial exhibiting hollowing. (E) RSKM P2975.557, vertebra in dorsal view exhibiting hollowing. (F) RSKM P2975.1469, rib exhibiting hollowing. (G) RSKM P2975.1722, distal end of propodial in pre- or post-axial view exhibiting hollowing. (H) RSKM P2975.377, same propodial in proximal view exhibiting hollowing and infilling by Chondrites isp. Black box indicates area magnified in (I). (I) RSKM P2975.377, close-up of Chondrites isp. from (H). Scale bars A-H = 5 cm. Scale bar I = 5 mm.



The boreholes form tubes that pierce through the cortical bone into the cancellous bone (Figures 5A–C). These ichnofossils differ from Gastrochaenolites isp. (produced by bivalves through mechanical boring) in that they are parallel-sided throughout their length, rather than exhibiting a narrower neck and expanded chamber, known as clavate traces (Belaústegui et al., 2012). Additionally, some of the boreholes penetrate all the way through both sides of the element (Figure 5A), unlike the parallel-sided borings reported by Tapanila et al. (2004); whether this morphology reflects the original trace of the boring or is the result of secondary taphonomic processes is unclear. The width of these borings, and the individual rather than grouped morphology, distinguish them from Trypanites isp. (Muñiz et al., 2010). No tracemaker was found in situ in any of these borings, but while the traces are atypical for clavate traces, it is still possible that a bivalve is the responsible tracemaker. In some cases the boreholes appear to have followed the nutritive foramina that characteristically perforate the ventral surface of plesiosaur vertebral centra (Figure 5A).

While various skeletal elements in the bonebed exhibit the second form of bioerosion, it is best exemplified by the propodials that have been hollowed out from their distal extremities (Figures 5B,G). In these cases, the cancellous bone has been consumed from the articular facets, leaving only thin laminae of the dorsal and ventral surfaces of the distal ends of the fossils. This process can also erode the proximal ends of propodials but usually to a lesser degree. Hollowing bioerosion of vertebral centra in the bonebed occurred at various angles, sometimes leaving one surface of the element intact (Figure 5E) and other times leaving just a core of cancellous bone. This lack of directional pattern likely reflects the orientation in which the vertebrae were sitting on the seafloor and the surfaces that were most available to the bioeroding invertebrates. Some ribs appear to have been consumed along their lengths (Figure 5F). It is unclear whether incomplete ribs broke due to other taphonomic processes or whether their ends were completely consumed.

The hollowed fossils differ from the morphology attributed to the ichnospecies Osspecus tuscia Higgs et al., 2012, which is characterized by 0.5 – 0.7 mm holes perforating the bone surface and connecting to short canals and globular chambers up to 5 mm in diameter (Higgs et al., 2012). Some of the vertebrate material from the Herschel bonebed might have exhibited similar patterns of bioerosion at one time, but the surface preservation of most of the fossils is too poor to allow for confident identification of this ichnospecies.

DISCUSSION – STAGES OF BONEBED FORMATION

Initial Deposition and Bioerosion

Based on our observations of the site, we suggest that the Herschel bonebed formed in three stages, reflective of shifts in the paleoenvironment. The initial deposition of the bonebed material took place in a barrier island system at the western edge of the Western Interior Sea (Figure 6A). This silled basin would have been protected from the open ocean, but would not have been completely restricted from it. The macrovertebrate assemblage includes an unusually high proportion of juvenile plesiosaur fossils; during this stage, we suggest that plesiosaurs inhabited the basin, congregating in the area to give birth and raise their young (Wiffen et al., 1995; Kear, 2006; Martin et al., 2007). The bones of individuals who died in this environment were deposited across the sea floor during a period of sediment starvation, resulting in an accumulation of bone material over time. It is notable that despite a hypothesized close proximity to land, there are no terrestrial vertebrate fossils in the bonebed other than three champsosaur ribs. However, terrestrial plant fossils are common, including large pieces of wood containing grains of amber, abundant fragments of coalified plant material throughout the bonebed, and a layer of plant hash directly under the macrovertebrate marine bone layer. It is possible that a coastal marsh acted as a sediment trap, thus preventing the majority of terrestrial organic remains or much terrestrial sediment from reaching the basin as is seen in modern coastal systems (Stumpf, 1983; Neubauer et al., 2002). While a macrovertebrate bonebed could form as a similar attritional accumulation in deeper water, we consider the prevalence of juvenile marine reptile fossils and terrestrial plant material to be shallow water indicators. Additionally, the coarser grain size of the sediments comprising the bonebed horizons differ from the fine-grained shales associated with deposition in the open marine Bearpaw Sea that are seen in the section above and below the tongue of Dinosaur Park Formation (Figure 2).
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FIGURE 6. Environmental interpretation. (A) Region at time of original deposition of marine reptile bones within a barrier island system; a time of sediment starvation and bioerosion of the bones. (B) A new inlet to the basin opens through the barrier islands changing the regional hydrodynamics; the unburied bones are transported into a newly formed channel and are aligned with the current. (C) Rising sea level, as a result of a marine transgression floods the barrier islands and the coastal marshes; the water column becomes stratified, leading to euxinia of the bottom waters, and the subsequent deposition of the microvertebrate layer. Sedimentary fill swatches from U.S. Geological Survey, (2006).



This interval of low sediment input would have allowed for invertebrates such as polychaetes and gastropods to colonize and consume bones exposed at the sediment-water interface. The extensive bioerosion exhibited by some of the macrovertebrate fossils (Figure 5) provides insights about both the biotic and aboitic factors of the environment in which the bones were deposited. In modern whale-falls, species that colonize buried bones are less common and represent late phases of community succession (Braby et al., 2007; Lundsten et al., 2010). Therefore, the extent of bioerosion could indicate low levels of disturbance and sedimentation. These bioeroded specimens may have spent multiple years at the sediment-water interface before burial, facilitated by the sediment starvation attributable to a coastal marsh, resulting in an attritional accumulation. The degree of bioerosion resembles that seen on whale bones that had lain on the seafloor for four to seven years (Braby et al., 2007; Johnson et al., 2010). Even many of the elements lacking bioerosion show evidence of physical weathering (abrasion, fragmentation) further supporting the hypothesis of delayed burial. The number of specimens reported to exhibit hollowing and boreholes likely underrepresents the actual frequency of bioerosion. It is possible that some of the numerous fragmentary fossils recovered from the bonebed are the remnants of heavily bioeroded bones.

While we were unable to recognize published examples of trace fossils identical to the hollowing of skeletal elements preserved in the Herschel marine bonebed, preferential destruction of long-bone ends due to grazing activity of gastropods has been observed in modern human forensic studies (Haglund and Sorg, 2002), and consumption of cancellous bone has been observed in the marine mammal fossil record (Boessenecker et al., 2014). Additionally, this state of preservation somewhat resembles that displayed by an early Oligocene whale rib interpreted to have been colonized by the bone-eating worm Osedax (Kiel et al., 2010), however, no shallow, sub-millimeter sized bore-holes have been observed on the fossils from the Herschel marine bonebed. Extended time at the sediment-water interface could have allowed traces, such as chambers attributable to O. tuscia, to merge, or for secondary processes – whether scavenging by larger invertebrates or chemical dissolution – to enlarge the original chambers, thereby obliterating identifiable ichnofossils.

If Osedax spp. preferentially consume denser cortical bone (Higgs et al., 2010) and damage to cancellous bone is due to mollusks or crustaceans grazing on exposed Osedax spp. palps and microbial mats, it is at first surprising that no fossils of these invertebrates are preserved in the bonebed. Numerous gastropod shells have been found at the sites of both modern whale-falls (Johnson et al., 2010) and marine reptile-falls (Kaim et al., 2008). The lack of calcareous shell material from the Herschel marine bonebed is more likely a taphonomic than biologic signal, whereby calcareous material was dissolved through diagenetic processes. The single fragment of ammonite that has been recovered from the site is preserved as an internal mold, retaining none of the original aragonitic shell. Additionally, the invertebrate community (crustaceans and gastropods) responsible for consuming cancellous bone has previously been reported from modern deep-water environments, so the discovery of that kind of bioerosion in a shallow-water setting was unanticipated (S. Johnson, pers. comm.). It would imply a range extension for gastropods similar to Rubyspira spp. or fossil provannids from the Upper Cretaceous of Japan. However, different species of extant Osedax have been reported to inhabit different water depths (Braby et al., 2007) and numerous mollusks were observed to colonize whale-falls in shallow marine settings (Fujiwara et al., 2007).

Interestingly, despite the apparent abundance of invertebrate scavengers, there is no indication of macrovertebrate scavenging. The bones bear no evidence of the surficial grooves or scratches attributed to scavenging by sharks (Schwimmer et al., 1997; Pobiner, 2008). While it is possible that a combination of generally poor surface preservation and removal of the encrusting gypsum crystals could have obliterated some grooves or scratches, the complete absence of such marks suggests that macrovertebrate scavengers were less abundant than their invertebrate counterparts. Additionally, despite recovering hundreds of shark teeth from the bonebed, none of the teeth is referable to Squalicorax species, which are considered to be some of the primary vertebrate scavengers of the Late Cretaceous Western Interior Sea (Schwimmer et al., 1997). Even though Squalicorax spp. teeth can be locally less abundant than those attributable to contemporaneous genera such as Cretalamna (Schwimmer et al., 1997), their complete absence from this site is surprising.

Redeposition

The fossil distribution in the bonebed indicates that some environmental process occurred to concentrate and channelize the deposit. It is possible that the fossils settled into existing depressions on the seafloor, but that would not account for the differential alignment of the bones in the two arms of the bonebed (Figure 4B). We propose that current-producing forces – whether geologically instantaneous, such as a storm that opened a new inlet in the barrier island, or prolonged, such as a change in prevailing wind directions – altered or increased the currents flowing through the system (Figure 6B). The Dinosaur Park – Bearpaw Formation transition has been previously described as being dominated by wave processes, tidal currents, and occasional storm events (Gilbert et al., 2019). The formation of a new inlet would effectively change the hydrodynamics of the immediate area, allowing tide, wave, and storm currents to erode the inlet and lagoon sediments. This would generate localized turbulence and scouring of the substrate, allowing for the bones to be secondarily concentrated into a bonebed (Figure 4). This transport and increase in water energy would account for the fragmentation and abrasion observed on many of the fossils. Stronger currents would have carried a higher sediment load, eventually burying the bones.

Euxinia and Marine Transgression

The sedimentology and ichnology of the Herschel site suggest that the region underwent a period of euxinia (a form of anoxia combinded with sulfuric conditions) after the redeposition of the macrovertebrate fossil material. Anoxia has been found in modern lagoonal environments, and is attributed to increased environmental temperatures, high organic content, and low water turbidity, often due to decreased wind speed (Cioffi et al., 1995; Harzallah and Chapelle, 2002). Euxinia occurs when anoxia is coupled with the presence of organic matter, sulfate ions, and sulfur-reducing bacteria. This scenario usually occurs in near-shore settings including silled basins (i.e., barrier island bays) and restricted saltwater bodies with a freshwater influence from rivers or streams (Nägler et al., 2011). In silled basin environments that lack regular upwellings that mixes waters of different densities that occurs in the open ocean, euxinia can also develop when the water column becomes strongly stratified, with an oxic, highly productive surface layer and an anoxic, sulfidic bottom layer. In silled basins, rising sea-level can exacerbate euxinia by enhancing stratification of the water with the introduction of denser saltwater (Middelburg et al., 1991). Euxinia has been noted in restricted saltwater bodies such as the Black Sea, which is fed by several freshwater rivers (Nägler et al., 2011).

The fossil plant material in the bonebed implies that the site was deposited relatively near to shore, indicating the silled basin had some freshwater influence. The presence of some trace fossils, bioerosion, and bioturbation in the bonebed layer suggests that the water column at the time of initial deposition was not strongly stratified. It is possible that there may have been periodic stratification events however, as is suggested by the presence of Chondrities isp., a trace fossil known to frequent deoxygenated to anoxic bottom water in marine to marginal marine environments (Seilacher, 1990) and the occurrence of manganese nodules in the bonebed. Manganese nodules (also called polymetallic nodules) are rock concretions composed of iron and manganese hydroxides that form around a core, which are found globally on the seafloor. Fossil manganese nodules date back as far as 137 Mya (Ito and Komuro, 2006), and tended to form in oxic, deep-water conditions where the sedimentation rate was low (Usui and Ito, 1994). Today these nodules are typically restricted to deep-water settings such as abyssal plains, but there are a few rare exceptions. In the Baltic Sea, rivers introduce high concentrations of iron and manganese. Ferromanganese nodules form as a result of summer anoxia near the seafloor with the diagenetic mobilization of manganese (Kuhn et al., 2017). As there was likely a freshwater influence at Herschel, it is possible that the clusters of manganese-rich nodules may have formed in a similar way. If this were the case, such periodic stratification of the water column would not have had a long-term detrimental effect on the bottom-dwelling communities. However, the fully marine shales that overlie the bonebed indicate a marine transgression (Figure 6C); a rise in sea-level may have initiated the development of a strongly stratified water column. This stratification would have led to the establishment of a pycnocline, separating waters of different densities, and a chemocline, separating the oxic water above from the anoxic, hydrogen sulfide-rich waters below.

The microvertebrate layer that overlies the bonebed is found in the distinct sulfur-rich layer, approximately 5 cm thick. Hydrogen sulfide is the by-product of anaerobic respiration of sulfur-reducing bacteria, and is found in association with lagoons and restricted basins in the modern world (Howarth and Teal, 1979; Goodman et al., 1995). The long period of sediment starvation during which the bonebed material was initially deposited would have left abundant sources of organic matter on the seafloor. Additionally, studies of modern whale-falls have found that one of the final phases of decay is a sulphophilic stage in which lipid deposits in the bones undergo anaerobic decomposition (Smith and Baco, 2003). Furthermore, the sulfides released during this process can accumulate and persist in the surrounding sediments (Fujiwara et al., 2007). If the waters in the silled basin became strongly stratified and the bottom waters anoxic, sulfur-reducing bacteria could have colonized the sea floor at this time.

The one cm-thick fine-grained siltstone that directly overlies the microvertebrate layer contains monospecific occurrences of the trace fossil Chondrites isp. (Figures 3B–D). Chondrites isp. burrows are also found inside the hollowed out cavities of some of the marine reptile fossils (Figures 5H,I), implying that these trace fossils formed after the bioerosion and subsequent redeposition of the main bonebed. This branching, dendritic ichnotaxon is often associated with deeper water settings, but can also be found in poorly oxygenated environments of any depth. These Chondrites isp. traces are produced by chemosymbionts that utilize the ecospace provided by oxygen poor environments (Seilacher, 1990; Bhattacharya and Banerjee, 2014). These chemosymbionts may have colonized the seafloor with the sulfur-reducing bacteria, dominating an environment where little else could live.

The microvertebrate layer is composed almost entirely of fish and shark material. This is unexpected, as the majority of the bonebed is dominated by marine reptiles. If the microvertebrate layer were deposited during a period of euxinia, it would primarily affect non-air-breathing animals. Like the Black Sea, the Framvaren Fjord in Norway has a stratified water column (Meyer and Kump, 2008). In 1942, a strong marine incursion into the fjord disrupted the chemocline, mixing the anoxic, hydrogen-sulfide rich waters into the oxic surface waters. The result was a basin-wide die-off of fish (Pakhomova et al., 2014). A similar scenario has been proposed to explain the formation of a Cenomanian-aged, fish-dominated bonebed from Western Interior Sea in eastern Saskatchewan (Schröder-Adams et al., 2001). The microvertebrate layer at Herschel may have formed in this manner, with rising sea level making the basin prone to a massive marine intrusion that disrupted the chemocline and lead to a massive die off of non-air-breathing animals.

As a final line of evidence to support this hypothesis of euxinia, relative to other Upper Cretaceous deposits across southern Saskatchewan, the Herschel marine bonebed is unusually enriched in the evaporite mineral gypsum. Gypsum (CaSO4⋅2H2O) has formed extensive evaporative beds as far back as the Archean (Cockell and Raven, 2007), and is the most common sulfur mineral (Deer et al., 1966). The gypsum deposits at Herschel are found as isolated crystals and also encrust most of the fossil material. The gypsum is most likely diagenetic, forming as a result of groundwater percolating through the sediments and precipitating crystals on the surface or forming crusts around porous material such a vertebrate bone (Murray, 1964). Gypsum is very common in Upper Cretaceous shallow marine and costal sediments in Saskatchewan, though the frequency of gypsum-encrusted fossils at Herschel is unusual. Its prevalence may suggest that the deposits are richer in sulfur compounds than elsewhere, possibly related to this euxinic event. These observations and interpretations of Dinosaur Park Formation central basin deposits are in line with those reported by Gilbert et al. (2019).

Significance

Out of a database of 383 publications on fossil bonebeds, totaling over 1,000 sites, only 30 studies discussed marine bonebeds (Eberth et al., 2007). Out of these publications on marine bonebeds, half focused solely on fishes, and only eight addressed Mesozoic marine reptiles. Since the publication of that database, additional studies have described marine reptile bonebeds (e.g., Strganac et al., 2014), but it remains clear that marine macrovertebrate bonebeds are rare in the fossil record. Any marine bonebed is therefore significant, but the site near Herschel appears to be one of the few bonebeds in the world in which plesiosaur fossils are the most abundant. Not only are plesiosaur fossils the most common in the Herschel marine bonebed, but the assemblage includes specimens across a wide range of developmental stages (e.g., Figures 5C,D). Other marine reptile fossil assemblages have been reported to contain both juveniles and adults (Wiffen et al., 1995; Kear, 2006) but not in such a dense deposit. Interestingly, other locations where abundant juvenile plesiosaur material has been found were at paleolatitudes similar or higher than that of the Herschel marine bonebed (∼57°N) (Wiffen et al., 1995; Kear, 2006; van Hinsbergen et al., 2015). The prevalence of juvenile plesiosaur fossils at this site will be the subject of future research. Additionally, to our knowledge, this is the first report of invertebrate bioerosion from a marine reptile bonebed. The bioerosion of the macrofossils at the Herschel marine bonebed is distinctive, and provides evidence that some components of the seafloor detritivore community have changed very little over the past 76 million years. As fossilization generally requires that bones be buried rapidly, out of the reach of surface-scavengers, such evidence of detritivore activity is a rare occurrence.

The Herschel marine bonebed differs from bonebeds found in other Dinosaur Park Formation/Judith River Formation – Bearpaw Formation transitions both in mode of formation and in fossil components. A marine bonebed from the Lethbridge Coal Zone predominantly contains elasmobranchs, and the only marine reptile fossils recovered are teeth, which are extremely rare from the site (Beavan and Russell, 1999). Bonebeds from the Judith River Formation predominantly contain microvertebrates, and most of these are preserved in sediments deposited in freshwater systems (Rogers and Brady, 2010). Marine fossil accumulations, which include rare large marine reptile bones (Rogers et al., 2016, 8H) have been recovered from the Woodhawk Member of the Judith River Formation. The Woodhawk Member is characterized as wave-dominated shoreface deposits, and has not been reported to contain barrier island development (Rogers and Brady, 2010; Rogers et al., 2016). This indicates variable coastal morphology along the Western Interior Seaway during the Campanian, and would directly impact marine reptile habitat potential. The localized bonebeds deposits in the Woodhawk Member also contain shell fragments, which highlights another preservational difference from the Herschel marine bonebed (Rogers et al., 2016). Despite the close contemporaneity of the Woodhawk Member and the Lethbridge Coal Zone with the Hershel marine bonebed, the disparities in lithology and fossil assemblages suggest localized variations in depositional environments across the Western Canadian Sedimentary Basin and Montana during the Late Cretaceous.

In addition to preserving a rare example of a marine macrovertebrate bonebed, the Herschel marine bonebed provides a new spatial perspective of the Dinosaur Park Formation – Bearpaw Formation transition. Significantly, these deposits near Herschel record an easternmost extension of the Dinosaur Park Formation in North America. While this transition is marked in Alberta by the Lethbridge Coal Zone, the paleobiology of which is well-studied (i.e., Beavan and Russell, 1999), and in Montana by the Woodhawk Member of the Judith River Formation (Rogers and Brady, 2010; Rogers et al., 2016), little attention has hitherto been given to understanding the transgression in Saskatchewan. The Herschel marine bonebed differs from these other sites in lithology, fossil diversity, and taphonomy. This site may aid in understanding how the transition unfolded over large spatial scales and what factors may have been driving the biodiversity at the time. This study also demonstrates that barrier island basins in the Late Cretaceous were subject to periods of water stratification and euxinia. As these factors can lead to the formation of bonebeds, it can therefore be suggested that the Dinosaur Park – Bearpaw transition may be a favorable place to look for similarly rich fossil deposits across southwestern Saskatchewan.
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