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Abstract 

Glass ramps are shallow-marine depositional settings in which siliceous sponge meadows dominate 

coastal environments. They are increasingly recognized throughout the Phanerozoic and represent a 

biosiliceous counterpart to neritic carbonate factories. Detailed reexamination of the Permian Tosi Chert 

in the Bighorn Basin indicates that it records a glass ramp that extended over at least 75,000 km
2
. 

Outcrops, cores, and wireline logs are used to discriminate previously unidentified shallow subtidal to 

peritidal facies in its landward extent. These facies indicate that sponge meadows ranged from variably 

oxygenated offshore settings through low-energy, well-oxygenated, and saline shallow subtidal settings, 

with spicules transported into supratidal environments affected by enterolithic evaporite growth. This 

range of subenvironments in largely unique among glass ramps. This is the result of the Tosi’s 

accumulation in an epicontinental sea where waves impinged offshore but frictional attenuation caused 

low-energy nearshore environments. As a result, the Tosi shares similarity with epeiric sea carbonate 

deposition and is referred to herein as an epeiric glass ramp. The low palaeolatitude of the Tosi and hot 

and arid desert it bordered also contributed to its uniqueness as shallow waters were warmer and more 
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saline than higher-latitude counterparts. As a result, a minor sea-level fall at the termination of 

biosiliceous deposition was associated with increased lagoonal circulation and refluxing brines that 

caused evaporite and dolomite precipitation within the upper Tosi. Preservational attributes of the Tosi 

also add to the range of unique traits that can be used to reconstruct neritic biosiliceous environments. 

These include three disparate colours of chert (black, grey, and purple) related to the host strata and 

diagenetic redox conditions, early chertification that preserved sedimentary structures within nodules, and 

nodule shape related to bioturbation intensity. The Tosi glass ramp thus expands the known extent and 

context of Permian glass-ramp deposition along the western Laurentian margin and illustrates key 

properties that will aid future glass ramp identification. 

Keywords: biosiliceous, chert, glass ramp, Permian, Phosphoria, spiculites 

1. Introduction 

Glass ramps (sensu Gates et al., 2004) are depositional systems in which siliceous sponges 

(hexactinellids and demosponges) comprise a significant component of the benthos in shallow-marine and 

coastal environments (Ritterbush, 2019). They represent a biosiliceous equivalent to carbonate ramps, one 

with widespread spiculites and chert (Hesse, 1989; Gates et al., 2004). Neritic sponge colonization on 

glass ramps occurs across environments that differ from the deep-water and polar settings that are more 

commonly associated with siliceous sponges (Rigby and Senowbari-Daryan, 1995; Gammon et al., 2000; 

McClintock et al., 2005; Leys et al., 2007). The oceanographic controls on the formation of glass ramps 

remain enigmatic, in part because there are no modern analogues and only a small, but growing, number 

of ancient examples (Reid et al., 2008; Beauchamp and Grasby, 2012; Ritterbush, 2019). Expanding the 

dataset of well-documented glass ramps is crucial to understanding the circumstances of their formation.  

One of the most extensive and temporally persistent areas of glass ramp deposition is recorded by a 

belt of Middle to Upper Permian chert that accumulated along northwest Pangea (Fig. 1A; Murchey and 

Jones, 1992). This belt records deposition of radiolarian-bearing and, in epicontinental and coastal 

environments, spiculitic chert (Murchey and Jones, 1992; Rigby and Senowbari-Daryan, 1995; 
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Beauchamp and Baud, 2002). The Phosphoria Rock Complex forms the southern end of this belt, and 

contains abundant spiculitic chert, especially in certain stratigraphic intervals such as the Rex and Tosi 

members (Keller, 1941; McKelvey et al., 1959; Murchey, 2004; Ritterbush, 2019).  

Until recently, Phosphoria Rock Complex spiculitic cherts have been interpreted as accumulating in 

deeper-water, offshore sponge meadows (McKelvey et al., 1959; Hein et al., 2004). Cherty deposits 

accumulated during discrete times that were separate from the phosphorites the Phosphoria Rock 

Complex is best known for (Sheldon, 1984; Hiatt, 1997) and have been conventionally interpreted as 

interfingering with landward carbonates (e.g., McKee and McKee, 1967; Sheldon, 1984; Peterson, 1984; 

Wardlaw, 2015). However, a number of the chert-rich deposits (i.e., the Rex Chert and Park City Gp.) 

have been recently re-interpreted as glass ramp deposits in which sponges colonized up to the coastline, 

with little landward carbonate deposition (Wistort et al., 2017; Hood et al., 2018; Ritterbush, 2019).  

Reexamination of the Tosi Chert in the Bighorn Basin (this study) indicates that it, too, accumulated 

on a glass ramp (Matheson, 2019). Previous identification of the Tosi glass ramp was hampered by poor 

exposure and silica diagenesis that obscured depositional fabrics. The purpose of this paper is to 1) 

thoroughly describe the Tosi Chert of the Bighorn Basin and expand the range of glass ramps documented 

to date, 2) compare and contrast the Tosi Chert with other ancient neritic biosiliceous deposits, and 3) 

provide guidance that can be used to aid future evaluation of yet undiscovered glass ramps. The Tosi glass 

ramp undoubtedly merits discussion in the context of the ongoing debate about the environmental 

conditions that favour the formation of glass ramps. However, this can only be done by consideration of 

its encasing strata, which provide contextual information not available from study of the Tosi alone; this 

is the focus of a separate publication (Matheson and Frank, In Review). 

2. Geological setting 

The Phosphoria Sea was a Middle to Late Permian subtropical epicontinental sea along western 

Pangea (Fig. 1; Hein et al., 2004; Domeier and Torsvik, 2014), although the exact duration of deposition 

remains under resolved (cf. Wardlaw, 2015; Pommer, 2017; Davydov et al., 2018). Across its extent, a 
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complex mosaic of siliciclastic, carbonate, and bioelemental (sensu Pufahl, 2010) sediments were 

deposited (Fig. 1C; McKelvey et al., 1959; Sheldon, 1963). To simplify the complexity, all coeval rocks 

from the sea are referred to as the “Phosphoria Rock Complex” or “PRC” (sensu Yochelson, 1968). The 

PRC includes the Phosphoria, Park City, Shedhorn, and Goose Egg formations (Fig. 1C; Hein et al., 

2004). A fifth unit, the Park City Group, accumulated in a southward extension of the sea and has been a 

focus of previous study of glass ramps (Fig. 1C; Hose and Repenning, 1959; Wardlaw and Collinson, 

1978; Ritterbush, 2019).  

During the Permian, the Bighorn Basin of northern Wyoming was a contiguous portion of the 

Phosphoria Sea and the site of some of its most landward marine deposition (Fig. 1B; Sheldon, 1963; 

Inden and Coalson, 1996; May et al., 2013). As it does elsewhere, the PRC in the basin comprises three 

depositional sequences or “cycles” (Fig. 2; Peterson, 1984; Hiatt, 1997). The uppermost of the three, the 

Ervay cycle, records widespread marine inundation. It contains (from base to top) phosphorite (Retort 

Mbr) and cherty carbonate (Tosi Mbr) tongues of the Phosphoria Fm., overlain by open-marine to 

peritidal carbonates of the Ervay Mbr (Park City Fm.; Fig. 2; Campbell, 1962; Peterson, 1984; Inden and 

Coalson, 1996). In the northwest, these deposits interfinger with marine sandstone tongues of the 

Shedhorn Fm. (Fig. 1C; Thornburg, 1990). To the east, red beds and gypsum of the Goose Egg Fm. 

formed in a hot and arid desert of windblown silt and salinas that surrounded the sea (Figs. 1C, 2; Burk 

and Thomas, 1956; Walker, 1967; Benison and Goldstein, 2000; Zambito and Benison, 2013). 

The Tosi Member (a.k.a. Tosi Chert) tongue of the Phosphoria Fm. is the focus of the present study. It 

is one of the most laterally extensive PRC units in the Bighorn Basin (Fig. 2), a trait identified by 

numerous previous authors (e.g., Campbell, 1962; Lane, 1973; Coalson and Inden, 1990; Simmons and 

Scholle, 1990; Ulmer-Scholle and Scholle, 1994; Inden and Coalson, 1996). The Bighorn Basin is just a 

portion of its extent, as it stretches west into Idaho and Montana (Cressman, 1955; Cressman and 

Swanson, 1964; McKelvey et al., 1959; Thornburg, 1990). Its true depositional extent is obscured by 

facies changes or later sub-Triassic erosion in the western (seaward) portions of the sea (i.e., Idaho, Fig. 
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2A; McKelvey et al., 1959; Maughan, 1984).  

Despite the traditional interpretation that PRC cherty deposits interfinger with proximal carbonates, a 

number of studies have hinted at or postulated that the Tosi accumulated from deep to shallow 

environments with little to no landward carbonate deposition (e.g., Ahlstrand and Peterson, 1978; Ulmer-

Scholle and Scholle, 1994; Inden and Coalson, 1996); this hypothesis has not been extensively tested. The 

only study to date to focus on the Tosi Chert in the Bighorn Basin is that of Ulmer-Scholle and Scholle 

(1994), comprising a comprehensive study of its diagenetic alteration, with a focus on the formation and 

alteration of evaporite nodules. 

3. Methodology 

The Bighorn Basin is a modern intermontane basin with Laramide-age, basement-cored uplifts 

around its margins (Fig. 3; Dickinson et al., 1988; Snoke, 1993; Lawton, 2008). Twenty-eight outcrops 

along the flanks and 31 cores in its interior were described at the decimeter-scale with lithology, 

sedimentary structures, bioturbation index (BI; Taylor and Goldring, 1993), fossil content, and 

stratigraphic architecture recorded. Trench digging was used to constrain the stratigraphic location of the 

Tosi where poor induration prevents exposure. Drill cores were accessed at the USGS Core Research 

Center in Denver, CO. Not all cores include the Tosi as it is not an exploration target (Coalson and Inden, 

1990; Fox and Dolton, 1996). Wireline petrophysical logs from non-cored wells were used to supplement 

core and outcrop data (Fig. 3; Appendix A; Wyoming Oil & Gas Conservation Commission, 2018). 

Approximately 100 in situ and float chert nodules were collected, slabbed and described. Forty-eight 

thin sections from the Tosi Chert and the transitions with over- and underlying strata were examined. 

Thin sections from cherty carbonates in the Grandeur, Franson, and Ervay carbonate members of the PRC 

(Fig. 2) were studied for comparison. Thin sections were described using normal petrographic techniques 

on a Nikon Eclipse E400 POL microscope, including white card petrography (Folk, 1987) and carbonate 

staining (Dickinson, 1965, 1966). Cold-cathode cathodoluminescence and energy dispersive x-ray 

spectrometry (EDS) were carried out using a CITL optical cathodoluminescence stage (Vortisch et al., 
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2003). 

Bulk elemental compositions for all samples were measured using a Bruker TRACER 5i portable X-

ray fluorescence (XRF) spectrometer. X-ray powder diffraction (XRD) analysis of five select samples 

from Tosi and Ervay mbrs were performed to confirm mineralogical compositions. Clay analyses on fine-

grained samples were carried out after acidification to remove carbonates and glycolation. Samples were 

analyzed on a Rigaku Ultima III diffractometer (Bragg-Brentano geometry) at Texas Tech University 

using a 0.02° 2θ step size at 6 seconds per step, 45 kV, and 40 mA. Results were used in conjunction with 

ten XRD results from the Tosi in five cores, available through the USGS Core Research Center (2018). 

4. Results 

4.1. General description of the Tosi Member 

The Tosi Chert is distinguished from its enclosing strata in that it contains chert nodules at a much 

greater density (Fig. 4; McKelvey et al., 1959). The rock surrounding the chert nodules, referred to here 

as “host rock”, also contains patchy and non-pervasive silica cementation giving it a mottled appearance. 

Molds and ghosts of monaxon siliceous sponge spicules are pervasive in both chert nodules and host rock, 

although they are slightly less common within the host-rock material. Spicule preservation varies, 

although most are cryptically preserved. Within the Bighorn Basin, calcareous fossil fragments are largely 

absent from the Tosi Chert. This is in marked contrast to the Ervay Mbr skeletal carbonates that 

conformably overly the Tosi across much of the basin (Figs. 2, 4). While there are exceptions, particularly 

at its gradational upper contact, the Tosi Chert is thus characterized by the near-complete predominance 

of biosiliceous skeletal grains (spicules). 

 Chert nodules are commonly up to 15 cm, and rarely up to 30 cm, in length. Nodule shapes include 

oblate spheroid, ovoid (disc or plate-like), bulbous, irregular, and chaotic; nodule shapes correspond to 

depositional facies, as described below. Nodules in core are generally thinner than those in outcrop (Fig. 

5). In very rare instances nodules are found coalesced along bedding planes to form isolated “beds.” Most 

nodules have diffuse boundaries (up to 1 cm thick) where completely silicified cores grade into less-

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

  Page 7 

silicified host rock (Figs. 5C, 6F). The vast majority of nodules contain spicules and other depositional 

components indicating they formed by the replacive silicification of the host-rock. A comparatively small 

number of nodules formed through silicification of anhydrite nodules. Most silicified evaporite nodules 

are not directly related to depositional facies and are described separately following facies descriptions. 

Where encased in carbonates the Tosi is generally well exposed (Fig. 4). Where encased in red beds 

of the Goose Egg Fm. to the east (Fig. 2) it is generally weathered into regolith with residual chert 

nodules. Nonetheless, limited exposure, trench digging, and detailed study of float distribution allowed its 

stratigraphic location and host-rock lithologies to be relatively well constrained. Depositional fabrics 

preserved within chert float also provide insight into the poorly exposed beds. 

4.2. Facies  

Nine depositional facies were identified (Table 1). For each facies, the terminology for carbonates 

developed by Dunham (1962) is adapted to describe depositional textures, as has been done for other 

glass-ramp deposits (e.g., Gates et al., 2004). Petrographic and geochemical observations are included in 

facies descriptions where relevant. A thorough description of chert microtextures follows this section. The 

host rock for all facies contains subangular to angular monocrystalline detrital quartz silt, lesser 

feldspathic silt, and rare detrital muscovite laths. 

4.2.1. Facies 1 – Laminated spiculitic dolowackestone to dolopackstone 

Facies 1 is spiculitic dolomite (dolomicrite to very finely crystalline dolomite, lesser lime micrite) to 

spicule dolopackstone host rock with abundant dark grey to black chert nodules (Fig. 5). Chert nodules 

are oblate spheroids with long-axes parallel to bedding. The host rock often contains thin (< 2 mm) 

laminations accentuated by solution seams. Laminations either terminate at the edge of a chert nodule or 

buoy around the nodules as a result of compactional draping (Fig. 5B). In beds with less compactional 

draping, laminations are mostly flat and parallel (Fig. 5F). Some chert nodules contain remnant horizontal 

laminations within them, which are more coarsely spaced (2-8 mm) than those in the host rock (Fig. 5B). 

Facies 1 host rock and chert nodules sometimes contain euhedral pyrite (core) or iron oxides after pyrite 
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(outcrop; Fig. 5C). Facies 1 can contain rare, thin (<20 cm) discrete beds of granular phosphorite similar 

to the underlying Retort Mbr. 

4.2.1.1. Interpretation. The presence of abundant sponge spicules, flat laminations, and pyrite, combined 

with a lack of calcareous skeletal grains and bioturbation suggest that Facies 1 accumulated in an 

environment with widespread siliceous sponge meadows and negligible bioturbating infauna. Lamination 

preservation was likely due to low-oxygen conditions in the shallow seafloor that led to the accumulation 

of organic matter, shallow-burial pyrite formation, and the inhibition of significant bioturbation. The 

dolomicritic matrix is interpreted as a very early diagenetic product, as discussed below. 

4.2.2. Facies 2 - Bioturbated spiculitic dolopackstone to dolograinstone  

Facies 2 is similar to Facies 1 in that it contains dolomicritic host rock and dark chert nodules (Fig. 6). 

The main difference is that nodules are irregularly shaped with bulbous protrusions (Fig. 6A-D); 

gradational forms exist between Facies 1 and 2. Both nodules and host rock are largely structureless and 

lack pyrite (Fig. 6A). Evidence for calcareous skeletal grains in the form of silicified (chalcedonic 

overlays and later megaquartz cements) brachiopod, bryozoan, and pelmatozoan fossils and molds are 

found in a few instances, where they make up less than 25% of the rock.  

Where exposed on bedding planes, Facies 2 nodules form branching networks of crudely cylindrical 

tubes reminiscent of burrow networks (Fig. 6B). Tubes (i.e., chert nodules) are full-relief, straight to 

highly curved, and contain Y- and T-shaped junctions, enlarged (i.e., swollen) short chambers (galleries) 

at their terminations, and a crudely polygonal pattern with cross overs and vertical shafts. Rare vertical 

cylinders with subtending horizontal to oblique “branches” are also found (Fig. 6C). Based on the lack of 

lining, the horizontal branching network, full-relief preservation, and their size, these chert nodule 

networks are interpreted as preferentially silicified Thalassinoides (cf. Howard and Frey, 1984; Ekdale 

and Bromley, 1984; Myrow, 1995). Vertical chert tubes in the Tosi and throughout the PRC have been 

widely interpreted as initially nucleating on burrows (Bromley et al., 1975; Andersson, 1982; Knecht, 

1988; Whalen, 1996; Andersson and Sauvagnat, 1998; Hendrix and Byers, 2000; Wistort et al., 2017). 
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4.2.2.1. Interpretation. As in Facies 1, the seafloor was covered with widespread siliceous sponge 

meadows. Silicified trace fossils, the lack of lamination, and absence of pyrite suggest that Facies 2 

records more oxygenated sediment, at least episodically, with more intense bioturbation than in Facies 1.  

4.2.3. Facies 3 – Spiculitic quartz arenite 

In the northwest corner of the basin, spiculitic and dolomitic fine to medium-grained quartz arenite 

beds of Facies 3 alternate with Facies 1 and 2 (Fig. 7A-B). Facies 3 can contain disseminated pyrite, 

phosphatic rip-up clasts, reworked phosphate casts of pelmatozoans and bryozoans (tightly packed with 

sand grains), faint laminations, and sparse to moderate bioturbation (BI 2-3; Fig. 7B). Beds contain 

spicules, irregular dark chert nodules, and patchy host-rock silicification similar to Facies 2; beds of 

essentially silica-free Facies 3 are also present (Fig. 7A-B).  

4.2.3.1. Interpretation. Facies 3 is present only in the northwest Bighorn Basin, as it records tongues of 

sand supplied by waves and currents from the shallow-marine siliciclastics of the Shedhorn Fm. (Fig. 1C; 

Thornburg, 1990). The final depositional settings were similar to Facies 1 and 2, a variably oxygenated 

seafloor with sponge meadows and sparse to moderate bioturbation. The phosphatic casts are tightly 

packed with sand grains, suggesting that they are reworked from underlying carbonates (Franson Mbr).  

4.2.4. Facies 4 – Bioturbated spiculitic dolowackestone to dolomudstone 

Facies 4 is composed of spiculitic dolomitic siltstones and silty dolomudstones. Beds are laminated to 

structureless (BI 1-4; Fig. 7C-H). Two distinct chert nodule shapes and colourations are present, although 

never found together. The first are grey tubular to irregular and chaotic (non-geometric) patchworks of 

silicification unevenly distributed through the host rock (Fig. 7F-H). Silicification often has a weak 

horizontal fabric but also abundant vertical and oblique silicified patches. Rarely the nodules show 

evidence for internal curved lamination resembling meniscate. The second is cm-scale purple bulbous to 

tubular nodules in grey to purple bioturbated host rock (Fig. 7C-E). Facies 4 has slightly elevated detrital 

silt and muscovite grains. 
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4.2.4.1. Interpretation. The abundant spicules again suggest widespread sponge colonization. The 

irregular and patchy silicification that occurs with these tubes is interpreted as representing silicification 

of sediment with chaotic porosity and permeability caused by pervasive bioturbation as has been proposed 

for similar irregular, disorganised silicification (Blinkenberg et al., 2018). The tubular shapes and 

apparent meniscate laminations suggest replacement of discrete burrows, likely Skolithos and other 

tubular full-relief vertical and horizontal traces. This suggests a Cruziana or distal Skolithos ichnofacies 

that was more proximal than Facies 1-3. The pervasive bioturbation records clearly oxygenated subtidal 

settings with burrowing organisms largely destroying primary lamination.  

4.2.5. Facies 5 – Molluscan-peloidal grainstone 

Facies 5 is the only true carbonate facies found within the Tosi. It is very uncommon, with fewer than 

10 definitive examples found. In each, thin (<20 cm) beds of partially silicified finely-crystalline dolomite 

preserve no macroscopic depositional textures (Fig. 8A; McCue, 1953). Purple-coloured chert nodules 

from in situ beds and float contain silica-filled molds of small (< 1 cm) gastropod and other mollusc 

shells as well as abundant peloids/ooids, indicating carbonate packstone to grainstone depositional 

textures. Both allochems and interparticle areas are replaced or cemented by chert and microcrystalline 

quartz with a later generation of megaquartz fully occluding inter- and intraparticle porosity (Fig. 8C-D). 

Within the chert and microcrystalline quartz, abundant carbonate inclusions display systematic bands of 

varying luminescence indicating that these areas underwent meteoric carbonate alteration producing 

zoned carbonate cements prior to both skeletons and cements being silicified. 

4.2.5.1. Interpretation. The presence of molluscs and peloids/ooids suggests a subtidal to possibly 

intertidal origin. The absence of spicule molds or ghosts suggests that the calcareous benthos lived in 

areas mutually exclusive of sponge meadows, but that the thin nature of the resultant beds allowed silica-

rich fluids from encasing spiculitic facies to permeate within them during burial. The non-correlatable 

decimeter-scale nature of Facies 5 beds indicate that it was laterally discontinuous and temporally limited.  

4.2.6. Facies 6 – Silicified bindstone 
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A small number of spiculitic grey or light purple oblate spheroid chert nodules contain wavy to 

crinkly microbial laminations indicative of depositional bindstone. These nodules are the least common 

depositional fabric found within the study area and were not found in situ. 

4.2.6.1. Interpretation. Microbial lamination within Facies 6 suggests intertidal depositional settings.  

4.2.7. Facies 7 – Spicule dolopackstone to dolograinstone with silicified enterolithic evaporite nodules 

Facies 7 contains oblate spheroidal purple chert nodules with abundant mm-scale cauliflower-shaped 

silicified gypsum/anhydrite nodules (Fig. 9A-B, D-F). It was never found in situ. Silicified evaporites are 

bluish-white with variably thick (to nonexistent) blood red rims caused by disseminated iron oxides (Fig. 

9A-B, E). They also contain abundant petrographic evidence supporting an evaporitic origin, described in 

greater detail below. Some evaporite nodules are surrounded by remnant contorted laminations (e.g., Fig. 

9A), evidence of synsedimentary upward-bulging incipient enterolithic nodule growth of (now silicified) 

anhydrite nodules in unconsolidated sediment. The poor exposure of the host-rock is such that these chert 

nodules are the only way of observing this depositional fabric. Petrographic examination reveals that 

these cauliflower-like nodules grew within silty or muddy spicule packstones or grainstones, which today 

is demonstrated by the juxtaposition of spiculitic patches and silicified evaporites within the same purple 

chert nodules (e.g., Fig. 9F).   

4.2.7.1. Interpretation. The silicified cauliflower evaporite nodules within Facies 7 are similar to 

displacive nodules growing in unlithified sediment on modern sabkhas and found in analogous rocks in 

the geologic record (West et al., 1978; Fryberger et al., 1983; Alsharhan and Kendall, 2003). The 

presence of contorted laminations suggests very early diagenetic (near syndepositional) precipitation of 

calcium sulfate from pore water in the shallow subsurface of a semi-arid to arid and hypersaline sabkha or 

coastal salina setting (West et al., 1978). Thus, Facies 7 formed in intertidal to supratidal areas.  

4.2.8. Facies 8 – Dolomitic spiculitic shale 

Facies 8 is spiculitic fissile purple dolomitic shale to siltstone, variably green and bluish grey, with 
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abundant purple chert nodules (Fig. 8A). Shales are well laminated with some compactional draping and 

chert nodules contain remnant parallel (presumably horizontal) laminations (Fig. 9C; McCue, 1953). 

Intervals of purple shale lacking chert nodules as well as decimeter-scale gypsum interbeds are common. 

XRD analysis indicates shales contain subordinate smectite, micas, and iron oxides and the most eastward 

(landward) Tosi site contains 10-15% vermiculite.  

4.2.8.1. Interpretation. The purple shales are interpreted as supratidal to terrestrial deposits, with only 

sporadic marine flooding. Proximity to red beds of the surrounding desert explains the quartz and iron-

oxide concentrations, and pedogenic alteration explains the vermiculite (cf. Kalliokoski, 1975; Jeong et 

al., 2008). The lack of silicified evaporites and lesser dolomite both indicate accumulation beyond the 

supply of significant marine water. Fissile purple shales with similar interpretations are also documented 

in the Ranchester Limestone Mbr of the underlying Tensleep Fm. (Blanchard et al., 2016).  

4.2.9. Facies 9 - Chert nodules with rectangular-prism protrusions 

Facies 9 is a rare, enigmatic facies characterized by rectangular-prism to cubic shaped 1-3 mm voids 

and protrusions (casts) in grey chert nodules (Fig. 9G-H). These nodules are homogenous, lack spicules, 

and never found in situ. In float, they are found mixed with nodules of other facies along the east side of 

the study area (Table 1).  

4.2.9.1. Interpretation. It is likely that the voids and casts are pseudomorphs after a pre-existing mineral. 

Anhydrite is regarded as the most likely precursor but halite is a possible alternative. The nodules were 

never found in situ and petrographic and geochemical analyses reveal no obvious mineral remnants or 

indicators of their origin, as are present in other chert nodules replacing precursor evaporites. If these are 

evaporite casts they indicate localized peritidal or salina settings (Gornitz and Schreiber, 1981; Warren, 

2016). Such an environment is consistent with the evidence for peritidal deposition in Facies 5-8. 

4.2.10. Evaporite nodules 

A ubiquitous feature across the subtidal Tosi facies (i.e., Facies 1-4) are 0.5-15 cm anhydrite nodules 
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with varying degrees of burial pyritization, calcitization, and silicification (Figs. 6A, 6D, 10A; Table 1), 

which were the focus of Ulmer-Scholle and Scholle (1994). They are relatively minor components of 

most facies, are easily distinguished based on their white to bluish-grey colour, and are an order of 

magnitude less abundant than the black, grey, or purple chert nodules (e.g., Fig 10A). Where present, they 

are more abundant near the top of the Tosi and are compactionally draped. The exception to their 

generally low abundance is Facies 4, where they approach chickenwire anhydrite density (Fig. 10B).  

These large, cm-scale nodules differ from the mm-scale cauliflower-shaped silicified nodules in 

Facies 7 in that they are generally larger, found in much lower abundance, lack evidence for 

syndepositional contorted laminations, lack iron oxides around their rims, and some remain unaltered. 

Despite the differences, both share petrographic properties that are consistent with silicification of 

antecedent evaporites (e.g., Folk and Pittman, 1971; Siedlecka, 1972; Chowns and Elkins, 1974; Milliken, 

1979; Ulmer-Scholle and Scholle, 1994). The most indicative feature is abundant anhydrite inclusions, 

which are apparent under cathodoluminescence due to their brief blue luminesce. Other important 

indicators are remnant bladed anhydrite (Fig. 9D) and length-slow chalcedony (quartzine) spherules, 

commonly increasing in size and zoned toward the nodule center (Figs. 9E-F; Milliken, 1979; Maliva, 

1987). Minor amounts of lutecite, microflamboyant chalcedony, radially undulose megaquartz, and 

megaquartz pseudomorphs after bladed anhydrite support a relict evaporite origin. 

4.2.10.1. Interpretation. Evaporite nodules within subtidal facies are disparate to the interpretation of 

offshore conditions favourable to sponges. There are no indicators of evaporation, restriction, or local 

brine development within any of Facies 1-4 other than the evaporite nodules. To explain this disparity, 

Ulmer-Scholle and Scholle (1994) proposed that evaporites within the Tosi formed via the offshore 

migration and seepage reflux of hypersaline brines during deposition of the Tosi or overlying Ervay Mbr 

(see also Peterson (1984) and Inden and Coalson (1996)). The evidence within this study supports this 

proposition and is further investigated in the discussion. As such, large relict, silicified or otherwise 

replaced anhydrite nodules have no bearing on the depositional interpretation of the Tosi facies. 
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4.3. Petrographic description of non-evaporite-replacing chert nodules 

The following discussion applies to nodules that were not formed by the replacement of evaporites. 

Both nodules and host-rock silicification (cementation) are predominantly chert with lesser 

microcrystalline quartz. The silica in the host rock cements porosity between patches of dolomite and 

framework grains (Figs. 5F, 6F, 7A). The primary difference between chert nodules and silicified host-

rock is the amount of dolomitic material (Figs. 6F, 7E). Dolomitic host rocks generally possess dull 

luminescence. Nodules and silica cements both contain inclusions of silt and other detrital grains. Apart 

from discrete thin beds of phosphorite in Facies 1, reworked francolite in Facies 3, and transitional beds at 

its upper and lower contacts, the Tosi largely lacks authigenic phosphate, which is consistent with 

description in its type area (Figs. 5-9; McKelvey et al., 1959; cf. Inden and Coalson, 1996).  

Most nodules and host rock, whether silicified or not, contain spicules. Spicules are cryptic (“ghosts”) 

in that they are of similar composition to the surrounding material (e.g., chert), but are slightly more 

coarsely crystalline and lack matrix inclusions, making only faint external outlines identifiable, especially 

under crossed polars (Figs. 6F, 7E, 9F). Axial canals are rarely preserved. The rare well-preserved 

spicules contain length-fast chalcedony replacing the spicule wall and cementing the axial canal (Fig. 6E). 

Solution seams are present within the host rock of all facies. No bands of insoluble material are found 

within the chert nodules, indicating pressure solution postdated nodule growth. Fractures in nodules are 

filled with length-fast and lesser length-slow chalcedonic overlays, euhedral megaquartz, bladed to blocky 

anhydrite cement (common in Facies 4; e.g., Fig. 10B), and euhedral telogenetic calcite spar (Ulmer-

Scholle and Scholle, 1994). 

4.4. Chert colouration 

Three distinctly different colours are observable (black, grey, purple) in non-evaporite-replacing chert 

nodules (Figs. 10, 11A). Colour broadly correlates to interpreted facies as black nodules are found in 

Facies 1-3, which occur in basinward (western) areas (Fig. 11A; Tables 1, 2). Purple to dark red nodules 

are found in Facies 4-9, in the most landward areas. Grey chert nodules are found in transitional areas 
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between the two (Fig. 11A; Table 2). XRD, XRF, and petrographic analysis indicate that the purple chert 

nodules contain abundant iron-oxide inclusions as compared to grey or black nodules (Figs. 7E, 9E). 

4.5. Spicule morphology 

The spicules documented in this study are predominantly straight monaxons 100 µm to <10 µm in 

diameter (Figs. 6E-G, 7E, 9F). Axial canals, where preserved, are rounded, similar to those in the Rex 

Chert (Murchey, 2004), reflecting post-depositional dissolution (Leys et al., 2007; Bertolino et al., 2017). 

The monaxon spicules could be derived from either of the siliceous sponge classes (Uriz et al., 2003; 

Murchey, 2004; Leys et al., 2007). Three spicules with four short rays, strongly reminiscent of triaxon 

spicules from hexactinellids (glass sponges; Rigby, 1995) were found in a single Facies 7 sample (Fig. 

9F; Appendix C). This sample also contains curved to irregular small spicules that appear similar to those 

produced by certain demosponges (Rigby, 1995), although definitive identification is beyond the scope of 

this study. Further palaeontological work is required to properly typify the range of spicule morphologies 

in the Tosi to better incorporate it into regional compilations of western Laurentian sponge faunas 

(Murchey, 2004; Ritterbush, 2019).  

Chalcedonic overlays and radial megaquartz filling millimeter-scale elongate pores are the only 

potential siliceous sponge wall structures found within this study (Appendix C). Black chert nodules 

containing white concentric circles and vertical chert tubes are present in the Tosi further west (e.g., 

Scotfort and Knecht, 1990) where Moynihan and Tapanila (2017) suggested they are the remnants of in 

situ sponge skeletons. Within the Bighorn Basin, both concentric banding and vertical tubes are extremely 

rare (Fig. 6C; Appendix C) and tubes are interpreted as silicified trace fossils due to subtending oblique 

branches. The rare banded nodules were not collectible and detailed evaluation was not possible. 

4.6. Stratigraphic trends and correlation 

4.6.1. Tosi facies distributions 

Within the Tosi there is a systematic transition from Facies 1-3 with black chert in the western, 

basinward areas to Facies 4-9 with purple chert in eastern, landward areas (Figs. 11A, 12; Table 2). These 

trends are consistent with facies interpretations (Table 1). Stratigraphic variance in facies at individual 
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sites is limited to eastern exposures (Fig. 10). For example, Facies 4 often contains burrow-replacing grey 

chert overlain by dense blue-grey, silicified evaporites at the top of the Tosi (e.g., Fig. 10B). At most 

sites, the true nature of the variation is masked by poor preservation but is visible in the diverse chert float 

(e.g., Fig. 9G and 9I are from Red Gulch), or thin carbonate (Facies 5) or gypsum interbeds. 

The Tosi can be correlated across the Bighorn Basin and into the Powder River Basin to the east 

(Figs. 11, 12). Its exact thickness is dependent on whether transitional beds with the overlying Ervay Mbr 

are included (e.g., Fig. 4B), although this does not change overall trends. It’s thick of ca. 12 m occurs 

where it is interbedded with siliciclastic sediment of Facies 3 (Fig. 11B). Excluding this area, the Tosi 

systematically varies from ca. 8 m in the southwest, to less than 2 m in the northeast. Near its pinch outs, 

the Tosi becomes difficult to constrain (e.g., Beatty, 1957). Tosi thickness measurements from various 

literature sources indicate a continuation of similar trends of progressive but minor thickness increase 

across western Wyoming and Montana with superimposed Shedhorn Sandstone tongues (Fig. 11D). 

4.6.2. Enclosing strata 

The Tosi either conformably overlies the granular phosphorites of the Retort Mbr or unconformably 

overlies the Franson Mbr across the west and central basin (Figs. 2, 4, 10, 12; Peterson, 1984; Inden and 

Coalson, 1996). To the east, the Tosi is underlain by terrestrial red beds and gypsum of the Goose Egg 

Fm. (Fig. 12). The transition from underlying carbonates to red beds corresponds with the transition from 

black and grey to purple chert (Figs. 10-12). 

The Tosi is conformably overlain across most of its extent by the Ervay Mbr carbonates (Figs. 4, 10, 

12). In the southwest, this contact is gradational, producing interbedding of the two and hybrid facies 

(Fig. 4B). Conversely, across the majority of the basin, the top of the Tosi is readily identifiable by a 

distinct upper limit to the chert nodules (Figs. 4C-D, 12). In the southeast, the Tosi is overlain by Goose 

Egg Fm. (Fig. 12). 

Across much of the basin, the top of the Tosi and base of the Ervay contain abundant evaporite 

nodules (Fig. 11C). In the west, there are minor evaporite nodules throughout the Tosi and few along the 
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Tosi-Ervay contact (#1, Fig 11C; Fig. 10A). Moving eastward, the amount of evaporites within the Tosi 

and at the base of the Ervay both increase (#2, Fig. 11C; Fig. 10C). Further east, where the Tosi underlies 

the initial Ervay coast, the upper Tosi is composed of abundant large silicified evaporites, and the base of 

the Ervay has unaltered bedded to chickenwire anhydrite (#3, Fig. 11C; Fig. 10B). Eastward of the initial 

Ervay coastline, the Tosi is overlain by bedded gypsum (#4, Fig. 11C).  

5. Discussion 

5.1. Sponge dominance in the Tosi Chert 

The Tosi Chert’s abundant siliceous sponge spicules (Figs. 6-9), significant volume of chert reflecting 

elevated silica in primary sediments as compared to the enclosing strata (Figs. 4, 10), easily correlatable 

nature, distribution as the most landward extending marine PRC unit in Wyoming (Figs. 2, 11, 12), and 

range of interpreted facies (Table 1) all suggest near ubiquitous siliceous sponge colonization across the 

entire area that is now the Bighorn Basin. It is impossible to rule out dissolution of more common calcitic 

skeletons in the shallow subsurface due to bacterial degradation of organic matter (cf. James et al., 2005). 

However, despite calcareous fossils being rare throughout most of the vertical and lateral extent of the 

Tosi, they become abundant in cherty beds (both in chert nodules and host-rock) that are transitional with 

the overlying Ervay Mbr. This pattern suggests that the dominance of siliceous spicules in the Tosi cannot 

solely be the result of diagenetic dissolution of more abundant calcareous skeletal grains, but is instead a 

true reflection of the primary composition of the sediment.  

5.2. Depositional model 

Facies 1-3 comprise the most seaward deposits in the study area (Fig. 13). Spheroidal nodules in 

laminated dolomicrite with pyrite (Facies 1) record sponge meadows in low-energy and relatively low-

oxygen conditions, which preserved moderate amounts of organic matter. Anoxic pore water likely led to 

iron and sulfate reduction and the precipitation of framboidal pyrite locally. Conversely, the bulbous 

nodules in host rock lacking laminations (Facies 2) formed by selective silicification of burrow networks, 

indicating at least episodically oxygenated pore water. These facies did not for simple facies belt, but 
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likely were patchily distributed across the offshore area. Facies 3 sandstones record similar conditions but 

with an episodic siliciclastic input from the northwest (Figs. 1C, 11D; Thornburg, 1990). Thickness 

trends and wireline log signatures indicate the sand is found in multiple superimposed tongues, whose 

location was controlled by a palaeotopographic high to the south (Fig. 11B).  

Landward, Facies 4-9 accumulated in a plethora of shallow-marine to peritidal environments. 

Conditions were favourable in shallow water areas for a mobile benthos that lived in the sponge 

meadows, likely the product of well-oxygenated bottom water. The coastal facies are generally muddier 

indicating lower energy than offshore, and generally contain smaller spicules indicating perhaps a more 

stressed sponge community.  

The ramp was rimmed by peritidal deposits (Facies 5-9) and red beds of the western Pangean desert. 

Peritidal deposits were similar to modern carbonate sabkhas in that microbial mats were present, although 

uncommon (at least in chert float), and supratidal areas underwent evaporation and the precipitation of 

enterolithic anhydrite nodules. Minor pedogenesis occurred in supratidal areas. At times, coastal salinas 

or restricted lagoons accumulated thin gypsum beds (Fig. 12). Siliceous sponge spicules are present in the 

supratidal facies that contain early burial anhydrite nodules (Fig. 9F). Although some sponges can tolerate 

hypersaline conditions and periodic exposure, we suggest that their presence reflects either high-

frequency sea-level fluctuations or spicules transported onshore by currents or storms from the subtidal 

sponge meadows (cf. Alsharhan and Kendall, 2003). 

The shallow-marine facies contain detrital mica grains and minor iron oxides, as confirmed by XRD 

analyses. Both are abundant in the terrestrial red beds that surrounded the sea (Matheson, 2019). Their 

presence is therefore strong supporting evidence for the nearshore location of these facies with aeolian 

input of detrital grains. This scenario is consistent with interpretation of the surrounding terrestrial setting 

as a hot and semi-arid to arid desert with at least seasonally offshore directed winds (Carroll et al., 1998; 

Wailing, 2000, 2010; Zambito and Benison, 2013; Matheson, 2019).  
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Patchy molluscan and oolitic carbonates (Facies 5) also accumulated across subtidal to intertidal 

areas. It is possible that they formed shoals or build-ups between the modern-day outcrops and wells. 

However, the evidence to date suggests that they were instead minor and discontinuous patches of 

carbonate production, as Facies 5 beds are incredibly rare and decimeter scale. If carbonate shoals were 

present and fronted lagoons, they would be preserved as other carbonate beds in the Goose Egg 

succession are, well-indurated ledge-forming beds. None were found. Regardless, carbonate deposits 

formed within kilometers to tens of kilometers of the coast and thus represent only a small portion 

(<10%) of the 200 km depositional profile that the Tosi in the Bighorn Basin stretches across. Nearshore 

patchy carbonate facies on glass ramps are also present in the Mississippian of the US midcontinent 

(Mazzullo et al., 2009) and the Permian of the Sverdrup Basin (Gates et al., 2004). 

5.3. An epeiric glass ramp 

Carbonate ramps generally contain evidence of storm dominance and are subdivided into a tripartite 

subdivision of inner-, mid-, and outer-ramp environments differentiated by their position relative to the 

impingement of fair-weather and storm waves on the seafloor (Burchette and Wright, 1992). In the 

Sverdrup Basin of Arctic Canada, where the term ‘glass ramp’ was first coined, sedimentary structures 

and depositional textures allow differentiation of the spiculitic sediment in much the same way, with 

inner-ramp through basinal environments interpreted (Gates et al., 2004; Beauchamp et al., 2009). While 

this is also true of other Phanerozoic glass ramps (Ritterbush, 2019), it is not true for the Tosi. 

Sedimentary structures are minimal and coastal facies were predominantly low-energy (Table 1; Fig. 13). 

Thus, the Tosi does not fit into the conventional carbonate-ramp subdivisions.  

Thickness trends within the Tosi do, however, support a depositional surface that sloped gently to the 

west with gradual thickness and facies variations, i.e., a homoclinal ramp (Figs. 11B, 11D, 12, 13; 

Burchette and Wright, 1992). These thickness and facies trends are supported by studies of over- and 

underlying PRC strata that suggest accumulation on gently dipping ramps with minor antecedent 

bathymetric complexities (Peterson, 1984; Tisoncik, 1984; Inden and Coalson, 1996; Whalen, 1996; 
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Hiatt, 1997; Hendrix and Byers, 2000; Hiatt and Budd, 2003). 

The Tosi is present across ca. 300 km along depositional strike (Fig. 11B). This represents only a 

portion of the epicontinental Phosphoria Sea (Fig. 1B), as the Tosi is absent in much of Idaho (Fig. 11D). 

This absence has been variably interpreted as the product of post-depositional (pre-Triassic) erosion of the 

upper PRC (Fig. 2A), lateral gradation from the Tosi to other units (the Retort or Cherty Shale mbrs), 

seaward pinch out, or some combination thereof (Schock et al., 1981; Maughan, 1984; Peterson, 1984). 

As such, the extent of the Tosi and, potentially still largely biosiliceous, equivalents was greater than 500 

km, a width much greater than conventional carbonate and glass ramps. 

The Tosi depositional system clearly differs from the Permian Sverdrup glass ramps, which mimic a 

carbonate ramp in their hydrodynamic subdivisions. Instead, the Tosi accumulated across a relatively 

low-energy, very low slope depositional surface that stretched over hundreds of kilometers. In order to 

highlight this difference, the Tosi described herein is best characterized an ‘epeiric glass ramp’. The term 

‘epeiric ramp’ was coined by Wright and Burchette (1998) for carbonate systems that share depositional 

attributes of carbonate ramps and epeiric platforms (Irwin, 1965; Pratt and Holmden, 2008), as is true for 

the Tosi in Wyoming. The term “shelf” has also been used to refer to a similar concept of low-angle (i.e., 

ramp-like) epicontinental carbonate depositional platforms throughout the Phanerozoic (e.g., Gutschick 

and Sandberg, 1983). Epeiric ramps differ from conventional ramps in that they 1) have an extremely low 

gradient; 2) lack the typical hydrodynamic subdivisions, particularly a high-energy inner ramp; and 3) 

generally have interpreted water depths of only tens of meters (e.g., Choi and Simo, 1998; Lukasik et al., 

2000; Aurrell et al., 2010). These attributes are largely due to their epicontinental location and the 

interpreted frictional attenuation of wave energy over their vast, shallow extents.  

Similarly, the Tosi epeiric glass ramp is interpreted as a microtidal, low-energy system that was likely 

storm-dominated and accumulated across a vast epeiric sea. Within this manuscript, the terms nearshore 

and offshore are utilized to avoid terminology that implies relation to hydrodynamic parameters (e.g., 

inner ramp). Many epeiric sea and epeiric carbonate ramp deposits contain direct evidence of an area of 
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offshore wave winnowing (e.g., Choi and Simo, 1998; Lukasik et al., 2000). Likewise, the transition from 

offshore laminated (Facies 1) to structureless (Facies 2) deposits in the Tosi is interpreted to record the 

transition from offshore, sub fair-weather wave base settings with poor ventilation due to the general lack 

of waves agitation to an area where waves generated sedimentary structures but also ventilated the 

seafloor, causing more pervasive oxygenation and bioturbation. The transition between these areas would 

have been patchy due to the low relief. Despite the relatively high energy, bioturbation (and diagenesis?) 

have since obscured primary sedimentary structures in this area as has been documented on other ancient 

epeiric ramps (e.g., Lukasik et al., 2000) and in high-energy environments on other glass ramps (e.g., 

Gates et al., 2004; Franseen, 2006). The lack of definitive wave-generated sedimentary structure makes 

reconstructing water depths difficult. We envision maximum depths of meters to a few tens of meters. As 

no definitive data is available to support this claim, novel ideas will be required to interpolate the water 

depth of the Tosi epeiric glass ramp in the future.  

5.4. Sequence stratigraphy and evolution of the Tosi 

The landward shift of the Tosi relative to underlying units indicates accumulation during 

transgression (Fig. 12). Its thickness broadly decreases in a landward direction, the result of either lower 

accommodation or a shorter duration of biosiliceous sedimentation in shallow areas due to progressive 

transgression (Fig. 11B, D). This was preceded by a lowstand with minor aeolian input across the exposed 

ramp (Fig. 13; Peterson, 1984) and phosphogenesis in submerged areas (the Retort Mbr; Hiatt, 1997).  

The Tosi contains parasequences similar to those well-documented in other PRC members (Clark, 

1994; Inden and Coalson, 1996; Hendrix and Byers, 2000). Whereas these variations are not obvious in 

the offshore facies, shallow-water deposits record cyclicity in tongues of gypsum and non-cherty shale, 

molluscan carbonates (Facies 5), and the variety of cherty facies (Facies 4-9) at each site (Fig. 9; Ulmer-

Scholle and Scholle, 1994). Poor exposure makes convincing parasequence correlation and differentiating 

autogenic versus allogenic controls difficult, particularly since some “parasequences” (e.g., Facies 5 

molluscan grainstone) might record fluctuating oceanography and not sea level (cf. Ritterbush, 2019). 
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Tosi deposition ended with a switch from a siliceous to calcareous benthos (i.e., the Ervay Mbr; 

Matheson and Frank, In Review). The Ervay is composed of offshore heterozoan carbonates to pisolitic 

peritidal deposits rimmed by restricted and evaporitic lagoons and salinas (Inden and Coalson, 1996; Figs. 

12, 13). The transition was associated with a sea-level fall and the basinward shift of the initial Ervay 

coastline in the southern basin (Fig. 12; Simmons and Scholle, 1990; Ulmer-Scholle and Scholle, 1994; 

Inden and Coalson, 1996). The transition was also associated with gypsum accumulation in the upper 

Tosi, at the contact, and in the lower Ervay (Figs. 11C, 13).  

The abundance of evaporites at the Tosi-Ervay contact is interpreted as the result of a short-term 

increase in the strength of lagoonal (“anti-estuarine” or “arid”) circulation with increased bottom-water 

outflow of downwelling brines as caused by relative-sea-level fall and the semi-arid to arid continental 

climate (Fig. 13). Bedded gypsum immediately overlying the Tosi in the east (#4, Fig. 11C; North of 

Mahogany Butte, Fig. 12) formed in stranded coastal salinas and shallow lagoons that were isolated due 

to sea-level fall combined with antecedent topography (Inden and Coalson, 1996). At the same time, 

restriction in coastal areas led to brine formation, which explains the abundant silicified and unaltered 

laminated, chickenwire, and nodular anhydrite just seaward of the initial Ervay coastline (i.e., Tosi Facies 

4; Fig. 10B; #3, Fig. 11C).  Coeval evaporites decrease offshore (Figs. 10A, 11C, 13). 

Hypersaline brines (>120‰, above gypsum saturation) likely seeped downward from coastal salinas, 

refluxing through the Tosi (cf. Adams and Rhodes, 1960; Warren, 2000; Machel, 2004) and flowed as 

bottom water down the ramp, percolating into the Tosi spiculites (Fig. 13). Further from the coast, 

progressive mixing of downwelling brines would have led to mostly mesosaline (35‰ to 120‰, below 

gypsum saturation) conditions with intermittent periods of hypersalinity. 

Refluxing coastal brines and percolating downwelling hypersaline brines are thought to have led to 

the precipitation of the nodular anhydrite found within the otherwise normal-marine subtidal Tosi facies 

(e.g., Figs 6A, 6D, 10 13; Ulmer-Scholle and Scholle, 1994). Seaward decreasing brine salinity explains 

the decreasing prevalence of evaporite nodules westward (Figs. 10, 11C). Downwelling brines refluxing 
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into unlithified sediment has also been attributed in the formation of now-silicified relict evaporite 

nodules in normal marine deposits in Mississippian Sanders Group carbonates in Indiana (Maliva, 1987) 

as well as Cretaceous carbonates of northern Spain (Gómez-Alday et al., 2002). While some nodular 

anhydrite within the Tosi likely formed prior to the Tosi-Ervay transition (Ulmer-Scholle and Scholle, 

1994), the prevalence of evaporitic facies at the Tosi-Ervay contact suggests that this time period was one 

of especially strong lagoonal circulation.  

Hyper- and mesosaline brines with elevated Mg/Ca ratios due to evaporite precipitation are also 

postulated here to explain the widespread dolomitic host rock in the Tosi (cf. Simms, 1984; Kaufman, 

1994; Qing et al., 2001; Machel, 2004). This is because the presence of downwelling brine, coupled with 

the Tosi’s thinness (< 40 m based on estimates from compactional draping) and inferred primary porosity 

(despite the presence of some lime mud) are such that it is possible that brine reflux could have displaced 

connate fluids throughout the unit, although whether conditions lasted over a sufficient timer period is 

less clear (cf. Kaufman, 1994; Shields and Brady, 1995; Warren, 2000; Melim and Scholle, 2002). 

Despite decreasing brine salinity limiting the evaporite nodules offshore, mesosaline brines would still 

have been capable of dolomitization (e.g., Melim and Scholle, 2002; Rameil, 2008). Brine reflux would 

have precipitated calcian dolomite that ripened during progressive burial, evident in its dull luminescence.  

Despite the evidence for transition from transgression to regression, no highstand Tosi deposits were 

identified (Fig. 12). This is interpreted as the result of very low biosiliceous sedimentation rates and 

negligible siliciclastic input (cf. Gates et al., 2004; Beauchamp and Grasby, 2012). Highstand systems 

tracts form when the rate of creation of accommodation drops below the rate of sedimentation, a scenario 

that would have only occurred for a very short period of time due to slow Tosi sedimentation. As such, 

the highstand systems tract is likely thin and difficult to differentiate from transgressive deposits, causing 

the near-amalgamation of the maximum flooding zone and subsequent sequence boundary (Fig. 12). 

5.5. Comparison to other glass ramps and shallow-water chert 
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The Tosi Chert epeiric glass ramp is broadly similar to the other well-documented areas of Permian 

glass ramp deposition along NW Pangea (Fig. 1A); i.e., the Sverdrup Basin (e.g., Beauchamp and 

Desrochers, 1997; Beauchamp and Baud, 2002; Gates et al., 2004), Svalbard (Ehrenberg et al., 2001; 

Blomeier et al., 2013) and other portions of the Phosphoria Sea (Ritterbush, 2019). It records widespread 

colonization of siliceous sponges across shallow-marine to coastal depositional environments in a basin 

that was at other times colonized nearly exclusively by a calcareous benthos (Peterson, 1984; Inden and 

Coalson, 1996; Matheson and Frank, In Review). Remarkably, these basins of increased neritic 

biosiliceous deposition stretched across over 2000 km and ca. 30° of latitude. Important differences in the 

Tosi shed light on some of variance that glass ramps possessed across this belt, but are only starting to be 

recognized as the small dataset of examples grow (Ritterbush, 2019). 

The scale of the Tosi is striking in that it accumulated across at least 300 km, potentially up to 500 

km, of depositional strike in the epicontinental Phosphoria Sea. This is an area of 75,000-100,000 km
2 

across only the well-constrained portions of its extent (Fig. 11D). This estimate does not account for areas 

where the Tosi might have been present but was subsequently eroded (Figs. 2A, 11D) and other areas 

where it or coeval biosiliceous deposits are poorly constrained (i.e., the “Cherty Shale Member” in Idaho 

or the Park City Gp. to the southwest; McKelvey et al., 1959; Peterson, 1984; Ritterbush, 2019). If one 

incorporates these areas, it is not difficult to envision over 200,000 km
2 
of biosiliceous deposition within 

the Phosphoria Sea. The vastness of this extent is undoubtedly important in understanding the dynamics 

of Permian glass-ramp deposition in the Permian silica cycle (Ritterbush, 2019; Matheson and Frank, In 

Review). Inherent in this scale difference are a range of depositional environments that differ from other 

glass ramps, as encapsulated in use of the term epeiric glass ramp. 

Unlike many other glass ramp deposits, there is no record of inner-ramp high-energy sandstones or 

carbonates in the Tosi (cf. Gates et al., 2004; Blomeier et al., 2013). The Tosi had a much lower-energy 

“inner ramp” and forms one of a limited number of glass ramps formed to date that are bounded by tidal 

flats as opposed to a wave-dominated shoreface (e.g., Franseen, 2006). This is likely the product of its 
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epicontinental location and offshore wave impingement combined with the low-relief desert that 

surrounded the sea as opposed to a system more capable of generating significant siliciclastic input.  

Additionally, the Tosi epeiric glass ramp has a number of unique traits that resulted from its 

formation at a subtropical latitude near the southern terminus of the Permian chert belt (Fig. 1A). The 

Tosi was surrounded by a vast semi-arid to arid and hot desert of widespread windblown silt and saline 

lakes. The influence of the continental climate is well-established in its role in leading to pisolitic and 

microbial peritidal carbonates in the overlying Ervay Member (Inden and Coalson, 1996). Similarly, Tosi 

evaporite nodules and dolomite in tidal flats and where generated by downwelling brines indicate that 

intense evaporation and inverse estuarine circulation were a large part of Tosi deposition/alteration at 

times and therefore strongly influenced the resultant nature of the glass ramp. 

A third major difference between the Tosi and other glass ramps documented to date is the size of 

spicules and their size distribution across the ramp (Fig. 13). The mid-latitude glass ramps from the 

Permian chert belt contain a variety of spicule sizes. Mid-ramp deposits, those with darker chert, 

generally have finer spicules < 150 µm in diameter. Inner-ramp, higher-energy, lighter cherts are 

generally coarser with spicule diameters up to 300-500 µm or greater (Beauchamp and Desrochers, 1997; 

Ehrenberg et al., 2001; Gates et al., 2004). Similar trends of coarser inner-ramp spiculite and finer 

spiculite offshore are also present in Jurassic (Ritterbush, 2019), Mississippian (Mazzullo et al., 2009), 

and Eocene (Gammon and James, 2001) glass ramps, although the size ranges vary. The spicules in the 

Tosi are comparatively small, generally ranging from 10-100 µm. Although differing species dictating 

spicule size differences cannot be ruled out, the generally small spicules are here attributed in part to the 

warmer and saline water that existed within the sea and likely acted as a major stressor for the sponge 

communities, a further consequence of the Tosi’s subtropical location. Additionally, a weak size trend 

exists in the Tosi in that the coarsest spicules are found offshore (Facies 1-2; e.g., Fig. 6E; cf. Fig. 9F). 

The coarsest spicules thus accumulated in the environment interpreted as being most affected by waves 

(Fig. 13). Thus, while the trends in spicule size compared to proximity to the coast are opposite other 
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glass ramps, they are consistent with spicule size correlating with depositional energy levels (Fig. 13).  

The final important aspect of the Tosi is the lack of significant coeval calcareous benthic communities 

across the ramp. Most glass ramp studies to date have documented some degree of coeval calcareous (as 

well as siliciclastic) accumulation, whether it’s as inner-ramp banks, outer ramp patch reefs, transition to 

extensive carbonate deposition offshore, or patchy biocalifying communities (Ritterbush, 2019). While 

the Tosi does contain thin molluscan-oolitic facies, these are rare. Moreover, definitive identification of 

coeval terrestrial deposits is obscured by post-depositional erosion or non-exposure on most glass ramps, 

whereas the presence of biosiliceous deposits that transition laterally to terrestrial red beds is clearly 

visible in the Tosi (Fig. 12). The Tosi in the Bighorn Basin thus sits among the most ubiquitously 

biosiliceous and definitively neritic of the glass ramps documented to date. 

No other glass ramp described to date shares all of the aforementioned properties of the Tosi. 

However, the Tosi does share important similarities with shallow-water biosiliceous deposits documented 

by Franseen (2006) in the Osagean (Mississippian) Keokuk Limestone of Kansas. Like the Tosi, the 

Keokuk biosiliceous facies formed on a broad low-latitude (20° S) epeiric platform (referred to as a 

“shelf” or ramp) and accumulated several hundred kilometers from the “shelf edge” (Lane and De Keyser, 

1980; Franseen, 2006; Koch et al., 2014). The biosiliceous Keokuk facies contain widespread evidence 

for restriction, evaporite nodule formation (and later silicification), and early dolomitization, traits clearly 

related to the continental climate in much the same way as in the Tosi. However, unlike the Tosi, these 

deposits represent a much more mixed biosiliceous-calcareous system with patchy echinoderm pack-

grainstones interpreted as inner-ramp shoals, and an offshore transition into widespread neritic carbonate 

deposits, including part of the well-known “Mississippian Limestone” (Maples, 1984; Koch et al., 2014). 

Thicker glass-ramp deposits documented elsewhere in this Mississippian succession do not share the 

same attributes (Mazzullo et al., 2009). As such, the Keokuk deposits are a smaller and less ubiquitously 

biosiliceous equivalent to the Tosi. Despite their differences, the similarities support the conclusion that 

low-latitude glass ramps formed in a context of warmer continental climates are likely to differ in 
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appreciable ways from their higher-latitude counterparts. As first emphasized by Gammon et al. (2000), 

clearly temperature and water depth are not the sole controls on the formation of glass ramps, the 

implications of which are discussed in Matheson and Frank (In Review).  

5.6. Diagenetic alteration  

While not the focus of this study, a number of observations indicate broad paragenetic relationships in 

the Tosi. Understanding the paragenesis of biosiliceous deposits, particularly given the possibility of 

silica diagenesis obscuring primary deposition textures is important aspect of glass-ramp description (e.g., 

Mazzullo et al., 2009; Matysik et al., 2018). The first step in the Tosi paragenesis was the precipitation of 

the gypsum nodules and reflux dolomite shortly after deposition (Fig. 13; cf. Maliva, 1987). Ulmer-

Scholle and Scholle (1994) conducted a comprehensive evaluation of the paragenetic history of the multi-

stage process of silicification, calcitization, and dissolution of evaporite nodules within the Tosi. They 

interpret the bulk of silicification occurring during the upper 500 m of burial, which is supported by 

compactional draping and well-preserved cauliflower shapes observed in this study (cf. Milliken, 1979). 

In the non-evaporitic chert nodules that make up the bulk of the Tosi succession, the close packing 

and random orientations of spicules suggests accumulation as disarticulated remains. There is no evidence 

for preferential silicification of sponge skeletons (i.e., spongiolites; cf. Moynihan and Tapanila, 2017). 

The presence of laminations, detrital quartz silt, patches of matrix, and diffuse boundaries within nodules 

all suggest that the black, grey, and purple chert nodules were formed by the progressive replacement of 

spiculitic sediment (Fig. 14A). Like elsewhere in the PRC, the source of the silica in chert was most 

certainly siliceous sponge spicules (Cressman and Swanson, 1964; Ritterbush, 2019); no radiolarian 

skeletons were found in this study (cf. Cook, 1968; Murchey, 2004). Curved and irregular nodule 

margins, irregular spacing, and diffuse boundaries all indicate that the chert nodules grew within the 

sediment and not at the sediment-water interface. Equidimensional silicified burrows and shells with 

substantial original interparticle porosity (Facies 2 and 5) indicate no compactional deformation prior to 

silicification (Figs. 6-8). That solution seams are abundant in host rock around nodules but not found 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

  Page 28 

within sampled nodules support the interpretation of Ulmer-Scholle and Scholle (1994) that silicification 

began as early as within a few meters of the sea floor and continued down to at least 1 km, with the bulk 

of silicification occurring prior to significant burial and hydrocarbon migration in the Mesozoic. Had 

solution seams existed prior to nodule growth, it is expected that remnant seams of insoluble debris would 

be visible within chert nodules. The growth of nodules was undoubtedly supported by the progressive 

dissolution of spicules in the host rock as evidence in part by compactional draping and poorer 

preservation of spicules in the host rocks (Figs. 5B-C, 14A).  

5.7. Novel traits of the Tosi Chert in the exploration for glass ramps 

The detailed correlation of the Tosi epeiric glass ramp provides a number of novel characteristics that 

might aid in exploration for and facies discrimination on other ancient glass ramps (Fig. 14). 

5.7.1. Chert nodule shape 

The shapes of chert nodules in the Tosi are intimately related to depositional facies (Fig. 14B; Table 

1). In sediment that was laminated and fairly homogenous (i.e., unbioturbated) such as Facies 1 or 8, 

silica remobilized from sponge spicules formed regularly spaced spheroidal nodules that are interpreted as 

reflecting concretionary nodule growth through cementation and replacement that was diffusion driven, 

explaining the symmetrical shape and even spacing (i.e., non-preferential; e.g., Figs. 5A, 9A-C, 10A).  

Comparatively, bioturbated sediment contained discrete and chaotic variations in porosity and 

permeability. Such heterogeneity allowed preferential fluid flow and silicification in single burrow fills 

(e.g., Figs. 6B, 7F-G, 10B) or patchy silicification in sediments where pervasive bioturbation overprinted 

individual traces (e.g., Figs. 7H, 10C) (cf. Gingras et al., 2004; Pemberton and Gingras, 2005).  

5.7.2. Chert colouration 

A unique and intriguing property of the Tosi is the black, grey, and purple chert colouration. Nodule 

colour is strongly correlated to proximity to the palaeoshoreline as well as whether the Tosi is over- or 

underlain by red beds of the Goose Egg Fm. (Figs. 11A, 12, 14B; Table 1). Here, the colour variation is 
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interpreted as a byproduct of the redox potential of pore water during chert nodule growth (Table 2). 

The colouration in red beds is thought to form diagenetically when iron-rich detrital grains undergo 

hydrolysis releasing Fe
2+

 into oxidizing and alkaline groundwater that precipitates iron (oxyhydr)oxides 

as interstitial crystals or as grain coatings (Walker, 1976; Turner, 1980; Bankole et al., 2016; cf. Folk, 

1976). Likewise, we suggest that the purple colouration in Facies 4-9 is caused by iron-(oxyhydr)oxide 

inclusions that formed during chert nodule growth, which caused the “purpling” of host rocks over 

millions of years (cf. Walker, 1976; Walker et al., 1978). This proposal of diagenetic “purpling” mimics 

that of Myrow (1990). Detrital iron in the Tosi was present as micas and clays blown into the sea from the 

surrounding desert. The retrogradational stacking caused the iron-rich proximal Tosi facies to be enclosed 

in red beds (Fig. 12). As indicated by their colour, interstitial water in the red beds remained or returned 

to being oxidized through their burial history, likely due to a lack of organic matter related to the arid and 

inhospitable climate associated with their formation (Walker, 1976; Turner, 1980; Myrow, 1990). The 

oxidizing groundwater in the red beds would have been sufficiently voluminous to keep Tosi interstitial 

water oxidizing in its eastern extent, especially given the lack of organic matter preservation in well-

oxygenated shallow Tosi facies. The potential cause of purple versus red colouration might have related 

to a variance in hematite grain size or clustering (McBride, 1974; Morris et al., 1985; Torrent and 

Schwertmann, 1987). Clearly then, the purple chert colour is at least part a consequence of the Tosi’s low-

latitude formation adjacent to an arid desert where red beds formed. 

Conversely, Tosi facies with black and grey chert and drab host rock are not over- or underlain by red 

beds (Figs. 11A, 12). As such, they likely had reducing pore water due to bacterially mediated organic 

matter decay, which led to the precipitation of pyrite, the dark chert colouration, and the drab host-rock 

appearance (Myrow, 1990). The exact cause of the black versus grey colouration is postulated to relate to 

increased organic matter preservation and decreased Eh in offshore environments. This interpretation is 

similar to that proposed for dark chert offshore with lighter chert onshore in Permian biosiliceous deposits 

in the Canadian Arctic and Barents Sea (Beauchamp and Desrochers, 1997; Ehrenberg et al., 2001; Gates 
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et al., 2004; Beauchamp et al., 2009; Blomeier et al., 2013).  

5.7.3. Preservation of depositional textures 

Beds containing purple chert nodules (Facies 4-9) are rarely exposed in outcrop because of recessive 

host rocks and weakly indurated enclosing beds (i.e., red beds). As a result, the purple-chert-bearing 

facies had not been documented prior to this study, with the exception of McCue (1953). Fortunately, the 

replacive nature of the chert nodules and their formation relatively early during the Tosi’s burial history 

(Fig. 14A) means that primary depositional fabrics are preserved within many of the chert nodules (Figs. 

5B, 6A-C, 7F-G, 8B-D, 9A, 9C). Despite the poor exposure, purple chert nodules are resistant to 

weathering once in regolith. As such, detailed study of slabbed nodules from float was invaluable in 

gaining insight into depositional fabrics on the Tosi glass ramp that would have been otherwise difficult 

to discern. Study of other glass ramps might thus benefit from chert nodules containing remnant 

depositional fabrics that could provide valuable insight into the details of their depositional textures. 

6. Conclusions 

1) Detailed investigation of the Tosi Member of Phosphoria Rock Complex in the Bighorn Basin 

indicates that it records a glass ramp that stretched from peritidal to offshore depositional 

environments dominated by siliceous sponges to the almost complete exclusion of any calcareous 

benthos. Fine-grained supratidal and intertidal spiculitic dolomite grades seaward into subtidal sponge 

meadows that accumulated in generally well-oxygenated water. Shallow subtidal sponge meadows 

interfingered with rare areas of molluscan and peloidal/oolitic carbonates. Low to moderate-energy 

deposits with variably lower oxygenation existed further offshore.  

2) Unlike other Phanerozoic glass ramps described in the literature, Tosi depositional environments do 

not fit into the conventional carbonate ramp subdivision based on wave impingement and a higher-

energy inner ramp. Instead, the Tosi is most appropriately referred to as an epeiric glass ramp as it 

accumulated in an epicontinental sea with very low gradient and offshore wave winnowing backed by 

a low energy nearshore “inner ramp” beyond the influence of significant wave action. This led to 
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distinct differences from glass ramps that formed on open platforms. 

3) The Tosi’s low latitude location caused further differentiation from higher-latitude counterparts. A 

hot and arid continental climate was responsible for evaporite formation and warm water in peritidal 

environments. Cessation of glass ramp deposition also coincided with relative-sea-level fall that 

strengthened lagoonal circulation. Downwelling brines during the early stages of regression led to 

reflux dolomitization and the precipitation of evaporites nodules across the upper Tosi, overprinting 

depositional fabrics and giving it a uniquely low-latitude style of glass ramp sedimentation.  

4) The Tosi also contains a number of unique preservational traits that provide insight into depositional 

textures and diagenetic conditions that have since been obscured. Most importantly, early burial chert 

nodule growth preserved depositional textures within some chert nodules; equivalent textures have 

largely since been obscured by diagenetic alteration and poor exposure in the surrounding host rock. 

When slabbed, this chert float thus provides insight into depositional fabrics otherwise unobtainable, 

highlighting  the importance of detailed sampling, slabbing, and petrographic investigation of chert 

nodules as a useful tool in the documentation of glass ramps throughout the Phanerozoic rock record. 

5) Three colours of chert nodules are present in the Tosi and relate to depositional settings across the 

epeiric glass ramp. Black nodules in offshore deposits record chert growth within organic-matter-rich 

sediments with reducing pore waters. Purple nodules in coastal deposits record chert nodule growth in 

oxidizing pore waters that led to precipitation of iron (oxyhydr)oxides that give the chert its 

colouration. Pore waters were source from oxidizing groundwater in the red beds that encased the 

landward Tosi facies. Grey chert nodules are transitional, recording deposition similar to purple-

chert-bearing facies, but diagenetic alteration more similar to the black chert. 
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Appendices  

Appendix A – Comprehensive table of all sites, cores, and wireline logs utilized for this study (Fig. 3). 

Data includes site locations, USGS core numbers and IDs, Tosi thickness and facies association present, 

over- and underlying stratigraphy, and elevation data for cores. 

Appendix B – XRD data from both outcrop and core. 

Appendix C – Supplemental figure with images of potential sponge body fossils.
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Figure Captions 

Fig. 1 –A) Middle-Late Permian global palaeogeographic setting based on the 260 Ma time slice of 

Blakey (2017). This approximates the general setting through deposition and not the specific arrangement 

of terranes in the backarc basin at any specific time. The red box indicates the rough extent of panels B 

and C. Pink shading is the crude extent of the western Laurentian desert. Orange shading is the extent of 

the Permian spiculite belt, modified after Murchey and Jones (1992) and Ritterbush (2019). CPM = 

Central Pangean Mountains, SMH = Slide Mountain-Havallah Basin. B) Palaeogeographic map showing 

the approximate outline of the Phosphoria Sea at its maximum extent (the Ervay Cycle). Water shading 

shows idealized depth trends in the sea, ignoring bathymetric and topographic highs (cf. Peterson, 1984; 

Wardlaw and Collinson, 1986). Base image modified from 270 Ma time slice of Blakey (2013) based on 

data from this study as well as Sheldon (1963), Ahlstrand and Peterson (1978), Peterson (1984), Whalen 

(1996), and Hendrix and Byers (2000). C) The depocenters for each of the formations in the Phosphoria 

Rock Complex as well as the Park City Group, modified after Sheldon (1963) and Whalen (1996). 

Evaporitic basins in Wyoming and surrounding states (e.g., “Goose Egg Basin”; cf. Wardlaw, 2015) are 

not shown due to poor constraints on their relation to the Phosphoria Sea to the west. 

Fig. 2 – A) East-west (depositional strike) lithostratigraphy of the Phosphoria Rock Complex (PRC) 

across the center of the Phosphoria Sea; see Figure 1B for location. Modified after Maughan (1984) based 

on data from Peterson (1984). The three main depositional sequences (cycles) are shown, separated by red 

sequence boundaries. Sequence stratigraphic frameworks are simplified to show only the highest-order 

trends within the PRC. Numerous lower-order sequences and parasquences within the succession are not 

shown. Sequence stratigraphy of the Franson Cycle is from Hiatt (1997) and for the Ervay Cycle is from 

this study (see Figure 12 and the text for a more detailed sequence stratigraphic interpretation). B) A 

simplified lithostratigraphic framework for the Phosphoria Rock Complex of the Bighorn Basin and 

western Powder River Basin. Based on research conducted by the authors combined with frameworks 

from Peterson (1984), Paull and Paull (1990), Simmons and Scholle (1990), and Inden and Coalson 
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(1996). The Phosphoria Rock Complex includes all coloured lithostratigraphic members. This cross 

section does not accurately represent north-south variability, particularly tongues of the Shedhorn 

Sandstone in the northwestern Bighorn Basin (cf. Inden and Coalson, 1996). Duration of PRC deposition 

through the Permian is not to scale nor implied by this figure, as there remains differing age models for 

sedimentation (cf. Wardlaw, 2015; Pommer, 2017; Davydov et al., 2018; Matheson and Frank, In 

Review). Abbreviations: Gran = Grandeur, HST/H = highstand systems tract, LST/L = lowstand systems 

tract, TST/T = transgressive systems tract. 

Fig. 3 – The Bighorn Basin with outcrops of Pennsylvanian through Triassic strata (modified after Love 

and Christiansen, 2014; Lopez, 2000, 2001; Vuke et al., 2000) as well as data used in this study. The inset 

map shows the location of the study area (red box) and the broad outlines of the marine and marginal 

marine facies of the Phosphoria Rock Complex (blue) and equivalent terrestrial facies (red) (modified 

from Walker, 1967; Peterson, 1984; Thornburg, 1990; Ulmer-Scholle and Scholle, 1994; Whalen, 1996). 

Full site names corresponding to locality abbreviations are included in Appendix A. 

Fig. 4 – The Tosi Member at A) Anchor Dam (AD), B) Owl Creek (OC), C) Sheep Mountain C (SMC), 

and D) Spence Dome (SD). The underlying and overlying strata and their bulk lithologies are labelled 

where possible. The Retort Member location at Anchor Dam (Panel A) is from Hiatt (1997). 

Abbreviations: EMC = Ervay Mbr carbonates; EMPC = Ervay Mbr peritidal carbonates; E/T C&C = 

interbedded Ervay/Tosi carbonate and chert; FMMC = Franson Mbr marine carbonates; RMP = Retort 

Mbr phosphorites; TMC = Tosi Mbr chert. 

Fig. 5 – Examples of Facies 1. A-C are from Wind River Canyon (WR). A) Horizontally elongate (oblate 

spheroid) black chert nodules in a dolomudstone host rock with minor gypsum veins. Scale bar is in 

centimeters. B) Oblate spheroid to slightly irregular chert nodules with very thin diffuse (grey) 

boundaries, laminations in fissile dolomitic host rock that buoy around nodules, and greater spaced faint 

laminations preserved within chert nodules (red arrows). C) Oblate spheroid black chert nodule with a 

relatively thick diffuse boundary (red arrow) and iron-(oxy)hydroxide staining after pyrite both within 
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chert nodule and host rock (yellow arrows). D) Chert nodules from a depth of ~1850 m (6071-6073 ft) in 

the T41X-21G RP Gooseberry core (T41XG). E) Panel D with brightness and contrast enhanced to 

highlight the chert nodules (darker) versus the dolomitic host rock (lighter). F) Photomicrograph of a flat-

laminated spiculitic dolomitic chert from a depth of ca. 1867 m (6124 ft) in the 28-1 Hunt Rawhide core 

(281HR). Brown is the dolomicrite and white colouration is chert cementation (silicification). 

Fig. 6 - Examples of Facies 2. A) Irregularly shaped spheroidal to bulbous shaped nodules in a spiculitic 

dolomudstone at Anchor Dam (AD). Calcite-quartz geodes stained with hydrocarbons are present both 

within chert nodules (red arrow) and the host rock (yellow arrow) (cf. Ulmer-Scholle and Scholle, 1994). 

B) Bedding plane exposure of horizontal networks of tubular chert nodules formed due to preferential 

silicification of Thalassinoides burrows on a fallen block at Shoshone River (SR). Scale bar subdivisions 

are 2 cm. C) A vertical chert cylinder (red arrow) with horizontal and obliquely oriented branches (yellow 

arrows) at Anchor Dam. Scale bar subdivisions are 1 cm. D) Irregularly shaped black chert nodules 

(bluish black) and anhydrite nodules (white) with partially silicified and pyritized rims (red arrows) from 

a depth of ~1913 m (6276 ft) in the Nelson 14 core (N14). E) Photomicrograph of a spicule grainstone 

within a black chert nodule from Anchor Dam. Spicule walls are replaced by length-fast chalcedony and 

the axial canals cemented with radiating bundles of pore-filling length-fast chalcedony cement nucleated 

off the external wall of the axial canal. Chert matrix between spicules (brown colour) is overprinted by 

very finely crystalline planar-s to planar-e dolomite. F) Spiculitic chert nodule (white) with a diffuse 

boundary of partial silicification (between red and yellow arrows) expanding out into a spiculitic 

dolowackstone host rock at Sheep Mountain C (SMC). G) Laminated spiculitic dolowackestone with 

distinct bioturbation as indicated by the abrupt changes in the spicule orientations. From a depth of ca. 

3742 m (12278 ft) in the 1 Crooked Draw core (1CD). 

Fig. 7 – Photomicrographs of Facies 3 in the Federal 5-22 (F522) core (A & B) and examples of Facies 4 

(C-H). A) Very fine sandstone with patchy chert cement with spicule molds (clear) and very finely 

crystalline dolomite host rock at ca. 1053.5 m (3456.5 ft) depth. B) An interval of very fine to fine 
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sandstone with less silicification and minor phosphatic intraclasts and pelmatozoan casts (brown) with 

evidence of bioturbation at a depth of ca. 1055 m (3460.75 ft). C & D) Purple chert nodules in the 2-16 

ANR core (ANR) in a bioturbated and weakly laminated dolostone host rock that is variably pink or grey 

coloured. From depths of ca. 1257 m (4124 ft) and ca. 1255 m (4117 ft) respectively. E) Photomicrograph 

of a spiculitic purple chert nodule from the white box in Panel D. Chert nodule (white, top right), diffuse 

boundary, and partially chertified spicule dolomudstone to dolowackestone host rock (bottom left) are 

visible. Spicules are most visible in the diffuse boundary. F) Centimeter-scale cylindrical (tubular) light 

grey chert nodule from the upper Tosi at Spence Dome (SD). Arrows highlight opposite (exposed) ends 

of the nodule. Other tubes and irregular patchy silicification surround it. G) Tubular silicified vertical 

burrow from a depth of ca. 2877 m (9440 ft) in the 93 Cottonwood Creek core (93CC). H) Tubular and 

irregular patchy silicification at Spence Dome (SD). Scale bar subdivisions for F & H are 1 cm. 

Fig. 8 – A) Varicoloured purple and greenish grey shale host rock of Facies 8 (F8) overlain by a thin (<10 

cm) bed of sucrosic dolomite of Facies 5 (F5) at Mayoworth (MA). Both facies contain purple chert 

nodules (red arrows). Mallet height is ca. 25 cm. B) A slab of a purple chert nodule from Alkali Creek 

(AC) with molds of molluscan skeletal debris (lighter colours). C) Oolitic-molluscan grainstone to 

packstone replaced by chert, microcrystalline quartz, and both mosaic and strongly undulose megaquartz 

with relict fabrics preserved as inclusions and patchy chertified dolomicrite host rock (brown). D) Close-

up of calcitic ostracodes (red arrows) and bivalve molds (yellow arrow) replaced and cemented by 

varying sizes of equigranular quartz. Panels C & D are from the Facies 5 bed at the top of Panel A. PPL = 

plane polarized light, XPL = cross-polarized light. 

Fig. 9 – Facies 7 (A-B, D-F), Facies 8 (C), and Facies 9 (G-H). A) Slabbed purple chert nodule from Red 

Gulch (RG) showing silicified evaporites (red) surrounded by laminations that show clear evidence for 

deformation due to in situ displacive evaporite nodule growth. B) Abundant silicified evaporite nodules 

(white and red) within a purple chert nodule from Alkali Creek (AC). C) Flat laminations within a reddish 

purple chert nodule from Red Gulch (RG). D) Photomicrograph of a replaced anhydrite nodule from 
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Alkali Creek (sample similar to panel B) with length-slow spherulitic chalcedony increasing in size 

towards center intermixed with mosaic megaquartz, both containing anhydrite inclusions. The center of 

the nodule contains remnant bladed anhydrite crystals (red arrow). The surrounding chert contains faint 

ghosts after unknown round grains (peloids/ooids?) and very cryptic spicules. E) Plane polarized light 

(PPL), cross polarized light (XPL), and gypsum plate (GP, inserted from SE) photomicrographs of length-

slow spherulitic chalcedony replacing an evaporite nodule at Alkali Creek. F) Silicified evaporite nodules 

(yellow arrows) replaced by length-slow spherulitic chalcedony and strongly undulose megaquartz and 

microflamboyant chalcedony at the center, both containing abundant anhydrite inclusions. Surrounding 

the silicified evaporite nodules is very finely crystalline dolomite with very well preserved patches of 

spiculitic packstone (red arrows); spicules are preserved as more coarsely crystalline quartz. Sample from 

Red Gulch. Panels D-F are all within purple chert nodules and do not show any host rock. G&H) A grey 

chert nodule of Facies 9 from Shell Creek (SC) containing a texture of interconnected rectangular prisms 

that produce rectilinear pores in between. 

Fig. 10 – Cored examples of the Tosi Mbr with over- and underlying stratigraphy. Examples show the 

three different colours of chert and record a crudely basinward (west, left) to landward (east, right) 

transect. Over- and underlying strata are shown with interpreted facies and stratigraphy (cf. Figs. 2, 4, 12). 

Numbers written on cores are depths in feet. Evaporite nodules of varying degrees of alteration are shown 

by yellow arrows in the Tosi and red arrows where at the base of the Ervay Mbr. The green arrows in (B) 

bound chickenwire-density silicified anhydrite nodules (bluish white colouration) in Facies 4. 

Fig. 11 – A) Chert colour across the study area, which correlates with proximity to the palaeocoast (cf. 

Tables 1, 2). At Sheep and Little Sheep mountains (SM & LSM, Fig. 3), local thickness variations are 

present in the Tosi due to palaeo-islands in the area (Simmons and Scholle, 1990). As such, the multiple 

sites at each are grouped into an individual data point to indicate the general character of the Tosi. B) 

Isochore map of the Tosi. If the Tosi is present and its thickness is measurable at an outcrop/core, the 

colours used are the same as on Fig. 3; otherwise colouration is shown in the legend. The extent of 
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Shedhorn tongues is based on logged sections and the identification of sandstone tongues with phosphatic 

skeletal casts on wireline logs, which are readily distinguished from the Tosi elsewhere in the basin. 

Wireline thicknesses derived from wells with inclined strata were avoided where possible, but minor 

thickness variations may be the result of apparent thicknesses measurements. C) Panel A separated 

(dashed black lines) based on the amount of evaporite nodules (silicified, calcitized, unaltered, or 

dissolved) within the upper Tosi and basal Ervay; see text for discussion. Faded sites do not have 

sufficient data to be included in this interpretation. D) Isochore of the Tosi across the eastern Phosphoria 

Sea; see Figure 1B for the extent of the map. Data inside the Bighorn Basin (blue line) as in panel B. Data 

from outside the Bighorn Basin was compiled and interpreted from Blackwelder (1918), King (1947), 

Sheldon (1956), McKelvey et al. (1959), Finks et al. (1961), Sheldon (1963), Ahlstrand and Peterson 

(1978), Rath (1981), Peterson (1984), Thornburg (1990), and Hiatt (1997). Due to the wealth of studies 

utilized, the variable opinions on defining the top of the Tosi, and the variable nature of the published data 

(i.e., figured and simplified stratigraphic logs only versus detailed written logs) the data quality and 

reliability is inconsistent. The outline of the extent of interbedding of Shedhorn sandstone with the Tosi is 

only a crude estimation as not all of the aforementioned studies include detailed Tosi description. The 

Tosi is not present west of the thick black line, either due to pre-Triassic erosion or lateral transition into 

the poorly differentiated chert-rich upper portion of the PRC in Idaho (cf. Fig. 2A; McKelvey et al., 1959; 

Peterson, 1984). 

Fig. 12 – West to east (top) and south to north (bottom) stratigraphic cross sections of the Phosphoria 

Rock Complex across the Bighorn Basin. Only the Ervay cycle is shown in the south to north panel. The 

datum is the base of the Tosi Mbr. For cross section locations see Figure 3. *Red Canyon Creek was not 

accessible during this study; Cole (1970) describes the Tosi Mbr as “Chert; blue-grey, nodular, 

dolomitic”. This unverified description is not consistent with the trends found in this study. This 

uncertainty is recorded on Figure 11A, but for the purposes of this cross section, it is left black as to be 

representative of the true west-east variation elsewhere in the basin. See text for discussion of the 
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amalgamation of the maximum flooding zone and the sequence boundary. FSST = falling-stage systems 

tract; GR = gamma ray; LST = lowstand systems tract; MFZ = maximum flooding zone; SB = sequence 

boundary; TST = transgressive systems tract.  

Fig. 13 – Depositional model of the Tosi epeiric glass ramp (Time 1) and the end-Tosi minor sea-level 

fall (Time 2) that led to seepage reflux of hypersaline brine into the Tosi in the shallow subsurface. All 

models are vertically exaggerated. SB, sequence boundary; TST, transgressive systems tract. 

Fig. 14 – A) A simplified representation of the formation of chert nodules from silica remobilized from 

sponge spicules and subsequent replacive silicification of host rock. B) Summary figure showing the 

range of replacive chert nodule shapes and colours as they relate to interpreted depositional setting along 

the glass ramp. 
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Table 1: Depositional facies descriptions and interpretations 

 Host-rock 

Description 

Chert Colour 

and 

Description* 

Calcareous 

Skeletal 

Grains? 

Altered 

Evaporite 

Nodules 

Found?*

* 

Commonl

y 

Associated 

With 

Inferred 

Depositional 

Textures 

Interpretatio

n 

F1 – 

Laminated 

spiculitic 

dolopackstone 

to 

dolowackeston

e (Fig. 5) 

Dolomicrite, 
lime 

micrite, and 
finely 

crystalline 
dolomite 
with flat 

laminations 
(accentuated 

by solution 
seams) and 

pyrite or 
iron oxides 
after pyrite 

Black chert in 
spheroidal, 

evenly 
spaced, 

spiculitic 
nodules 

Absent Minor F2 & F3 Predominantl
y laminated 

spiculite 
packstone 
with lime 
micrite 

matrix; lesser 
spiculitic 
grainstone 

Offshore, low-
energy, 
dysoxic, 
sponge 

meadow 

F2 – 

Bioturbated 

spiculitic 

dolopackstone 

to 

dolograinstone 

(Fig. 6) 

Structureles
s (massive) 

dolomicrite, 
lime 

micrite, and 
finely 

crystalline 
dolomite 

with 
abundant 

bioturbation 

Black chert in 
irregular to 

bulbous, 
spiculitic 

nodules in 3D 
tubular 

networks 
(burrows)  

 

Very rare 
brachiopods, 

bryozoans, 
and 

pelmatozoan
s 

Minor F1, F3, & 
F4 

Bioturbated to 
poorly 

laminated 
spicule 

grainstone 
and spiculitic 
lime micrite 

Offshore, low-
energy, 

dysoxic to 
normal 

oxygenation, 
sponge 

meadow with 
episodic to 
pervasive 

colonization 

by mobile 
organisms 

F3 – Spiculitic 

quartz arenite 

(Fig. 7A-B) 

Spiculitic 
and 

dolomitic 
fine to 

medium 
quartz 

sandstone 

Grey to black 
chert either as 

patchy 
silicification 
or irregular 

shaped 

nodules 

Reworked 
francolite 
casts after 
bryozoans 

and 
pelmatozoan

s 

Absent to 
minor 

F1 & F2 Spiculitic 
quartz arenite 

Offshore, 
sponge 

meadows with 
episodic sand 

input from 
NW and 

sparse to 
modern 
infaunal 

colonization 

F4 – 

Bioturbated 

spicule 

dolowackeston

e to 

dolomudstone 

(Fig. 7C-H) 

Dolomitic 
siltstones to 

silty 
dolostones 

ranging 
from 

laminated to 
bioturbated 
(BI=1-3) to 
structureless 

(BI=5-6) 
 

Either purple 
or grey 

nodules, 
never both. 

Nodules 
range from 

spheroidal to 
slightly 

bulbous and 
tubular to 

chaotic 
patchworks of 

silicification 

Very rare 
brachiopods, 
bryozoans, 

and 

pelmatozoan
s 

Minor to 
abundant 

F2 Spiculitic 
lime micrite 
with varying 
degrees of 

bioturbation 

Well-
oxygenated 

shallow 
subtidal 

sponge 
meadows 

F5 – 

Molluscan-

peloidal 

grainstone 

(Fig. 8) 

Thin (< 10 
cm) finely 
crystalline 
dolomite 
interbeds 

Purple chert 
in spheroidal 

nodules 
containing 
silicified 

Abundant as 
silicified 
mollusc 

molds and 
non-silicified 

Absent F4 & F8 Molluscan-
oolitic (or 
peloidal) 

grainstones 
and 

Well 
oxygenated 

shallow 
subtidal 
patchy 
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lacking any 
evidence for 

primary 
depositional 

texture 
except in 

chert 
nodules 

molluscs, 
peloids/ooids, 

and minor 
ostracodes 

with patchy 
finely 

crystalline 
dolomite 
matrix 

ostracodes packestones 
(carbonates) 

carbonate 
benthos 

proximal to 
sponge 

meadows 

F6 – Silicified 

bindstone 

Unknown – 
Chert 

nodules 
never found 

in situ 

Grey chert or 
very rare 

purple chert 
in spheroidal 

spiculitic 
nodules with 

pervasive 
wavy to 
crinkly 

microbial 
laminations 

Absent Unknown F4 & F8 Bindstone Subtidal to 
intertidal 

microbial mats 
proximal to 

sponge 
meadows  

F7 – Spicule 

dolopackstone 

to 

dolograinstone 

with silicified 

enterolithic 

evaporite 

nodules (Figs. 

9A-B, D-F) 

Unknown 
(nodules 

never found 
in situ), 
likely 

dolo/lime 
micrite. 

Matrix 
contains 
contorted 

laminations 
due to near-

surface 
enterolithic 
growth of 
evaporite 

nodules 

Purple chert 
in spheroidal 

nodules 
containing 

spicules and 
small (<1 cm) 
bluish-white 

silicified 
cauliflower 

shaped 
evaporite 

nodules with 
red rims  

Absent Unknown F4 Spiculitic 
lime/dolo 

micrite? with 
very early 
diagenetic 
anhydrite 
nodules 

Supratidal (to 
intertidal?) 

F8 – Dolomitic, 

spiculitic shale 

(Figs. 8A, 9C)  

Varicolored, 
mostly 

purple, iron-
oxide-rich 
dolomitic 

quartz shale. 

Sometimes 
contains 

laminated to 
structureless 

(massive) 
gypsum 

interbedded 
in purple 

shale 

Purple chert 
in spheroidal 

to disc-shaped 
spiculitic 
nodules 

(common) 

Absent Absent F5 & F4 Spiculitic 
shale 

Supratidal to 
terrestrial with 

restricted 
coastal salinas 

F9 – Chert 

nodules with 

rectangular-

prism 

protrusions 

(Fig. 9G-H) 

Unknown – 
Chert 

nodules 
never found 

in situ 

Grey chert or 
very rare 

purple chert 
nodules with 
rectangular, 

rhombohedral
, and cubic 

shaped 1-3 
mm voids and 

protrusions 

Absent Unknown 
 

F4-F8 
(minor), 

possibly F2 

Displacive 
anhydrite or 

halite (?) 
precipitated in 
unknown host 

lithology 

Sabkha or 
coastal 
salinas? 
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(casts) along 
their external 

edge 

* Purple refers to any colour within the red to purple gradation shown within Figures 7-10. 

** This columns does not refer to the near-syndepositional nodules found within Facies 7. 
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Table 2: The various colours of chert in the Tosi and their interpreted origin 

Chert 

Colour 

Facies 

Present 

Within 

Location in Bighorn 

Basin (Fig. 11A) 

Origin 

Dark grey 

to black 

F1, F2, F3 West to central Nodule growth within organic-matter-

rich sediments with reducing pore waters 

Light grey F4, F6, F9 Central/intermediate Nodule growth similar to the black chert 
but possibly with higher Eh 

Purple F4, F5, F6, F7, 

F8, F9 

East and into Powder River 

Basin 

Nodule growth in oxidizing pore waters 

from the surrounding red beds led to the 
precipitation of iron (oxyhydr)oxides 

Bluish-

white and 

minor red 

F1-F4 (cm-

scale), F5 (<1 

cm) 

Across entire basin Silicification of antecedent 

anhydrite/gypsum nodules 
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Highlights 
 
1. The Tosi Chert of the Bighorn Basin accumulated on an epeiric glass ramp.  
2. Biosiliceous sedimentation occurred across offshore to peritidal environments. 
3. The Tosi differs from high-latitude equivalents (e.g. Sverdrup Basin, Barents Sea). 
4. Differences are due to its epicontinental location, low latitude, and warm climate. 
5. Novel preservational traits include nodule shape, colour, and internal structures. 
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