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Abstract

:

The Upper Maastrichtian fluvial Hell Creek Formation of the Fort Peck Lake area, Montana (and regional equivalents) is notable for its vertebrate fossils and for the K-Pg mass extinction at or near its upper contact. Despite intense study, internal stratigraphy of the Hell Creek Formation is still poorly constrained, hindering study. This work reviews the stratigraphy of the Hell Creek Formation, as currently understood, and proposes important revisions to the recently proposed type section, particularly concerning complexity of the Hell Creek Formation basal contact. This work also subdivides the Montanan Hell Creek Formation into four 4th order depositional sequences, superimposed over a 3rd order marine transgression. Sequence boundaries are defined by four, laterally continuous disconformities formed by pauses in the creation of accommodation space, marked by overlying amalgamated channel complexes, or less commonly, correlative interfluve paleosols. Cyclicity in Montana may be correlative with similar 4th order cyclicity and marine influence documented in North and South Dakota, Alberta, and Saskatchewan. Magnetostratigraphy and new biostratigraphic data support correlation of the upper Montanan sequence with the North Dakotan Cantapeta tongue (and overlying fines) and Canadian Scollard and Frenchman Formations.
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1. Introduction


The Laramide synorogenic fluviatile sediments of the Hell Creek Formation were deposited on a coastal plain bordering the Western Interior Seaway during the Maastrichtian stage of the latest Cretaceous [1]. Surface exposures of the Hell Creek Formation occur in Montana, North Dakota and South Dakota, USA, with regional equivalents occurring in Wyoming and Colorado, USA, and southern Alberta and Saskatchewan, Canada [2]. The Hell Creek Formation is among few geological units worldwide that record terrestrial environments at the close of the Cretaceous. It is famous for the K-Pg mass extinction which occurs at or near the upper formational contact, and for its vertebrate fossils, especially dinosaurs [3,4].



Indeed, it was paleontological interest that first prompted Barnum Brown to investigate the badlands north of the town of Jordan, in what is now Garfield County, Montana, seeking grand exhibits for the halls of the American Museum of Natural History, New York (AMNH). Brown [5] also recorded the first details of the local geology, recognizing the “Hell Creek beds” as a distinct unit, partly based on the absence of significant lignites compared to their abundance in the basal part of the overlying Fort Union Formation (then referred to as the “lignite beds”). Brown also recognized the disconformable nature of the basal contact of the Hell Creek with the underlying Fox Hills Formation [5,6], and was the first to note the prominent Hell Creek Basal Sand, and its variable thickness. Since Brown never formalized the Hell Creek beds as a distinct formation, nor designated a type section, researchers persisted with referring to the Montana exposures as “Lance Formation” for a further 45 years (e.g., [7]). The Hell Creek was not designated a formation in its own right until 1952 in Cobban and Reeside’s [8] grand correlation of Late Cretaceous strata of the Western Interior (although see [9], p. 94, who refer to the “Hell Creek Formation” of South Dakota). However, Cobban and Reeside [8] also did not designate a type section, and despite much recent interest, this problem remained until 2014 when a lectostratotype was described by Hartman et al. [10].



In the history of Hell Creek studies, stratigraphic analysis has often lagged behind other areas of investigation such as paleontology or sedimentology. Exceptions include important research into the uppermost Hell Creek Formation and the contact with the overlying Fort Union Formation [11,12,13,14,15,16,17,18]. Otherwise, problems with lithostratigraphy, discontinuous outcrop, lateral discontinuity of facies, weakly constrained biostratigraphy, lack of radiometric dates (although see [19]), and magnetostratigraphic data of limited use have hindered our ability to study this important interval. For example, without internal marker beds within the Hell Creek Formation, it can be difficult to judge the stratigraphic position of any given layer if the upper and lower formational contacts are not observable locally, as is often the case. As a result, precise stratigraphic placement of fossil specimens has been neglected, limiting our understanding of biotic change within the formation. Only relatively recently is this beginning to be unraveled [20,21,22,23,24,25,26,27].



With renewed interest in the formation and its fauna, the time is ripe for a reanalysis of Hell Creek stratigraphy. In conjunction with the new type section [10], this analysis looks to help structure the next phase of investigation by providing an internal stratigraphic subdivision for the Hell Creek Formation in the area south of Fort Peck Lake. This analysis also presents new informal definitions for lower, middle, and upper depositional sequences of the Hell Creek Formation (previously categorized as the lower, middle, and upper thirds [25,27]). This is of utility in discussion of the formation, and the placement of fossils in section ([24,25,26]. There is also some important reinterpretation of the new type section and some other stratigraphic designations of Hartman et al. [10]; mainly related to the highly variable nature of the basal contact. Finally, some minor corrections are suggested for previous magnetostratigraphic interpretations [28,29].



1.1. Geological Setting


In the area of study around the town of Jordan, Garfield County, Montana, extensive outcrops of the Hell Creek Formation can be observed, including the upper and lower contacts (Figure 1, Figure 2 and Figure 3).



The geological succession begins with the Bearpaw Shale [31] (equivalent to the Pierre Shale of North and South Dakota), a dark grey clay marine shale. In its uppermost parts, the Bearpaw Shale coarsens upwards, and is gradationally supplanted by the Fox Hills Formation.



The Fox Hills Formation [32] is an upward-coarsening sandstone, typically weathering to a conspicuous tan to yellow-orange color, and representing lower through upper shoreface environments deposited as the Fox Hills delta prograded north and west, out into the Bearpaw seaway [20,33,34,35,36]. In Montana, the Fox Hills Formation is undivided other than that in places, the uppermost bed is called the Colgate Member [37] (hereafter referred to as the Colgate Sandstone; [38]), a fine-grained typically pale green-grey sandstone, occasionally outcropping as striking white cliffs when strongly weathered. Somewhat confusingly, it should be noted that the Colgate Sandstone was included within the original definition of the Hell Creek Formation Basal Sandstone by Brown [5]. Historically, the Colgate Sandstone has been variably hypothesized as representing a fluvial, back-barrier beach, lagoonal, tidal, and shallow marine depositional environment [34,39,40,41,42]. More recent work has suggested it represents a broad incised valley fill deposited under initially fluvial, and later estuarine conditions [20,43].



Inclusion of the Colgate Sandstone within the Fox Hills Formation (e.g., [38]) becomes a problem during stratigraphic discussion, as there is no established term with which to refer to the lower, non-Colgate Sandstone part of the Fox Hills Formation (unlike in other states; see [26,34]), and there is evidence that the Colgate Sandstone represents both a different depositional environment and is possibly much younger in age [20,34,43,44]. Collier and Knechtel [44] define a Lower Member of the Fox Hills Formation, but their lithological descriptions of this and the overlying Colgate Member do not match with my personal experience, nor the descriptions of Thom and Dobbin [38], Waage [34], or Flight [20], in that their Colgate Sandstone is described as “light brown”, whereas the defining characteristic of the Colgate Sandstone is that it is conspicuously white, or greyish-white (see references above). In which case, the solution here is simply to treat the Colgate Sandstone as separate from the Fox Hills Formation.



The overlying Hell Creek Formation [8] consists of interbedded sandstones and mudstones [13,45], which are mostly fluvial in origin, with possible marine or tidal influence in basal beds [20,46] and limited horizons throughout the formation in North Dakota [47,48]. The Hell Creek is overlain by fluvial sandstones and mudstones of the Paleogene Fort Union Formation, which exhibits a series of well-developed coal horizons that are especially conspicuous at and immediately above the formational contact [11,12,13,45,49] (Figure 3). Within the lowermost coal (the “z” coal complex), is occasionally preserved a two-layered volcanic ash clay layer enriched in iridium, and containing shocked quartz and spherules [50]. These are considered ejecta from the impact of the meteorite impactor that is hypothesized to have caused the K-Pg boundary mass extinction, and as such this horizon marks the K-Pg boundary [4,50].



Upper Maastrichtian sediments of the Hell Creek Formation were deposited into the Williston and Powder River Basins of the Western Interior (Figure 1). The Powder River Basin is a Laramide basin, created by lithospheric flexure resulting from Laramide orogenic thrusting, and extends from east-central Wyoming to south eastern Montana [51,52,53]. The Williston Basin is an intracratonic basin active since the Cambrian, which extends across southern Alberta, Saskatchewan, Montana, North Dakota, and South Dakota, [51,52,53]. In contrast to the largely interconnected basins of the Sevier orogeny, Laramide uplifts divided depositional basins so that many became isolated (especially intermontane basins) and consequently might have had separate histories of tectonic uplift and subsidence [51]. However, Belt et al. ([54]; page 2) noted that for the Laramide synorogenic sediments of the Northern Rockies at least, the Powder River and Williston Basins might be the only post-Bearpaw Shale examples that “share widely inter-related basinal patterns and also presumably unconformities”. In which case, sediments of the Williston and Powder River Basins represent an ideal starting point from which to construct a regional sequence stratigraphic framework for the latest Cretaceous. As such, the areal extent of the Hell Creek Formation (or equivalents), stretches across Montana, North and South Dakota, Wyoming (Lance Formation), and Saskatchewan (Frenchman Formation), with possible equivalents in Alberta (Scollard Formation) and Colorado (Denver Formation).



Sedimentology of the Montana Hell Creek Formation has been intensively studied. Early work focused on describing broad sedimentological patterns and the nature of formational contacts [5,6,33,37]. Later, pioneering work of the Clemens Lab and others (e.g., [11,39]) critically analyzed sediments throughout the formation and laid the foundation for more detailed sedimentological descriptions and facies analysis [10,13,20,45,46,50,55,56,57,58,59]. The results of these studies have led to Hell Creek Formation paleoenvironments being relatively well understood, although their stratigraphic significance and distribution has attracted less attention.




1.2. Stratigraphy and Age


1.2.1. Biostratigraphy


In 1990, Johnson and Hickey [60] subdivided the Hell Creek Formation of southwest North Dakota into three megafloral zones, later correlating these partially with magnetostratigraphic data [61]. Palynostratigraphic analysis has mostly concentrated on the 20 or so meters either side of the K-Pg boundary (e.g., [62,63]), although some work focused on the entire formation (or equivalent; e.g., [64,65,66,67,68,69]; see [4], for review). Wilson [21] noted variation in mammalian faunal dynamics through the Hell Creek Formation, and related this to environmental changes. Scannella et al. [25] showed that different species of the dinosaur Triceratops occur at different stratigraphic levels of the Hell Creek Formation, partly correlatable to magnetostratigraphy. A similar pattern was noted for pachycephalosaurs [26]. Other biostratigraphic studies [11,12,13,14,15,16] concentrated close to the K-Pg boundary, and as such do not address the formation as a whole.



Perhaps the most prominent biostratigraphic indicator within this sequence is the K-Pg mass extinction, which marks the end of the Cretaceous Period and Mesozoic Era. In Montana the K-Pg boundary is coincident with the upper contact of the Hell Creek Formation with the overlying Fort Union Formation [4]. Below the K-Pg boundary, the fossil fauna is dominated by dinosaurs whose large bones are conspicuous in outcrop; whereas above the K-Pg boundary bones of large animals are absent, and the vertebrate fauna is dominated by small mammals (for a detailed review, see [4]).




1.2.2. Chemostratigraphy


Chemostratigraphic analyses have mostly concerned the uppermost 20 m (e.g., [70]). However, some analyses have addressed the entire formation, documenting a negative carbon isotope excursion at the K-Pg boundary, with six negative carbon isotope excursions, and four tentative positive carbon isotope excursions within the Hell Creek Formation itself [71].




1.2.3. Lithostratigraphy


Subdivision of the Hell Creek Formation into lithostratigraphic members has proven challenging due to lateral discontinuity of distinctive facies. However, Frye [72,73] named a number of members for North Dakota, although these are now considered unrecognizable ([4,47,74]; although see [39]).



Less formal internal divisions of the Montanan Hell Creek Formation have been put forward by other authors [5,10,20,75]. Brown [5] recognized the Basal Sandstone and included within this a unit which would later be considered the Colgate Sandstone by Thom and Dobbin [38]. Flight [20] took a lithostratigraphic approach (similar to Brown [5]), defining the lower Hell Creek Formation as comprising the various mudstones, siltstones and organic rich horizons that typically overlie the Fox Hills Formation (~2 m thick), combined with the overlying Hell Creek Formation Basal Sand (0–12 m thick). Flight’s upper Hell Creek (typically ~75–80 m thick) comprises everything above the upper contact of the Basal Sand to the upper formational contact with the overlying Fort Union Formation. Wilson [75] takes a more utilitarian approach, referring to the lower 47.2 m (155 ft) as “the lower part of the Hell Creek Formation” and the upper 45.7 m (150 ft) as “the upper part of the Hell Creek Formation”.



The most recent attempt to standardize Hell Creek Formation lithostratigraphy was by Hartman et al. [10], who defined a lectostratotype (hereafter referred to as the “type section”) at Flag Butte, near Hell Creek itself. This comprises a ~110 m thick section, of which 84.2 m was determined to represent the full thickness of the Hell Creek Formation. Hartman et al. [10] give informal names for the major sand units which had been used by members of the Hell Creek Project for over a decade (and can be seen in Figure 3); the “Basal Sandstone” is typically present at the base of the Hell Creek Formation [5]. The “Jen Rex Sandstone” occurs ~15 m above the top of the Basal Sandstone. The “Apex Sandstone” and “10 Meter Sandstone” occur ~25–30 m and ~10 m (respectively) below the contact with the Fort Union Formation. However, Hartman et al. [10] probably misinterpret the basal contact of the Hell Creek Formation at the type section, and elsewhere (see Results and Discussion).



A useful lithostratigraphic unit (at least locally) is the Ø or “Null” coal (so named because it occurs below the z coal; see Figure 3); a lignite that occurs within the Hell Creek Formation, ~30 m below the upper contact. The Null coal is well documented in the Bug Creek area [14], but thins to the west (pers. obs.), and is probably absent at the type section. Although relatively laterally restricted, the Null coal is very important as it bears two ashes, dated by Sprain et al. ([19,76] see chronostratigraphy, below).




1.2.4. Well Log Analysis


Connor [77] used spontaneous potential (SP) and resistivity geophysical logs to document regional thickness variation of the Hell Creek and Lance Formations in northeast Wyoming and southeast Montana. The sampled area did not reach as far north as the type area around Jordan, but did include wells ~140 km southwest, near Roundup, and ~80 km south of Glendive in eastern Montana (see Figure 1 for locations). However, Connor [77] could not differentiate the Fox Hills Formation from the Hell Creek/Lance from well log data, nor did he mark any specific horizons or subunits within the Hell Creek or Lance Formations.




1.2.5. Magnetostratigraphy


The lowermost two thirds of the Hell Creek Formation is mostly characterized by normal polarity, assigned to C30n (68.196 to 66.398 or 66.304 Ma; [28,29,49,76,78]). However, as sandstone bodies are not typically amenable to paleomagnetic analysis, then the polarity of the Basal Sand has not been determined, although it can be inferred to fall within C30n as the underlying Colgate Sandstone is of normal polarity, and considered to lie within C30n [28].



The uppermost ~30 m of the Hell Creek Formation in the type area is typically of reversed polarity, assigned to C29r [12,28,29,49,76], and corroborated in North Dakota (up to 24 m below the K-Pg boundary [79,80]) and Canadian equivalents [28,81,82]. Position of the C30n-C29r boundary was originally plotted within a thick sandstone (correlating with the Apex Sandstone, but not explicitly identified as such [10,29]). However, this placement was due to methodology dealing with lack of data, rather than the change in signal being recovered from within the sandstone. Placement of the boundary within a sandstone occurred because no signal had been recovered from the sandstone, so the boundary was drawn halfway between the positive signal below, and reversed signal above (following conventional methodology). However, based on new analyses, Sprain et al. (2018) found that the C29r zone extends ~5 m below this sandstone, with the previously detected normal signal of some sections (e.g., [12,29]) being based on uncorrected normal overprinting which was not possible to remove under previous methods.



Within C29r, a short, normal polarity subchron has been detected at the K-Pg boundary, at the top of the Hell Creek equivalent Frenchman Formation (Sakatchewan, Canada [81]; corroborated in time with at least two cores from the Atlantic Ocean [83]). A similarly placed normal subchron was detected 15–20 m below the K-Pg boundary in the Scollard Formation, Red Deer River, Alberta [82]. A normal subchron has not yet been detected within C29r in US sections.



Some corrections have been made to magnetostratigraphic zones defined by Lerbekmo [28] and LeCain et al. [29], based on ammonite biostratigraphy and revision to the new type section (see Results section).




1.2.6. Chronostratigraphy


Constraining an age for the Hell Creek Formation has proven problematic due to sparse chronostratigraphic markers. Despite bentonite clays (derived from volcanic ash; although see [4]) being prevalent throughout the unit, they have not yet yielded any radiometric dates ([47]; K. Johnson, pers. comm., 2009; P. Renne, pers. comm., 2011). Although recent publications (e.g., [4]) have lamented a lack of radiometric dates from within the Hell Creek Formation, in actuality the first radiometric date was published (to surprisingly little fanfare) in 2014 (online first) by Sprain et al. [19] who retrieved an Ar/Ar date of 66.298 ± 0.051 Ma for an ash within the Null coal, ~30 m below the K-Pg boundary (mistakenly shown as ~50 m in [19]; pers. obs.; Sprain pers. comm.; Figure 3). The same analysis sampled a number of horizons within the Z-coal complex (at the K-Pg boundary, technically the basalmost unit of the overlying Fort Union Formation), recovering a range of dates from 66.035–65.962 Ma; note that all the dates in Sprain et al. [19] use the 2011 standard and decay constant pairing of Renne et al. [84], which produces slightly older dates than the more commonly used pairing of Kuiper et al. [85], and Min et al. [86]. The Null coal date [19] is important for two reasons; firstly, it shows that the upper ~30 m of the Hell Creek Formation was deposited in the last 0.263–0.336 Ma of the Cretaceous (which corresponds to the final two depositional cycles identified here; see later). Secondly, although previously thought to occur within magnetozone C30n [19,29], it is now recognized as occurring ~1–2 m above the C30n-C29r boundary ([76]; see above), and has been used in constraining the age of the C30n-C29r boundary.




1.2.7. Age of the Upper and Lower Contacts, and Duration


In Montana, age of the upper formational contact is coincident with the K-Pg boundary (66.0 Ma; [85,87]), and a complex of coals in the overlying Fort Union Formation (66.035–65.962 Ma; [19,76]).



Age determination of the basal contact is more difficult but can be roughly constrained based on magnetostratigraphy. Lerbekmo [28] demonstrated that along the Hell Creek Marina Road (Fish and Wildlife Service Road 105), the Fox Hills Formation is of reversed polarity immediately below the contact with the Colgate Sandstone (similarly observed in the Canadian equivalent Whitemud Formation [88]), and assigns this to C30r (68.369 to 68.196 Ma [78]). This is consistent with biostratigraphic analysis of ammonites from the Fox Hills Formation of North Dakota [89,90]. If this is correct, then the base of the Hell Creek can be no older than ~68.0 Ma. However, there is evidence that the Fox Hills Formation in Montana is older than in North Dakota, suggesting that revision is required (see magnetostratigraphy in Results).



Regardless, if the underlying Colgate Sandstone is indeed C30n [28] then the base of the Hell Creek Formation can be no older than the base of C30n (68.196 Ma [78]). Duration of the Hell Creek Formation can therefore be constrained as no more than ~2 Myr (basal contact no older than ~68.2 Ma, upper contact 66.0 Ma), and likely substantially less. This is consistent with estimates by Wilson [21,22,75] of ~1.8 Myr. Hicks et al. [79] calculated an age estimate of 66.71 to 66.87 Ma (compared to an older date for the K-Pg boundary of 66.5 Ma) for the base of the North Dakota Hell Creek Formation by extrapolating sedimentation rates from the upper part of the succession, giving a total duration of ~1.36 Myr. Lund et al. [80] estimated the duration of the Hell Creek as ~2.5 Myr.




1.2.8. Marine Influence and Sequence Stratigraphic Analysis


With recognition of marine influence in the Hell Creek Formation of North Dakota (Breien Member and Cantapeta Tongue [39,47,72,73,91,92]), supported by floral and faunal data from the whole formation [1,61,93,94,95], it has been realized that unlike in many paleogeographic reconstructions [35], the Western Interior Seaway may not have fully retreated from the Northern US in the latest Maastrichtian [2,96]. Johnson et al. [2] proposed that Hell Creek sediments were not in fact, deposited during the final regression of the Western interior Seaway (as had been the prevailing view; e.g., [3,35]). Rather, the Hell Creek and overlying Fort Union Formations were deposited under transgressive conditions during early inception of the Cannonball Seaway [2]. This non-traditional interpretation is consistent with sequence stratigraphic depositional models, since transgression (through base-level rise) is a stratigraphic control that can create the necessary accommodation required for sediment deposition and preservation. Indeed, there has never been any strong evidence supporting the view that the seaway fully retreated (see the excellent review in Boyd and Lillegraven [96]).



Traditional lithostratigraphy correlates packages of similar lithologies into formations, or members. However, fluvial facies are generally laterally consistent only over a few kilometers at best, making correlation difficult. In contrast, sequence stratigraphy correlates cycles of sedimentation, utilizing key surfaces and stratal stacking patterns. Thus, application of sequence stratigraphic methodology has the potential to subdivide and correlate within the Hell Creek Formation beyond the limitations of lithostratigraphy. Following Johnson et al. [2], Flight [20] provided the first sequence stratigraphic interpretation of the Bearpaw Shale through to the lower third of the Hell Creek Formation in the area south of Ft. Peck Reservoir, Montana. Behringer [43] added further detail to Flight’s [20] interpretation of the Colgate Sandstone as an incised valley with estuarine deposits.



Following Flight [20], this work establishes a sequence stratigraphic framework for the complete Hell Creek Formation in the Fort Peck area. This necessary first step can then be tested further afield in order to construct a regional sequence stratigraphic interpretation for the latest Cretaceous. This paper also includes regional correlates in the analysis that greatly enhance the ability to interpret sequence boundaries observed in outcrop.






2. Methods


This study is based on field observations and 27 sections measured from 2007–2011. Most sections are from immediately south of Ft. Peck Reservoir, north of Jordan, eastern Montana (Figure 1 and Figure 2). Additional sections are from Ekalaka, southeast Montana, and field observations from Makoshika State Park, Glendive, eastern Montana.



2.1. Stratigraphic Abbreviations


In stratigraphic order, oldest first (Figure 3); see results for definitions and descriptions. Kbp, Bearpaw Shale; Kfh, Fox Hills Sandstone; Kfhc, Colgate Sandstone; Kcp, Colgate tidal flats; Kba, possible Battle Formation; Khc-bs, Hell Creek Formation Basal Sand; Khc-lf, Hell Creek Formation lower fines; Khc-jrs, Hell Creek Formation Jen Rex Sandstone; Khc-mf, Hell Creek Formation middle fines; Khc-as, Hell Creek Formation Apex Sandstone; Khc-uf1, Hell Creek Formation upper fines unit 1; Khc-10ms, Hell Creek Formation 10 Meter Sandstone, Khc-uf2, Hell Creek Formation upper fines unit 2; PgF, Fort Union Formation.




2.2. Orders of Cyclicity


Depositional cycles occur at different orders of magnitude based on their wavelength (duration). This work considers a 1st order cycle is 200–400 Myr; 2nd order cycle, 10–100 Myr; 3rd to 5th order cycles are 0.01–10 Myr; and 4th to 5th order cycles are 0.01–2 Myr (following Mall, [97], including overlaps). Miall [97] cautions that such terminology is no longer recommended; however, it is used here as it is convenient and prevalent in the literature.




2.3. Terrestrial Sequence Stratigraphy


Like its marine counterpart, terrestrial sequence stratigraphy arranges strata into depositional sequences which reflect sedimentological responses to cycles of accommodation and sediment supply [98,99]. A summary of terrestrial sequence stratigraphic methodology and examples from the North American Western Interior is provided in Supplementary Materials.



The Hell Creek Formation presents a slightly unusual case for terrestrial sequence stratigraphy. Firstly, in eastern Montana, the underlying Bearpaw Shale, Fox Hills Sandstone, Colgate Sandstone, and part of the Hell Creek Formation Basal Sand are either marine in origin or exhibit marine influence. Secondly, Hell Creek Formation sediments can be linked to marine transgression in North Dakota [2,47,48]. Hence it is possible to employ marine sequence stratigraphic terminology in at least the lower parts of the succession. Thus, this analysis uses traditional nomenclature for the marine influenced units (Lowstand, Transgressive, and Highstand Systems Tracts; LST, TST, HST, respectively), and terrestrial nomenclature for units that cannot as yet be linked to marine units (High- and Low-Accommodation Systems Tracts, HAST and LAST, respectively; [98,99,100,101,102,103,104,105,106].





3. Results


3.1. Lithofacies and Generalized Section


The following descriptions of individual units are based on the measured sections described later (use Figure 3 as a guide). Lithofacies descriptions (also see Supplementary Materials) mostly follow those of Flight [20], and are comparable to those of Fastovsky [45]. With a few exceptions, most of the described features can be seen at the new type section [10].



3.1.1. Bearpaw Shale (Kbp)


The Bearpaw Shale (Figure 3 and Figure 4) is the basalmost formation considered; as such only the uppermost 10–20 m have been observed. The Bearpaw Shale consists of a generally coarsening upwards sequence, predominantly shale (massive to laminated mudstone, Mml) with occasional interbedded silty sandstone (horizontally stratified silty sandstone, Sh; massive silty sandstone, Sm). Shales are typically mid-dark grey, fissile, massive to laminated, weather to dark grey with occasional iron staining, and form low rounded hills. Beds of pale grey to tan, fine grained silty sandstone, up to 1 m thick, become increasingly common in the upper 5–10 m, where they are interbedded with shale. Silty sandstones are massive, planar bedded or hummocky-cross-stratified, weather to pale grey, form steeper slopes than the underlying shale, and eventually grade into the overlying Fox Hills Sandstone.




3.1.2. Fox Hills Sandstone (Kfh)


The Fox Hills Sandstone is a complex unit that coarsens upwards and exhibits a sheet-like geometry with considerable variation in thickness. Lithologies are typically fine-grained sandstones (hummocky cross-stratified, Shcs; trough cross-bedded, St; ripple cross laminated, Sr; low angle planar bedded, Sl; and massively bedded, Sm) with less common interbedded mudstone (Mm). Grain size is lower to upper fine [33]. It is conspicuous in outcrop by its yellow-orange color (Figure 4, Figure 5 and Figure 6); distinct from the pale grey sandstones of the underlying Bearpaw Shale, or overlying Colgate Sandstone and Hell Creek Formation (although the latter are often tan). The gradational transition from the Bearpaw Shale to Fox Hills Sandstone has led to variable definitions of the position of the contact (e.g., [89,107]). For consistency, here the basalmost bed of the Fox Hills Sandstone follows Flight [20] as either the first amalgamated hummocky cross-stratified sandstone (contrasting the isolated sands of the Bearpaw Shale), first massive sandstone, or first trough cross-stratified sandstone. Typically the Fox Hills Sandstone is 4–6 m thick, but can reach up to 15 m locally [20]. Massive bedding and hummocky cross stratification is more common near the base, with trough cross bedding and ripple cross lamination more common higher in the formation. Thalassinoides and Planolites burrows are recorded in trough cross-stratified sands [20]. Large carbonate-concretions are common throughout [33], but especially in the upper part, which is typically capped by prominent bench-forming cemented sandstones.




3.1.3. Colgate Sandstone (Kfhc)


The Colgate Sandstone is most easily distinguished from the underlying Fox Hills Sandstone by its grey to white weathering color, and greenish-grey fresh surfaces (Figure 7; [37,38,47], although see below). Where present, the Colgate Sandstone rests on an erosive scour (Se) that is typically 0–2 m, but sometimes incises up to 25 m reaching into the Bearpaw Shale [20,43]. Although rarely encountered, a coarse-grained basal lag was recorded by Wheeler [20,40,43]. Otherwise, the Colgate Sandstone is a micaceous, clay-rich fine-grained sandstone, with occasional thin interbedded mudstones (Mm), and rarer laterally restricted coal beds (C2; Figure 8). Bedding is typically planar (Sh) or massive (Sm), although trough cross stratification (St) is visible in particularly thick sections. Total thickness is typically 2–5 m, but up to 15 m in geographically restricted areas (see below; [20]). The Colgate Sandstone is not typically laterally extensive and exhibits mostly restricted channelized geometry [20,43]. Although the degree of cementation may vary, concretions are notably absent, unlike the underlying Fox Hills Sandstone and overlying Basal Sand of the Hell Creek Formation (which may aid in distinguishing the Colgate Sandstone from these units; although note that Waage [34] suggests calcareous concretions are present in Colgate Sandstone exposures of South Dakota, none were observed by myself in Montana). Skolithos burrows are recorded in massive and planar-bedded sandstones [20].



Although the bold white weathered color is considered characteristic of the Colgate Sandstone [20,34,37,38,43,47], this is variable geographically, and not commonly seen in the Hell Creek type area [33], although it is conspicuous at the northern edge of “Best Butte” (see study localities, below). The Colgate Sandstone more typically exhibits dual color banding (Figure 5, Figure 7 and Figure 8), with a lower pale tan unit, and a less colorful but brighter pale grey upper unit. The upper unit exhibits more thin interbedded mudstones than the lower unit, and it is the upper unit that sometimes weathers to a bold white color (Figure 7). In a fresh surface, the contact between the two beds is marked by a thin (~1–2 mm) iron-rich horizon, while the initial 2–3 cm above the contact are notably gleyed (Figure 9). The Colgate Sandstone fines rapidly in the upper 1–2 m into a grey siltstone (Fsm) which is almost always overlain by an organic-rich horizon (C1). These two lithofacies are included here within the Colgate Sandstone, mainly due to the transitional contact of Sm with Fsm making separation difficult, although previous authors (e.g., [20,43,108]) have included these units as the basalmost facies of the Hell Creek Formation. However, to be consistent with original descriptions, and to aid in sequence stratigraphic interpretation, the term Colgate Sandstone is used here to refer only to the sandy part of the unit. The overlying silt and organic-rich horizon are referred to as the Colgate Tidal Flats (Kcp; see below).




3.1.4. Colgate Tidal Flats (Kcp)


This unit has previously been assigned to the lowermost Hell Creek Formation [20,47,109]; however, this is problematic as it is part of the underlying Colgate depositional sequence (see discussion), so it is treated separately here. The Colgate tidal flats are a thin unit with a sheet-like geometry that is more commonly present in outcrop than the Colgate Sandstone itself. It either overlies the Colgate Sandstone (Figure 4 and Figure 5) or lies directly on the Fox Hills Sandstone (Figure 10), and consists of two beds: a lower pale grey muddy siltstone typically ~0.5–1 m thick (although sometimes up to 2 m) that is capped by a prominent organic rich siltstone to sandy siltstone ~1 to 50 cm in thickness (Figure 4, Figure 5 and Figure 10). Depositional environment has been interpreted as a paleosol [109], or as tidal flats [20] deposited during the HST of the Colgate depositional sequence. This unit is overlain by the Basal Sand (or equivalent) of the Hell Creek Formation, or very rarely by a series of lithofacies here tentatively assigned to the Battle Formation.




3.1.5. Battle Formation (Kba)


Between the underlying Colgate Sandstone, and erosively overlying Basal Sand of the Hell Creek Formation, there occasionally occurs an unusual set of lithofacies up to 10 m thick (Figure 5), comprising a basal pale-colored siltstone (seatearth, Fr), an organic rich silt or sandstone (C), and mauve or green-grey banded mudstone (Fml). These lithofacies were assigned (in part) to Fml of the lower Hell Creek Formation by Flight [20]. However, here they are tentatively referred to the Battle Formation (otherwise only recorded in southern Alberta and Saskatchewan), based on similarity to the lithological description by Irish [110], and the occurrence of palynomorphs correlated with the Battle Formation in Alberta and Saskatchewan [28].



These facies show similarity to the organic rich C1 facies defined above as the uppermost facies of the underlying Colgate Sandstone. However, I chose to include C1 within the Colgate Sandstone (rather than the Battle Formation) as C1 is encountered overlying Fsm of the Colgate Formation in sections where neither the sandstone facies of the Colgate Sandstone, nor the Battle Formation facies are present. In the future it might be desirable to remove both Fsm and C1 from the Colgate Sandstone and place them within the Battle Formation, although definition of the boundary between these units in Canada is unclear; for example, it is not clear if the basal bed of the Battle Formation is one of the organic-rich horizons, or the underlying pale siltstone [110,111].



It is necessary to separate these possible Battle Formation facies due to the confusion that their inclusion in either the Colgate or Hell Creek formations might cause concerning the age of these units and their contacts. It is also desirable that the basal unit of the Hell Creek Formation should be maintained as the Basal Sandstone as originally defined by Brown [5], and consistent with current understanding of depositional cyclicity.



These possible Battle Formation facies have only been encountered in the area around Hell Creek itself, most easily observable at Manaige Spring (Figure 5), but also in the cliffs visible on both sides of the usually flooded tributary of Hell Creek itself (“Battle Butte”). Combined thickness of the Battle Formation lithofacies is 10 m at Manaige Spring but thins northwards such that it is only ~5 m thick at Battle Butte (~1 km north of Manaige Spring), and absent at “Best Butte” (~3 km NE of Manaige Spring). Hence here the Battle Formation is considered as lenticular in geometry.




3.1.6. Hell Creek Basal Sand (Khc-bs)


The Basal Sand is an amalgamated channel complex of variable thickness (0–15 m) that is usually present as the basalmost unit of the Hell Creek Formation. Normally the contact with the underlying Colgate units is non-incising (Figure 4, Figure 5 and Figure 10), but is occasionally marked by an erosive scour (Se; up to 5 m depth; Figure 10). However, scouring is relatively rare and very localized in nature, perhaps explaining how it was not observed by Flight [20], although it was mentioned by Brown [5,6] and Jensen and Varnes [33], who described incisions up to 10 m. Geometry is sheet-like, and although laterally continuous over many kilometers, thickness varies [5], being up to 15 m, but generally 5 m or less. The Basal Sand varies from mid-pale grey through to tan or brown. In contrast to the fine grain size of the underlying Colgate Sandstone, the Basal Sand is usually medium to coarse grained at its base, fining upwards, and exhibits a “peppered” appearance which strongly distinguishes it from Colgate or Fox Hills Sandstones [33]. Bedding consists of inclined heterolithic strata (Sihs; especially near the base; Figure 7), trough cross-bedded sandstone (St; more common), massively bedded sandstone (Sm), ripple cross-laminated sandstones (Sr), and occasional interbedded siltstones and mudstones (Fml). Conglomerate channel lags are occasionally observed within the lower 2–3 m, and comprise weathered bone and mudstone clasts typically < 2 cm in diameter, but occasionally up to 10 cm. Concretions are frequent and sometimes large, on the scale of meters. Where present, the upper 1–2 m of the Basal Sand fine upward rapidly and are overlain by a package of fine-grained sediments and isolated channels: the lower Hell Creek Formation fines.




3.1.7. Lower Hell Creek Formation fines (Khc-lf)


The lower Hell Creek Formation fines are a variable package of typical overbank fluvial sediments comprising mudstones (Fml), organic-rich mudstones (C), crevasse splay sandstones, siltstones (Fml), and isolated channel facies (St, Sr, Sm; Figure 4, Figure 5 and Figure 6, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14). Mudstones are variegated, banded, often bentonitic, and typically “somber” [5] low-chroma shades of grey, brown, purple, or green. Organic-rich shales are common, red-brown in color, laminated, and friable. Infrequent channel sandstones are isolated and typically finer grained than the amalgamated channels of the Basal and Jen Rex Sands that bracket Khc-lf. Individual beds are typically lenticular in geometry and rarely traceable over any more than a kilometer. Repeated packages of a basal fine crevasse splay sandstone or siltstone that fines upwards through a massive mudstone, and finally an organic rich shale, are common and interpreted as stacked paleosol successions [112]. Thickness of the lower Hell Creek Formation fines is variable (in part due to the varying incision depth of the overlying Jen Rex Sand), typically ~15 m (19.2 m in the new type section; [10]), although this can be as little as 2–3 m [20].




3.1.8. Jen Rex Sand (Khc-jrs)


The Jen Rex Sand is an amalgamated channel complex that generally occurs ~15 m above the top of the Basal Sand, immediately overlying the overbank fines and isolated channels of the lower Hell Creek Formation (Khc-lf). This contact is highly variable, and as a consequence the thickness of the Jen Rex Sand is similarly variable. The contact is usually marked by an erosive scour, with depth variation highly localized, usually from 0–5 m, but up to 15 m [20]. Geometry of the Jen Rex Sand is sometimes channelized in lower parts but is otherwise sheet-like and can be laterally continuous over several kilometers. Thickness varies, and is usually 5–6 m but is often much thicker, up to 12 m (11.9 m in the new type section [10]; Figure 6, Figure 11, Figure 12, Figure 13 and Figure 14), giving it the greatest maximum thickness of the Hell Creek Formation amalgamated channel complexes. The Jen Rex Sand is typically tan or brown colored, often with large (0.5–3 m) prominent orange concretions (Figure 4, Figure 5, Figure 11, Figure 12, Figure 13 and Figure 14) and exhibits a “peppered” appearance similar to the Basal Sand. Usually, the basal erosive scour is overlain by a medium to coarse-grained sandstone, or occasionally coarse conglomerate lenses comprised of mudstone pebbles up to 15 cm diameter. Some localities have a bone lag immediately overlying the erosive scour. Indeed, the Jen Rex Sand is named after Tyrannosaurus rex bones found by Jennifer Flight in the basal lag. Grain size is typically medium at the base of the unit, then shows a general fining upward trend. Bedding consists of trough cross-bedded, planar bedded, and massive sandstones. In its uppermost ~2 m the Jen Rex Sand fines into siltstone and is overlain by fines and isolated channels of the middle Hell Creek Formation fines.




3.1.9. Middle Hell Creek Formation Fines (Khc-mf)


Immediately overlying the Jen Rex Sand is a ~20–30 m package of fine-grained overbank facies. Facies descriptions are the same as the lower Hell Creek Formation fines (see above). Usually, the middle fines are thickest of the fine-grained units, being ~30 m thickness (25.3 m in the new type section [10]), but can be up to 35 m (e.g., Penick Coulee, Figure 14 and Figure 15; Lost Creek, Figure 16 and Figure 17). In some localities (e.g., Bug Creek; Lost Creek, Figure 16; East Gilbert Creek, Figure 15 and Figure 18), the top of the middle fines is marked by an unusually thick organic-rich unit; this takes the form of either an organic rich mudstone with root traces, or a coal horizon. This is the Null Coal (or equivalent organic-rich shale) and is the only coal horizon present within the Hell Creek Formation of Montana. The Null Coal contains two dated ash horizons [19,76]. The Null Coal is ~1 m thick in western McCone County (e.g., Bug Creek [14]), but thins to the west, being ~50 cm in eastern Garfield County (East Gilbert Creek), where it may be replaced by an organic shale, or only the lower half is organic shale, maintaining an upper ~25 cm of coal.




3.1.10. Apex Sand (Khc-as)


The Apex Sand is an amalgamated channel complex that generally occurs ~26–30 m below the upper formational boundary (Figure 6, Figure 12, Figure 16, Figure 18 and Figure 19). It erosively overlies the middle Hell Creek Formation fines (Khc-mf), albeit without any significant relief. Geometry is sheet-like and laterally continuous over several kilometers. Thickness is ~4–6 m (6 m in the new type section [10]). The Apex Sand is typically tan or brown, with occasional concreted horizons, and exhibits a “peppered” appearance similar to the Basal Sand. Grain size is usually medium at the base of the unit, quickly fining upwards with an overall fining upward trend. Bedding consists of trough cross-bedded, planar-bedded, and massive sandstones. It commonly yields macrovertebrate and microvertebrate fossils, often disarticulated and abraded, although partly articulated unabraded material is known [24]. In its uppermost ~1–2 m the Apex Sand fines into a siltstone and is overlain by fine grained sediments and isolated channels of the upper Hell Creek Formation fines part 1.




3.1.11. Upper Hell Creek Formation Fines part 1 (Khc-uf1)


Immediately overlying the Apex Sand is a ~10–15 m package of fine-grained overbank facies (Figure 12, Figure 18, Figure 19, Figure 20 and Figure 21). Facies descriptions are the same as the lower Hell Creek Formation fines (see above). In areas where the 10 Meter Sand is not present, Khc-uf1 and Khc-uf2 are continuous. Rarely, a thick organic rich mudstone is present at the very top of Khc-uf1, immediately underlying the 10 Meter Sand.




3.1.12. Meter Sand (Khc-10ms)


The 10 Meter Sand is an amalgamated channel complex that (Figure 19, Figure 20, Figure 21, Figure 22, Figure 23 and Figure 24) derives its name from its usual occurrence ~10 m below the upper formational contact. It immediately overlies the overbank fines and isolated channels of the upper Hell Creek Formation (Khc-uf1). This contact is erosive, but rarely exhibits any significant relief (although it does incise ~10 m into the Apex Sand at the southern end of East Gilbert Creek; see below). Geometry of the 10 Meter Sand is sheet-like and often laterally continuous over several kilometers. The 10 Meter Sand is usually less thick than the other Basal, Jen Rex, or Apex sandstones, typically 4–5 m or less (4 m in the new type section [10]). It is typically tan or brown, with occasional concreted horizons, and is “peppered” in appearance. The 10 Meter Sand is a good source of fossil macro and microvertebrate material, sometimes partly articulated and relatively unabraded. It is usually medium to upper fine grained at the base, with a fining upward trend. Bedding consists of trough cross-bedded, planar bedded, and massive. The uppermost ~2 m of the 10 Meter Sand fines into a siltstone and is overlain by fine grained sediments and isolated channels of the upper Hell Creek Formation fines part 2.




3.1.13. Upper Hell Creek Formation Fines Part 2 (Khc-uf2)


Immediately overlying the 10 Meter Sand is a ~5–8 m package of fine-grained overbank facies (Figure 19, Figure 20, Figure 21, Figure 22, Figure 23 and Figure 24). Facies descriptions are the same as the lower Hell Creek Formation Fines (see above). The uppermost bed of Khc-uf2 is typically a thin grey leached mudstone or siltstone that is immediately overlain by a thin (<20 cm) coal, the first bed of the Fort Union Formation.




3.1.14. Fort Union Formation (PgF)


As this study concentrates on the Hell Creek Formation, only the lowermost parts of the Fort Union Formation are considered. The overlying Tullock member of the Fort Union Formation represents a conspicuous facies change, exhibiting numerous coals, with mudstones, siltstones, and sandstones that are a much deeper yellow than the somber beds of the Hell Creek Formation (Figure 18, Figure 19, Figure 20, Figure 21, Figure 22, Figure 23 and Figure 24). The first coal horizon marks the formational contact with the underlying Hell Creek Formation. This is usually very thin (<20 cm), laterally inconsistent, and not always immediately obvious in section; however, the coal horizons usually ~1–2 m above it (the Z-coal complex) are up to 1.4 m thick (typically~50 cm) and are more prominent but laterally inconsistent [4,18], sometimes splitting into upper and lower Z-coals, and referred to by a number of names (HFZ, MCZ, Z, IrZ; [4,19]). Other than coal horizons, basal facies of the Fort Union Formation are quite variable. The thicker coal horizons may be absent, and in their place a banded “variegated” siltstone facies [11,45], or yellow channel sandstones (some of which incise deeply into the Hell Creek Formation; e.g., [14]).





3.2. Study Localities and Measured Sections


The following sections are described in stratigraphic order, geographically roughly west to east. Emphasis is placed on well exposed outcrop and unusual features. All localities are in Garfield County, Montana, unless otherwise stated (Figure 1 and Figure 2).



3.2.1. Drainage of Crooked Creek, North of Winnett, MT


The Colgate Sandstone is well exposed and accessible ~46 km north of the small town of Winnett (Petroleum County, ~120 km west of Jordan; Figure 1). This area was surveyed by Flight [20] and was the principal study area for Behringer [43]. At Crooked Creek (Figure 7, Figure 8 and Figure 9; 47°24′13′′ N, 108°14′35′′ W; NAD27CONUS; a slightly more easily accessible section is observable only 200m from the road at 47°24′24′′ N 108°13′14′′ W, NAD27CONUS) the Colgate Sandstone is unusually thick for the Ft. Peck area (up to 12 m, compared to more typical 2–5 m). The erosive contact with the underlying Fox Hills Sandstone is sharp, and of variable incision depth. Elsewhere in this area north of Winnett, the Colgate Sandstone incises completely through the Fox Hills Sandstone, and into the Bearpaw Shale [20,43]. The Colgate Sandstone exhibits the same two-tone coloration as seen in other sections but differs in the thicknesses of each individual unit. The lower tan-grey unit is 4m thick and is overlain by 8 m of the pale grey unit, which weathers into the distinctive bold white characteristic of the Colgate Sandstone (Figure 7 and Figure 8). The Colgate tidal flats are not obviously visible here. Instead the Colgate Sandstone is overlain by the Hell Creek Formation Basal Sand (~4 m thick).




3.2.2. Cole Creek, Near Hell Creek Marina, North of Jordan, MT


The steep cliffs of Cole Creek (47°38′26′′ N, 106°55′25′′ W; NAD27CONUS; Figure 25) expose the Bearpaw Shale through to Jen Rex Sandstone of the Hell Creek Formation. The Colgate Sandstone is absent, but the Colgate tidal flats are present, represented by the lower grey siltstone (2 m), and overlain by a thin (20 cm) organic-rich mudstone. There is no obvious deep erosional scour at the base of the overlying Hell Creek Basal Sand, although it is thick here (12 m), and subsequently overlain by 8 m of overbank fines. These are in turn overlain by the resistant Jen Rex Sandstone that forms a steep 8 m cliff capping the section. Here, the base of the Jen Rex Sand contains a bone lag from which some relatively large dinosaur bones have been collected. Nearby, 0.5 km southwest (47°38′12′′ N, 106°55′40′′ W; NAD27CONUS) the Jen Rex Sand incises deeply into the underlying strata (~10 m), and similarly exhibits an unusually coarse conglomerate at its base, with angular mudstone clasts 10–15 cm across.




3.2.3. Hell Creek, Near the Marina Road (FWS-105), North of Jordan, MT


The transition from the Bearpaw through to the Hell Creek Formation is well exposed at Hell Creek itself, with easily accessible near-continuous outcrop along the Hell Creek Marina Road (FWS-105). Here I briefly describe four sections which change from a typical or normal section in the north at “Best Butte” (and the Hell Creek State Park), to an atypical (but commonly described) section south at “Manaige Spring”. Interpretation differs significantly between authors [10,20,28], with important implications, not the least that a small part of the Battle Formation may be exposed in this area [28].




3.2.4. “Best Butte” & “Hike Cliff”


Two sections immediately adjacent to each other record comparable stratigraphy, considered here as “typical” for the Hell Creek Formation in this area; “Hike Cliff” (Figure 4; 47°36′5′′ N, 106°55′14′′ W, NAD27CONUS) and “Best Butte” (Figure 26; 47°35′36′′ N, 106°54′50′′ W, NAD27CONUS; section #10 in Flight [20]). In both buttes the pale grey silty sandstones of the upper Bearpaw Shale grade into the conspicuous yellow Fox Hills Sandstone (forming a gradual slope). This is abruptly overlain by a relatively thin (~4 m) cliff-forming sandstone, conspicuously more pale than the Fox Hills Sandstone, lacking concretions, and capped by a thin grey siltstone and prominent purple mudstone (consistent with the appearance and stratigraphic position of the Colgate Sandstone and Colgate tidal flats in the Manaige Spring section; Figure 5). At Best Butte and Hike Butte however, the Colgate tidal flats are directly overlain by a cliff-forming amalgamated channel sandstone, identified here as the Hell Creek Basal Sand. Concretions in the Basal Sand can be seen clearly in the lower ~4–5 m, but absent from the upper ~6 m (the Basal Sand thickens northwards so that in the cliffs immediately west of the Hell Creek Marina it achieves considerable thickness of ~12 m or more, and inclined heterolithic strata are clearly visible in the upper 3–4 m). The Basal Sand is overlain by typical banded mudstones of the lower Hell Creek Formation fines, although these vary in thickness between Hike Cliff and Best Butte. At Hike Cliff, the lower fines are ~10–15 m thick with the section capped by the Jen Rex Sandstone (Figure 4). At Best Butte the lower fines are only ~4 m thick and are then capped by a sand unit which probably is an isolated channel sand (Figure 26).



It is important to note that in Hartman et al. [10], Best Butte (their supplementary Figure DR85) is interpreted differently, with the white sandstone (identified above as the Colgate Sandstone), named as the Hell Creek Basal Sand, and the overlying major sand unit (identified above as the Basal Sand) referred to the Jen Rex Sand. These stratigraphic referrals are here considered incorrect, with error resting upon the misidentification of the Colgate Sandstone. This is likely because the photograph of Best Butte used by Hartman et al. [10] (supplementary Figure DR85) does not include the smaller butte seen on the left of the main butte (see Figure 26). This smaller butte clearly exhibits the characteristic striking white weathering of the Colgate Sandstone.




3.2.5. Manaige Spring and “Battle Butte”


The Marina Road crosses Hell Creek itself at Manaige Spring (47°34′15′′ N, 106°57′0′′ W; NAD27CONUS; Figure 5), where the transition from the Bearpaw Shale to Hell Creek Formation is atypical and has been interpreted differently among authors [10,28], notably in the identification of a white-colored sandstone near the base. Observation of sections further north along the Marina Road (Hike Butte and Best Butte) allows correlation with the Manaige Spring section, and confirmation that this white-colored sandstone is the Colgate Sandstone.



At Manaige Spring, the Bearpaw Shale grades into the Fox Hills over ~10 m. The Fox Hills Sandstone is overlain by an 8 m thick pale sandstone, which weathers into a distinctive rilled pattern, strikingly different from the blocky weathering of the Fox Hills. This pale sandstone is visibly divided into two color bands, with the upper band a paler shade of grey. This sand unit was identified as the Colgate Sandstone by Lerbekmo [28]. However, Hartman et al. [10] (supplementary information) disagree with Lerbekmo ([28]; and the current analysis), identifying this pale sandstone instead as the Basal Sand of the Hell Creek Formation, citing (p. 54) that the “white coating (alkaline deposits) is not present laterally (yellowish gray Hell Creek sandstone beds)”. However, this is in error as a Colgate Sandstone identification is corroborated by the same horizon visible at Best Butte (see above; Figure 26) where it exhibits the characteristic striking white weathering pattern.



The upper band of the Colgate Sandstone fines upwards into the Colgate tidal flats: a 50 cm grey siltstone capped by a 50 cm purple-brown organic rich muddy siltstone. Above the Colgate tidal flats is an unusual package of facies not encountered anywhere outside of this local area (see also Battle Butte and Eastside Overlook, below). Instead of the Basal Sandstone there is a conspicuous leached siltstone (30 cm thick), overlain by a 30 cm thick dark organic rich siltstone. The siltstone is a deep red-brown to black color with much organic debris, including twigs and rootlets. This horizon is similarly present, but as a medium grained sandstone ~1.5km east near the mouth of Jordan Coulee (pers. obs.; [58]). Above the organic siltstone are ~10 m of mauve, purple, and grey-green mudstones. These beds are here tentatively referred to the Battle Formation, consistent with their stratigraphic position [111], lithofacies ([110]; see Supplementary Materials), and preliminary palynostratigraphic analysis [28]. The possible Battle Formation is overlain by the Basal Sand of the Hell Creek Formation (~9 m thick), which forms the uppermost unit of this section.



“Battle Butte” (47°34′43′′ N, 106°56′39′′ W; NAD27CONUS; Figure 27) occurs at the roadside ~1 km NNE of Manaige Spring, and records a stratigraphic succession intermediate between Manaige Spring and Best Butte (located ~3 km NE). The lowermost visible unit is the transitional grey silty sandstone between the Bearpaw Shale and Fox Hills Sandstone, forming a gradual slope at the base of the butte. These are overlain by the orange sandstone of the uppermost Fox Hills (~20 m in total relief). Overlying the Fox Hills is a pale colored cliff forming sandstone capped by an organic rich horizon. This is interpreted here to be the Colgate Sandstone and tidal flats, but was interpreted by Hartman et al. [10] (supplementary Figure DR84) as the Basal Sand of the Hell Creek Formation (in error; see above). Overlying the Colgate tidal flats is a thin exposure of the possible Battle Formation, which is ~3 m thick on the western edge of the butte (left side of Figure 27B), but is absent at the small butte closest to the road (right side of Figure 27B), having been completely removed by incision of the overlying Basal Sand of the Hell Creek Formation. Hence this locality records the removal of the possible Battle Formation facies, to leave the direct contact of the Hell Creek Formation Basal Sand upon the Colgate Sandstone (and/or tidal flats) that is observed to the north (e.g., Best Butte; see above). The overlying Hell Creek Basal Sand is ~6 m thick and exhibits some inclined heterolithic strata, fining upwards into a package of 5–6 m of mudstones of the Hell Creek lower fines.




3.2.6. East Ried Coulee, Flag Butte (New Type Section)


The new type section for the Hell Creek Formation is located at Flag Butte, near East Ried Coulee (47°33′34′′ N, 106°52′52′′ W, NAD27CONUS), ~5 km east of the Marina Road (FWS-105), and is described in detail by Hartman et al. [10]. However, the basal contact of the Hell Creek Formation defined by Hartman et al. [10] is probably incorrect. However, it should be noted that the stratigraphic relationships immediately below the basal contact of the Hell Creek Formation Basal Sand are very complex and easy to misinterpret.



The deep ravine at East Ried Coulee exposes the Bearpaw Shale at its base with continuous exposure through to the top of nearby Flag Butte (~1 km SE; 47°33′22′′ N, 106°52′8′′ W, NAD27CONUS), which is capped by the lowermost 10 m of the Fort Union Formation (Hartman et al., 2014). The steep walls of East Ried Coulee are mostly composed of ~20 m of tan to orange colored medium to coarse-grained sandstone (Figure 6, Figure 28, Figure 29 and Figure 30). The base of these cliffs exposes horizontally stratified or massively bedded grey silty sandstone, here attributed to the transitional beds of the Bearpaw Shale (Figure 28). Identity of the silty sandstones as the transitional beds of the Bearpaw Shale is supported by magnetostratigraphic analysis (LeCain et al., 2014; Lerbekmo, 2009; see later discussion).



These basalmost beds of the succession are not figured in the sections measured by Hartman et al. [10], yet are critical to interpretation. The overlying tan to orange colored sandstones are referred to the Fox Hills Sandstone by Hartman et al. [10], and this would seem to be consistent with their stratigraphic position. However, the base of these tan-orange sandstones is erosive and has an abrupt contact with the underlying silty sandstones of the Bearpaw Shale (Figure 28): an erosive relationship between the Fox Hills Formation and Bearpaw Shale has not been observed elsewhere, nor noted by other workers. Furthermore, the tan-orange sandstone exhibits large scale trough cross-bedding, medium to coarse sand grain size, fining upwards successions both within individual beds and overall though the unit, possible inclined heterolithic strata (Figure 29), internal scour surfaces at the bases of distinct channels sometimes infilled with conglomerate (Figure 30; Hartman et al. [10], supplementary Figures DR36-37; Rogers, pers. comm. 2014), and has a “peppered” texture [33], none of which are observed in the Fox Hills Formation, but are characteristic of the Basal Sand of the Hell Creek Formation. Therefore, this unit is not referable to the Fox Hills Formation, and instead probably represents the Hell Creek Formation Basal Sand which is unusually thick at this location as it has incised down through the Colgate Sandstone (if originally present) and Fox Hills Formation into the transitional beds of the Bearpaw Shale. In their supplementary materials, Hartman et al. [10] document that this view was shared by A. G. Leonard ([113]; who visited East Ried Coulee with Barnum Brown) who stated that “The basal sandstone of the Laramie [Hell Creek] is finely exposed in the gorge at the headwaters of the East Fork of Hell Creek [Ried Coulee] where it has the exceptional thickness of 150(?) feet [45.7 m]”. Thus, it would appear from this account that Leonard agreed that the thick sandstone present in Ried Coulee is the Basal Sand of the Hell Creek, and not (mostly) the Fox Hills Sandstone (i.e., sensu Hartman et al. [10]). This referral is also supported by palynomorphs extracted from the tan-orange sand unit which show affinity with those of the Hell Creek Formation (Braman, pers. comm. 2012).



The Basal Sand of the Hell Creek Formation fines upwards in the upper 5 m and changes from tan-orange color into a pale sandstone overlain by a thick organic rich mudstone (Figure 6). This is unusual for the Basal Sand, although a similar stratigraphic relationship is observed at the northern edge of Penick Coulee (see below), where an organic shale immediately overlies the top of the Basal Sand.



Regardless of the identity of the basal units, further overlying subunits of the Hell Creek Formation (beginning with the lower Hell Creek Formation Fines) are typical in occurrence and thickness (Jen Rex Sand is 19.2 m above the top of the pale sandstone; Apex Sand is 25.3 m above the top of the Jen Rex Sand, 10 Meter Sand is ~9 m below the Hell Creek—Fort Union formational contact; Figure 11 and Figure 12). In conclusion, the type section exhibits an unusual basal contact of the Hell Creek Formation, but is otherwise typical.




3.2.7. Sand Creek, Sheep Mountain, Carter County MT


A small outcrop in Sand Creek (55 km southeast of Ekalaka, Carter County, Montana; 45°30′8′′ N, 104°8′0′′ W, NAD27CONUS) records the transition from the Fox Hills Sandstone through the lower 30 m of the Hell Creek Formation (Figure 10 and Figure 31), and is lithostratigraphically comparable to sections in the Ft. Peck area, 300 km northwest. The section begins with the uppermost 3 m of the Fox Hills Sandstone, which is typically yellow in color and in its upper 1 m exhibits prominent orange-colored concreted sandstone lenses with ripple cross-lamination. The Colgate Sandstone is absent here, instead, the Fox Hills Sandstone is irregularly overlain by the Colgate tidal flats (Figure 10) consisting of a 50–60 cm thick grey silt, overlain by 20–30 cm of purple-brown organic-rich silty mudstone. This is overlain in turn by the 10 m thick Basal Sandstone of the Hell Creek Formation. The variable nature of this contact is of particular interest. Typically, the Basal Sand lies disconformably on top of the organic rich horizon of the Colgate tidal flats. However, in places (Figure 10B) the Basal Sand has eroded down ~3 m through the Colgate, and into the Fox Hills Sandstone. With the limited outcrop and time spent in this area, it was not possible to trace the contact further, but it illustrates the occasionally incising nature of the Hell Creek Basal Sand. 13–17 m of overbank fines overlies the Basal Sand, followed by the Jen Rex Sand that caps the succession at this locality.




3.2.8. East Gilbert Creek and Penick Coulee


Excellent badland exposures at the headwaters of East Gilbert Creek (47°41′13′′ N, 106°31′44′′ W; NAD27CONUS) north into Penick Coulee (47°43′51′′ N, 106°30′23′′ W; NAD27CONUS) represent one of the few localities where a complete section from the Bearpaw Shale to Fort Union Fm can be observed in easily accessible BLM-administered land (Figure 15). On the southern edge of East Gilbert Creek, and immediately north of the Haxby Road (47°39′6′′ N, 106°30′59′′ W; NAD27CONUS), a 5 km SW-NE trending cliff exposes the upper 10–20m of the Hell Creek Formation and upper contact with the Fort Union Formation. At the Isaac’s ranch the cliff turns north and the exposure deepens into the wash, exposing the Fox Hills Sandstone and uppermost Bearpaw Shale. The East Gilbert Creek section is typical in the presence of the Basal Sandstone, Jen Rex Sandstone, Apex Sandstone, and 10 Meter Sandstone in their expected positions. Of interest is an especially thick (30 cm) organic-rich mudstone that occurs immediately below the Apex Sand (Figure 18; 47°41′32′′ N, 106°30′47′′ W, NAD27CONUS); this is in the same stratigraphic position as the Null Coal, but does not preserve any volcanic ash. A Null Coal exposure 1.5 km to the southeast (47°40′48′′ N, 106°30′16′′ W, NAD27CONUS) contains both upper and lower ashes. At this locality the upper ash is contained within a coal, but the lower ash is within a red organic rich shale (by comparison, both ashes are within coals in Bug Creek ~25 km to the east; [14,19,76]). This suggests that coal swamp conditions spread westwards (landward) between the deposition of the lower and upper ashes. The southern part of East Gilbert Creek is also one of the few localities where the 10 Meter Sand can be observed with any incision depth. At the same locality as the above Null Coal (47°40′48′′ N, 106°30′16′′ W, NAD27CONUS) the 10 Meter Sand incises ~ 10 m into the top of the Apex Sand, to create a combined sandstone thickness of ~18 m.



In contrast, if the continuous outcrop is followed north into Penick Coulee the section becomes atypical in a number of respects. In north Penick Coulee, the Basal Sandstone (8 m thick) is extensively exposed forming a prominent bench (Figure 13 and Figure 14), and contains unusually large quantities of silicified wood. The Basal Sand is overlain by an organic-rich red mudstone, and a conspicuous popcorn-weathering dark gray-green bentonite (Figure 13 and Figure 14; this has been sampled for radiometric analysis). The bentonite is 1.5 m thick at the northern extent of Penick Coulee, but thins southwards and was not observed in East Gilbert Creek. In northwest Penick Coulee (Figure 14, section 1; 47°43′50′′ N, 106°30′01′′ W NAD27CONUS) the Jen Rex Sand is typical and prominent, 15 m above the top of the Basal Sand, but it thins rapidly and is not traceable 0.5 km east (Figure 15, sections 2 and 3). However, it is again present ~ 1km south, in the middle of the coulee (Figure 13). Similarly, the Apex Sand is atypically thin or absent in northern to middle parts of Penick Coulee, although in southern Penick Coulee it is present. In addition, in Penick Coulee the Z-coal and K-Pg boundary have sometimes been removed by channeling that incises down from the Paleocene (Figure 15, section 3; similar to incised channels in Bug Creek, Carter County, ~50 km East; [14,114]; see later). As in Bug Creek, the Penick Coulee channels exhibit reworked coal at their base; however, they only incise ~10 m below the Hell Creek-Fort Union formational contact (compared to ~35 m at Bug Creek). Consequently, since the upper contact cannot be determined, the complete thickness of the section in Penick Coulee is not precisely known.




3.2.9. Gilbert Creek


Gilbert Creek (47°38′11”N, 106°36′14”W, NAD27CONUS) is an extensive area of badlands exposing the upper 50–60 m of the Hell Creek Formation (although exposures probably reach lower in section on adjacent Charles M. Russell Reserve land), and upper contact with the Fort Union Formation. Only the uppermost part of the Hell Creek was surveyed as part of this analysis, although prospecting for vertebrate fossils was conducted deep into Gilbert Creek (preliminary surveying of BLM land in 2010). Gilbert Creek exposures are continuous with East Gilbert Creek, but the connecting area of outcrop has yet to be investigated. The 10 Meter Sand and Apex Sand are present in Gilbert Creek, and have yielded some important vertebrate fossils [24].




3.2.10. Lost Creek


Extensive outcrop in Lost Creek (Figure 16, Figure 17 and Figure 19; 47°40′10′′ N, 106°19′13′′ W, NAD27CONUS) exposes the upper ~50 m of the Hell Creek Formation through to the lower ~10 m of the Fort Union Formation (over a traverse of ~2 km). Outcrop is often of moderate to high relief and continuous, giving excellent exposure of the contacts of the Apex Sand, 10 Meter Sand, and Fort Union Formation. The base of Lost Creek exposes the lowermost middle Hell Creek Formation Fines, with no obvious outcrop of the Jen Rex Sand, although isolated channels are present in some sections (Figure 16). The middle Hell Creek Fines are at least 35 m thick here, and are overlain by the Apex Sand (4–8 m thick). The Apex Sandstone is laterally extensive over the entire local area: 3–4 km2, and in most sections (e.g., Figure 16 and Figure 17) is underlain by a prominent and well developed organic-rich mudstone and/or coal horizon, here correlated to the Null Coal [14,19]. The Hell Creek Upper Fines Part 1 are ~13 m thick and overlain by the 10 Meter Sand (up to 6 m thick; Figure 19). There is only limited outcrop of the 10 Meter Sand, as most of the exposures are stratigraphically lower in section, such that the 10 Meter Sand tends to be exposed only at the tops of small buttes. Despite limited outcrop, the 10 Meter Sand is quite fossiliferous in this area, yielding associated and partly articulated dinosaur remains. Neither the Apex Sand nor 10 Meter Sand show any significant erosional relief at their bases.




3.2.11. Cottonwood Creek


A limited area of study in Cottonwood Creek (~1 km northwest of Brownie Butte; 47°31′58′′ N 107°1′17′′ W, NAD27CONUS; Figure 32) exposes the Apex Sand through to the Fort Union Formation. Approximately 2 km north of this, Cottonwood Creek feeds into Hell Creek, where exposures record the full thickness of the Hell Creek Formation. Brownie Butte has been subject to a number of studies, mainly focusing on the K-Pg boundary [45,50,115,116]. The Apex Sand is ~4–5 m thick here and has a claystone pebble conglomerate at its base, interpreted as a channel lag. Locally this unit contains well-preserved macrovertebrate fossils mixed in with the pebble clasts [24]. Limited exposure of the Apex Sand limits assessment of its continuity; however, Fastovsky [45] documented that the 10 Meter Sandstone pinches out at Brownie Butte itself, but thickens northwards to 5.7 m in Cottonwood Creek. It is also notable that at the old Trumbo ranch area (Hell Creek; 47°33′26′′ N, 107°0′50′′ W, NAD27CONUS) the Basal Sand is unusually thick, forming steep cliffs over 10 m high (also noted by Brown [5]).




3.2.12. Short Creek


The area of Short Creek has good exposures of the upper 30 m of the Hell Creek and Fort Union formational contact (Figure 20, Figure 22 and Figure 33). The deepest part of the wash exposes the upper 3–4 m of the middle Hell Creek fines, which are overlain by the laterally extensive Apex Sand (5 m thick). The contact is erosive but shows no significant relief. In most areas where it is exposed, the Apex Sand has a fossil-rich lag at its base, mostly containing isolated abraded bones and teeth, but occasionally associated material. This is overlain by ~12 m of overbank fines, followed by the 10 Meter Sand. The 10 Meter Sand is continually exposed over ~6 km, but thickness varies considerably from a 10 m thick cliff-forming sand in the eastern side of Short Creek (47°35′49′′ N, 106°17′54′′ W NAD27CONUS; Figure 22; Figure 33, section 3), 4 m thick close to Twitchell Point (47°34′58′′ N, 106°15′43′′ W, NAD27CONUS; Figure 28, section 6) to as little as 2 m on the western side of Short Creek (47°35′35′′ N, 106°18′24′′ W, NAD27CONUS; Figure 20; Figure 33, section 2). Thickness of the overlying fines thus varies from 5–12 m. Coal layers immediately above the Z-coal are especially prominent in the south of this area (47°33′51′′ N, 106°16′46′′ W, NAD27CONUS), reaching up to 1.4 m thick and conspicuous from great distance.




3.2.13. Lone Tree Creek


The uppermost 35 m of the Hell Creek Formation and upper formational contact are observable in extensive outcrops at the eastern edge of Lone Tree Creek. The uppermost 15 m of the Hell Creek Formation, and Fort Union formational contact are observable in extensive outcrops on the southeastern side of Lone Tree Creek (47°36′17′′ N, 106°21′28′′ W, NAD27CONUS; Figure 21). The 10 Meter Sand is 3–4 m thick here, and present across an area of at least 2 km2. Exposure is continuous southeast to connect with the headwaters of Short Creek; hence the 10 Meter Sand can be traced continuously for 7–8 km in this area, although thickness varies.



Although most of the Lone Tree Creek area only exposes the uppermost 20 m of the Hell Creek Formation (mainly above the Apex Sand), a small ravine on the northeast side provides one of the best known exposures of the Null Coal (47°37′33′′ N, 106°21′9′′ W, NAD27CONUS; Figure 34). Here the Null Coal horizon is 60 cm thick, with the upper half represented by coal, and the lower half an organic-rich red mudstone. Both upper and lower ash horizons are present.




3.2.14. Bug Creek—Russell Basin, McCone County


Badlands in the area around Bug Creek (47°41′10′′ N, 106°12′57′′ W, NAD27CONUS) have been historically important in studies of the fauna across the K-Pg boundary [11,14,114]. This area exposes the upper ~50 m of the Hell Creek Formation, and the contact with the Fort Union Formation. The Hell Creek - Fort Union formational contact here is atypical in that in many places (especially within 1 km south of Lonnie’s Bench; 47°41′34′′ N, 106°13′26′′ W, NAD27CONUS) large channels incise from the Paleocene deep into the Hell Creek Formation. Near an important Triceratops locality (UCMP locality V75046; Ruben’s Trike; UCMP specimen 113697), channeling possibly incises ~30m into the Hell Creek Formation (although some of this channeling may instead represent more moderate incision of the Apex Sand). These channels are known to rework Paleocene and Cretaceous fossils into a single deposit [14]. Bug Creek is also important as the first locality where the Null Coal was recorded [14]. At the same locality as above (47°41′10′′ N, 106°12′57′′ W, NAD27CONUS), the Null Coal is present as a 1 m thick coal (unlike further west in Garfield County where it is typically at least partly represented by organic-rich mudstone). Both ash horizons are present in the Bug Creek exposure of the Null Coal, and this is one of the localities sampled by Sprain et al. [19,76], for radiometric dating.



At Russell Basin (47°40′38′′ N, 106°11′13′′ W, NAD27CONUS; ~2.5 km southeast of Lonnie’s Bench area), only the upper 20 m of the Hell Creek formation are observed (Figure 24). This is the location for another important Triceratops specimen (UCMP locality V88081; Russell Basin Trike; UCMP 136092). Here the 10 Meter Sand is 4 m thick and contains numerous large concretions. It is overlain by 4–5 m of the upper Hell Creek fines part 2, followed by the Z-coal and successive coal horizons and banded mudstones of the Fort Union Formation.





3.3. Magnetostratigraphic Corrections


Ammonite biostratigraphy suggests that the identity of magnetochrons in the Fox Hills Formation by Lerbekmo [28] and LeCain et al. [29] need to be altered from C30r and C31n, to C31r. The basal contact of the Colgate Sandstone with the underlying Fox Hills Formation records a change from reversed to normal polarity, shown by Lerbekmo [28] as representing the boundary between C30n and C30r (68.369 Ma [78,117]; Figure 35). However, ammonite biostratigraphy of the underlying Bearpaw and Fox Hills Formation suggests that the non-Colgate part of the Fox Hills Formation is probably no younger than the Baculites clinolobatus zone (70.44–69.91 Ma [78,117]), and possibly slightly older [35,36,118]. This precludes an identity of C30r (68.369–68.196 Ma) or C31n (69.269–68.369 Ma) for the reversed zone that occurs in the Fox Hills Formation immediately underlying the Colgate Sandstone [28]. Given that a depositional hiatus probably exists at the base of the Colgate Sandstone [20,28,43,51], then it seems likely that the zones of reversed polarity within the Fox Hills Formation actually correspond to subzones within C31r (71.449–69.269 Ma [78,117]; Figure 35).



Minor alterations are also required to the magnetostratigraphic analysis of the new type section [29], located ~5km east of the Manaige Spring section studied by Lerbekmo [28]. The major sand unit which forms the steep cliffs of East Ried Coulee (type section; Figure 28, Figure 29 and Figure 30) was considered to be the Fox Hills Formation [10], but is here reidentified as the Basal Sand of the Hell Creek Formation (see above). This atypically deep incision of the Basal Sand cuts entirely through the Fox Hills Formation into the pale grey silty sandstones transitional between the Bearpaw and Fox Hills Formations (Figure 28). LeCain et al. [29] recorded this pale grey silty sandstone as normal polarity, and attributed it to C30n (Figure 36A), the same chron as the majority of the Hell Creek Formation and the Colgate Sandstone (Figure 35). Even if the revision to the major sand unit given here is rejected, the normal polarity zone within the pale grey silty sandstone should not be considered as C30n because the host unit is not correlative with the Colgate Sandstone, the base of which marks the base of C30n [28]. Any such normal polarity signature below the stratigraphic position of the Colgate Sandstone is probably attributable to a subzone within C31r (Lerbekmo [28], identified these as subzones of C31n, but see correction, above), and this is therefore shown in the revised version of LeCain et al.’s figure provided here (Figure 36B). It should probably also be noted that although LeCain et al. [29] follow Hartman et al. [10] in lithostratigraphic designations for the new type section, they do not do so for the important section exposed at Manaige Spring. Here, LeCain et al. ([29]; correlation chart, their Figure 7) instead follow the original bed designations of Lerbekmo ([28]; miscited by LeCain et al., as 2008); i.e., they do not follow Hartman et al.’s ([10]; appendices) revision of the Manaige Spring section. This is important as the sandstone that Lerbekmo [28] identified as the Colgate Sandstone (agreeing with the current work), is reidentified as the Basal Sandstone of the Hell Creek Formation by Hartman et al. [10], with significant consequences for magnetostratigraphic and lithostratigraphic correlation. However, this has no serious implications if the revised correlations presented here are followed.




3.4. Depositional Sequences and Systems Tracts


Low Accomodation Systems Tracts (LAST) in the Hell Creek Formation record periods of low accommodation and are represented by amalgamated channel sandstone complexes. High Accomodation Systems Tracts (HAST) record periods of high accommodation, represented by strata typical of overbank fines (mudrocks) containing isolated channel sandstones. Sequence boundaries are identifiable as disconformities at the bases of amalgamated channel complexes, representing periods of erosion or non-deposition. Regional extent, thickness, and multi-storey architecture distinguishes incised valley fill and amalgamated channel sandstone complex features from smaller scale, single-storey localized erosion, and channel-fill sandstone units associated with normal, autocyclic fluvial processes. Cliff-forming amalgamated channel sandstones are conspicuous, and consistent in their stratigraphic position and sedimentology, being at their base typically more coarsely grained than preceding deposits, and trough cross-stratified. In the absence of amalgamated channel complexes, periods of low accommodation space creation should be represented by mature interfluve paleosol horizons, although in outcrop these are difficult to observe. Potential correlative Maximum Flooding Surfaces may be represented in concentration of lacustrine organic-rich horizons within HAST, but these are difficult to define in the current work. For the most part, defined depositional sequences probably represent 4th order cyclicity, such that facies juxtapositions are not as severe as across sequence boundaries of 3rd order or less. 4th order sequence boundaries have been described for the Upper Maastrichtian Whitemud and Battle Formations of Alberta [119].



Sequences and boundaries have been plotted on a generalized section (Figure 3). These initially follow Flight [20], but differ with respect to the upper part of the Colgate depositional sequence, the lower Hell Creek depositional sequence, and in the completion of the upper part of the succession.



3.4.1. Bearpaw Shale–Fox Hills Sandstone depositional sequence (Kbp, Kfh)


The Bearpaw Shale–Fox Hills Sandstone contact is gradational (e.g., Figure 4) and records shallowing conditions from fully marine mudstones, through offshore transition silty sandstones, to shoreface sandstones of the Fox Hills Formation (excluding the Colgate Sandstone). No significant disconformity has been detected through this succession. Here I follow Flight [20] in recognizing the Bearpaw Shale through Fox Hills Sandstone as the latter stages of HST, and early LST where stillstand sealevel causes a forced regression as the Fox Hills delta progrades out into the Bearpaw seaway. Flight [20] notes that westward downstepping of parasequences indicates a forced regression, supporting the interpretation of early LST.




3.4.2. Colgate and ?Battle Depositional Sequence (SB1, Kfhc, Kcp, Kba)


This analysis mostly follows Flight [20] in definition and interpretation of the Colgate depositional sequence, which comprises sequence boundary 1, the overlying Colgate Sandstone, the Colgate tidal flats, and the possible Battle Formation. Deposits of the Colgate sequence record a broad incised valley fill deposited under initially fluvial, and later estuarine conditions, followed by tidal flats and terrestrial mudstones [20,43].



Sequence boundary 1 occurs at the basal contact of the Colgate Sandstone, and is typically marked by an erosive scour. Flight [20] and Behringer [43] suggest the erosive scour represents a broad incised valley formed by decrease in accommodation (in this case, linked to sealevel fall). Supporting evidence includes depth of incision (up to 25 m); lateral continuity of the erosive scour; a non-Waltheran facies shift from marine Bearpaw Shale to estuarine deposits of the Colgate Sandstone, and onlap of the Colgate Sandstone to incised valley walls [20,43]. Flight [20] interprets the overlying Colgate Sandstone as representing the TST, with the successively overlying Basal Sand of the Hell Creek Formation representing HST (partially agreed here; see below). Expected late lowstand fluvial backfill deposits were not observed in the current study, nor by Flight [20] although Flight does cite Wheeler [40] as having identified coarse-grained fluvial facies directly above the erosional scour. Early TST deposits of the Colgate Sandstone are estuarine, reflecting increasing marine influence due to rising base-level [20,43], although in some sections, only the upper part of the Colgate sandstone is estuarine. Sequence boundary 1 is regionally extensive with good examples of the contact at the Marina Road (Figure 4 and Figure 5), Crooked Creek (~120 km west; Figure 7 and Figure 8), and Sheep Mountain, Ekalaka (~300 km southeast; Figure 10 and Figure 26).



The Colgate tidal flats are almost always present above the Colgate Sandstone, or in place of it, immediately beneath the Basal Sand, or rarely, the possible Battle Formation (e.g., Manaige Spring section; Figure 5). Areas where the Colgate tidal flats are absent typically correlate with incision of the Basal Sand, potentially removing any of the organic-rich facies (and sometimes, the rest of the Colgate, or equivalent, along with it; e.g., North Penick Coulee section; Figure 14 and Figure 15; Sheep Mountain section, Ekalaka; Figure 10 and Figure 26).



The depositional environment of the Colgate tidal flats was interpreted by Flight (2004; who included it as the basalmost unit of the Hell Creek Formation) as tidal flats deposited during late TST of the Colgate depositional sequence. This analysis agrees with Flight (2004) that the Colgate Sandstone represents the TST, but differs slightly in interpreting the overlying mudstones of the possible Battle Formation as a remnant of HST of the Colgate Sequence.



In one locality (Manaige Spring, and local area within ~2 km; Figure 5 and Figure 27) the Colgate tidal flats are overlain by a second bed of tidal flats (~1 m), and ~10 m of mudstones, here tentatively referred to the Battle Formation. The lack of any erosive contact between the Battle beds and underlying Colgate beds suggest that this represents a continuation of the Colgate depositional sequence, probably the HST. However, Catuneanu and Sweet [119] propose an unconformity exists between the (Colgate-equivalent) Whitemud and Battle Formations in southern Alberta and Saskatchewan, based on palynological differences [120,121]. This would suggest that the Battle Formation (if correctly identified) might represent an additional sequence sandwiched between the Colgate depositional sequence, and the lower Hell Creek depositional sequence. Whether this is also true of the Manaige Spring section requires detailed palynological analysis, although initial results [28] suggest that the possible Battle Formation facies present at this locality has palynomorphs comparable to the Battle Formation of Alberta.



In summary, this analysis considers the Colgate Sandstone represents the TST, with the Colgate tidal flats and possible Battle Formation as HST, followed by LAST of the Basal Sand (see next).




3.4.3. Lower Hell Creek Formation Depositional Sequence (SB2, Khc-bs, Khc-lf)


The lower Hell Creek Formation depositional sequence comprises sequence boundary 2 (SB2), the overlying Basal Sand (LAST), and Khc-lf (HAST). These have a combined thickness of 15–26 m (~26 m in the new type section; Hartman et al., 2014; variability is mostly dependent on the thickness of the Basal Sand).



In a departure from the work of Flight [20], this analysis places the second sequence boundary at the base of the Basal Sand. This contact is erosive (Figure 4 and Figure 5), and is occasionally marked by a moderately deep erosive scour (up to 5 m depth; Figure 5 and Figure 6) which may incise through the underlying units as deep as the Bearpaw Shale, though more typically it might only incise as deep as the Fox Hills Sandstone. This scour is rarely observed in the field and may be localized in nature, perhaps explaining how it was not observed by Flight [20], although it was mentioned by previous workers [5,6,33,122], including Lerbekmo [28], who suggested incisions up to 10 m are known. Lerbekmo [28] suggested that significant fall in sealevel may have occurred after deposition of the Colgate Sandstone (Colgate depositional sequence), leading to significant leaching of the Colgate Sandstone. Immediately overlying sequence boundary 2 is the Hell Creek Formation Basal Sand: an amalgamated channel complex that forms the basalmost bed of the lower depositional sequence. The presence of inclined heterolithic strata in lower parts of the Basal Sand is typically attributed to lateral migration of tidally influenced point bars [123]. However, recent work has suggested that in some cases IHS may instead represent deposition in an entirely terrestrial setting [124]. Flight [20] interprets IHS in the Basal Sand as indicative of estuarine influence, and this is followed here. The sharp contact of sequence boundary 2 typically juxtaposes fine-grained tidal flat (Colgate tidal flats) or estuarine (Colgate Sandstone) deposits with medium grained alluvial and estuarine sandstones of the Basal Sand. This constitutes a basinward shift in facies [102], consistent with a type 1 sequence boundary, but not a non-Waltheran facies shift. However, in localities (e.g., Sheep Mountain, Figure 10 and Figure 26; and probably the new type section; Figure 11) where the Basal Sand directly overlies the Fox Hills Sandstone (shallow marine) or Bearpaw Shale (marine), facies juxtapositions are non-Waltheran. Sequence boundary 2 and the Basal Sand are regionally extensive with good outcrop visible at East Ried Coulee (Figure 11; the new type section [10]), the Marina Road (Figure 4 and Figure 5), Penick Coulee (Figure 13), and East Gilbert Creek (all within ~40 km in a region south of Fort Peck Reservoir), but also as far away as Crooked Creek (~120 km west; Figure 7 and Figure 8), and Sheep Mountain, Ekalaka (~175 km southeast; Figure 10 and Figure 26).



Sequence boundary 2 is interpreted as having formed during a period of negative accommodation, potentially representing base-level fall. Significant base-level fall at sequence boundary 2 is corroborated [28] by significant eustatic sealevel fall at this time caused leaching of the Whitemud Formation (the Canadian equivalent to the Colgate sequence [125]). Further, the Colgate tidal flats, and possibly the Battle Formation are indicative of a stable land surface that might be expected at the top of a transgressive sequence [112,126,127]. The overlying Basal Sand is interpreted as having been deposited during a period of low accommodation space, and is discriminated from normal channel cut and fill by a combination of features: occasional deep incision; multi-story amalgamated stacks of channels; and the lateral amalgamation of many channels such that the Basal Sand can be traced laterally over many kilometers. This represents the last time that Hell Creek Formation terrestrial deposition can be correlated with sealevel. From hereon, depositional sequence components are referred to as low or high accommodation settings.



Overlying the Basal Sand are approximately 15 m of typical floodplain deposits and isolated channel deposits (Khc-lf) that comprise the remainder of the lower Hell Creek depositional sequence. The transition from Khc-bs to Khc-lf records a landward shift in facies, a sharp decrease in the ratio of sand to mud, and a change in channel stacking patterns from multi-story amalgamated channels (Khc-bs) to smaller isolated channels within thick deposits of overbank fines. This represents a shift from low-accommodation to high-accommodation conditions, hence Khc-lf represents a HAST. Good exposures of Khc-lf can be seen at East Ried Coulee (Figure 12; the new type section; Hartman et al., 2014), the Marina Road (Figure 4 and Figure 5), Cole Creek (Figure 25), East Gilbert Creek, Penick Coulee (Figure 13 and Figure 15; all within ~40 km in a region south of Fort Peck Reservoir), and as far away as Crooked Creek (~120 km west; Figure 7 and Figure 8), and Sheep Mountain, Ekalaka (~175 km southeast; Figure 10 and Figure 26). Khc-lf is overlain by sequence boundary 3 (SB3) and the Jen Rex Sand of the middle Hell Creek depositional sequence.




3.4.4. Middle Hell Creek Formation Depositional Sequence (SB3, Khc-jrs, Khc-mf)


The middle Hell Creek Formation depositional sequence comprises sequence boundary 3, the overlying Jen Rex Sand (LAST), and Khc-mf (HAST), with a combined thickness of 25–40 m (~37 m in the new type section [10]), which is typically thicker than either the lower or upper sequences. The middle Hell Creek Formation can be the most problematic sequence to identify in the field, since it lacks the obvious formational contacts that are present for the lower and upper sequences. Nevertheless, the prominent Jen Rex Sand is almost always present at the base of this sequence, and usually either the lower or upper formational contact can be observed within a few kilometers, permitting correlation.



Sequence boundary 3 typically occurs at the base of the Jen Rex Sand, approximately 15 m above the top of the Basal Sand (18 m above the upper surface of the Hell Creek Formation Basal Sand in the new type section [10]), and is marked by an erosive scour of variable relief (0–5 m, this analysis; up to 5 m, new type section [10]; up to 15 m [20]). Sequence boundary 3 juxtaposes different channel stacking patterns from overbank fines and thin isolated channels sands of Khc-lf to multi-story amalgamated channels of the Jen Rex Sand. This constitutes a basinward shift in facies [102], consistent with a type 1 sequence boundary, but not a non-Waltheran facies shift. However, Flight [20] notes localities where amalgamated fluvial deposits of the Jen Rex Sand (my usage) erosively overlie estuarine strata of the Colgate Sandstone. This still does not constitute a non-Waltheran facies shift, but represents a more significant basinward shift in facies than typical for the Jen Rex Sand and other Hell Creek Formation amalgamated channel deposits. Occasional deep channel incision into the underlying Khc-lf (and especially into the Colgate depositional sequence [20]), and a basinward shift of facies supports the interpretation that sequence boundary 3 formed during a period of falling accommodation. Furthermore, across sequence boundary 3, the ratio of sand to mud increases from Khc-lf to the Jen Rex Sand, representing a shift from a high-accommodation to low-accommodation depositional setting (hence the Jen Rex Sand is interpreted as a LAST). Sequence boundary 3 and the Jen Rex Sand are regionally extensive with good examples of the contact and amalgamated channel complex at East Ried Coulee (Figure 11 and Figure 12; the new type section [10]), Cole Creek (Figure 25), the Marina Road (Figure 4 and Figure 5), Penick Coulee (Figure 13, Figure 14 and Figure 15), and East Gilbert Creek (all within ~40 km in a region south of Fort Peck Reservoir), but also as far as Sheep Mountain, Ekalaka (~175 km southeast; Figure 10 and Figure 26).



Overlying the Jen Rex Sand is a package of ~20–30 m of typical floodplain deposits and isolated channels: the middle Hell Creek Formation fines (Khc-mf). The transition from Khc-jrs to Khc-mf records a decrease in energy, a sharp decrease in the ratio of sand to mud, and a change in channel stacking patterns from multi-story amalgamated channels (Khc-jrs) to smaller isolated channels within thick deposits of overbank fines. This represents a shift from low-accommodation to high-accommodation conditions, hence Khc-mf represents a HAST. Khc-mf is overlain by sequence boundary 4 and the Apex Sand of the upper Hell Creek depositional sequence. The Null coal [14,19] is a thin (<50 cm) lignite that occurs in the uppermost part of Khc-mf, typically 0–5 m below the base of the Apex Sand. It is well developed in Bug Creek, being ~50 cm thick, but thins slightly to the east, and is gradually replaced by an organic-rich shale (e.g., Lost Creek; Figure 16; East Gilbert Creek; Figure 18). In some localities the Null Coal (or equivalent) is the uppermost bed of Khc-mf being directly overlain by the Apex Sand (e.g., Lost Creek, Figure 16; the northern part of East Gilbert Creek; Figure 18). However, in other localities (e.g., Lost Creek, Figure 37; southern part of East Gilbert Creek Figure 38; Lone Tree Creek, Figure 34) the Null Coal is overlain by up to 5 m of typical Hell Creek Formation mudstones, which are then erosively overlain by the Apex Sand. The Null Coal (or equivalent organic-rich mudstone) represents a period of widespread paludal conditions present at the end of the HAST of the Khc-mf. This might be the landward expression of a maximum flooding surface if it could be linked to sealevel, but at least represents the period of maximum accommodation during the HAST. The overlying mudstones (where present) represent the lattermost part of the HAST when accommodation space creation is waning, and might be considered HST if it could be linked to sealevel. Removal of these uppermost mudstones by the incision or lateral cut-and-fill amalgamation of the overlying Apex Sand (Khc-as) is consistent with interpretation of an overlying sequence boundary (4), and subsequent LAST of the Khc-as.



Good exposures of Khc-mf can be seen at East Ried Coulee (Figure 12; the new type section [10], the Marina Road (Figure 4 and Figure 5), East Gilbert Creek (Figure 18), Penick Coulee (Figure 13 and Figure 15), and Lost Creek (Figure 16 and Figure 19; all within ~40 km in a region south of Fort Peck Reservoir).




3.4.5. Upper Hell Creek Formation Depositional Sequence


The upper Hell Creek depositional sequence is divided into two parts. Part 1 comprises sequence boundary 4, the overlying Apex Sand (LAST; Khc-as), and Khc-uf1 (HAST), with a combined thickness of ~15–20 m (~15 m in the new type section; Hartman et al., 2014). Part 2 comprises sequence boundary 5, the overlying 10 Meter Sand (LAST; Khc-10ms), and Khc-uf2 (HAST), with a combined thickness of ~9–12 m (~10 m in the new type section [10]). The complete thickness of the upper Hell Creek depositional sequence (i.e., parts 1 and 2 combined) is ~26–30 m (27 m in the new type section; Hartman et al., 2014).



Part1: (SB4, Khc-as, Khc-uf1). Sequence boundary 4 occurs at the base of the Apex Sand, ~26 m below the contact with the overlying Fort Union Formation (~63 m above the lower contact of the Basal Sand in the new Hell Creek Formation type section [10]). It is marked by an erosive scour, along which no significant relief typically occurs, but up to 5 m has been observed by the author (East Gilbert Creek; see above), and is overlain by the amalgamated channel complex of the Apex Sand. Sequence boundary 4 juxtaposes different channel stacking patterns, from the overbank fines and thin isolated channels sands of Khc-mf to multi-story amalgamated channels of the Apex Sand. This constitutes a basinward shift in facies [102], consistent with a type 1 sequence boundary, but not a non-Waltheran facies shift. Lack of any significant incision at the sequence boundary suggests that it was formed during a period of accommodation stillstand, or during a period of overall high subsidence (e.g., as seen in the Po-Plain sediments of Italy [128,129,130,131,132]). Across sequence boundary 4, the ratio of sand to mud increases from Khc-mf to the Apex Sand, representing a shift from a high-accommodation to low-accommodation depositional setting. Sequence boundary 4 and the overlying Apex Sand are regionally extensive, supporting recognition as a sequence boundary and LAST respectively. Good examples of the sequence boundary and Apex Sand are visible at East Ried Coulee (Figure 12; the new type section [10]), Cottonwood Creek, Bug Creek, Short Creek (Figure 28) and Lost Creek (Figure 16 and Figure 19), Penick Coulee (Figure 15), and East Gilbert Creek (Figure 18); all within ~40 km in a region south of Fort Peck Reservoir. The sequence boundary is overlain by sediments of the upper Hell Creek depositional sequence.



Overlying the Apex Sand is a package of approximately 10 m of typical floodplain deposits and isolated channels comprising Khc-uf1. The transition from the Apex Sand to Khc-uf1 records a decrease in energy, a sharp decrease in the ratio of sand to mud, and a change in channel stacking patterns from multi-story amalgamated channels (Khc-as) to smaller isolated channels within thick deposits of overbank fines (Khc-uf1). This represents a shift from low-accommodation to high-accommodation conditions, hence Khc-uf1 represents a HAST. Khc-uf1 is overlain by tentative sequence boundary 5 and the 10 Meter Sand.



Part2: (SB5, Khc-10ms, Khc-uf2). A fifth sequence boundary is present approximately 10m below the contact with the Fort Union Formation, slightly more than halfway through the upper Hell Creek depositional sequence (~79 m above the bottom of the Basal Sand in the new type section [10]). The tentative sequence boundary is normally overlain by the amalgamated channel complex informally named the 10-Meter Sand [10]. Although the base of the 10 Meter Sand is erosive, significant relief is rarely observed, although at one locality the 10 Meter Sand is observed to incise ~10 m into the top of the Apex Sand (see East Gilbert Creek, above). Further, although the 10 Meter Sand is typically present, its thickness varies considerably (no more than 4 m usually), and is often much thinner, finer grained, and less prominent in outcrop than other amalgamated channel units that occur lower in section. Typical lack of incision at sequence boundary 5 may indicate that it was formed during accommodation stillstand, or during a period of overall high subsidence (e.g., as seen in the Po-Plain sediments of Italy [128,129,130,131,132]), although highly localized incision suggests accommodation fall. Clustering of channel belts at this stratigraphic horizon is indicative of either low-accommodation, a period of slowed accommodation space creation, or a period of normal accommodation, but high sedimentation rate (as has been suggested for the basal sands of the Dinosaur Park formation, Alberta [124,133]). For the purposes of this analysis, the 10 Meter Sand is identified as a LAST.



Overlying the 10 Meter Sand (where present) is a package of approximately 4–10 m of typical floodplain deposits and isolated channels comprising Khc-uf2. The transition from the 10 Meter Sand to Khc-uf2 records a decrease in energy, a decrease in the ratio of sand to mud, and a change in channel stacking patterns from multi-story amalgamated channels (Khc-10ms) to smaller isolated channels within deposits of overbank fines (Khc-uf2). This represents a shift from medium/low-accommodation to high-accommodation conditions, hence Khc-uf2 represents a HAST. Khc-uf2 is overlain by the Fort Union Formation and as such is the last unit considered in this study.






4. Discussion


4.1. Stratigraphy


The Hell Creek Formation of Montana comprises four disconformity bound depositional sequences and conforms well to terrestrial sequence stratigraphic models. The described sequence boundaries are consistent across ~50 km in the area studied south of Fort Peck (Figure 1 and Figure 2), and lower sequence boundaries are similarly observed in sections ~120 km west at Crooked Creek (north of Winnett, MT [20]; Figure 7), ~175 km east at Makoshika State Park (Glendive, MT [10,39]), and ~300 km southeast at Sand Creek (Sheep Mountain, near Ekalaka; Figure 10 and Figure 31). Lateral extent of the described features differentiates them from isolated channels or autocyclic processes.



The amalgamated channels that lie immediately above sequence boundaries are conspicuous in outcrop, and almost always present, making useful marker beds for ascertaining stratigraphic position. Moreover, their resistance to erosion means that they commonly form valley floors or the tops of buttes, strongly affecting outcrop patterns. The underlying Fox Hills Sandstone and Bearpaw Shale are less resistant to erosion, facilitating modern channel incision, and giving way to deep valleys and steeper landscapes. This can make outcrop of the lower Hell Creek depositional sequence difficult or slow to traverse, which may partially explain why the lower Hell Creek is less well prospected for fossils than middle or upper depositional sequences (a reason why the Hell Creek Project initially specifically targeted the lower part for collecting). It is fortunate that individual depositional sequences of the Hell Creek Formation are rarely thicker than ~30 m, since the typical relief of any given outcrop of the Hell Creek Formation usually exceeds 30 m. Therefore at least one sequence boundary or formational contact should be visible locally.



The varying classification of geologic units at the lower contact of the Hell Creek Formation highlights problems in reconciling traditional descriptive lithostratigraphy with the more interpretive method of sequence stratigraphy. Inclusion of the uppermost part of the Colgate depositional sequence (pale grey silt capped by an organic rich horizon: the Colgate tidal flats, and possible Battle Formation) into the Hell Creek Formation [20,47,109] results in a confusing classification, as they do not belong to the same depositional sequence and the basalmost bed of the Hell Creek Formation would therefore no longer be the Basal Sand (as suggested by its name, and as was the original intention of Brown [5]). Flight’s [20] designation is understandable in that these tidal flat deposits are lithologically unlike the underlying Colgate Sandstone (or the Fox Hills Formation, of which the Colgate Sandstone is a member), but they are also equally distinct from the Basal Sand of the Hell Creek Formation which can almost always be found immediately overlying them. The tidal flat deposits have some resemblance to fluvial silts and organic-rich facies of the Hell Creek Formation [45], but this is largely superficial since tidal flat facies are not found above the Hell Creek Basal Sand (i.e., within the Hell Creek Formation). Considering the stratigraphic distinction and dissimilar depositional environment, it is probably desirable to designate the entire Colgate depositional sequence as a separate formation. In southern Alberta and Saskatchewan, Canada, the Colgate depositional sequence is separated into its own formation: the Whitemud Formation [28,110,119]. While redefinition of the Colgate is beyond the scope of this paper, further work involving regional correlation will probably render this nomenclatural change necessary.



Previous informal divisions of the Hell Creek into upper and lower units [5,20,75] do not agree with the definitions given here, and none is ideal. Flight [20] takes a lithostratigraphic approach, defining the lower Hell Creek as consisting of the uppermost part of the Colgate depositional sequence (as explained in the paragraph above) and the Hell Creek Basal Sand. In terrestrial lithostratigraphy it is commonplace for the top of a sandstone unit to be picked out as a member or formational contact, so from this perspective Flight’s definition is not unusual, but it is difficult to see how it is a useful classification since the majority of the formation remains undivided. The more utilitarian approach: basing division simply on a given measurement (e.g., [75]), while convenient in a relatively small geographic area, is unlikely to be consistent over any great distance since formational thickness varies. Moreover, since sequence boundaries represent periods of non-deposition, time is not evenly distributed throughout the formation. Consequently, divisions of even thickness will likely not pertain to equivalent amounts of time. This is especially important in studies of faunal change. The lower, middle, and upper depositional sequences as presented here, are probably the most useful stratigraphic divisions since they depend upon lithological criteria, geometries, and stacking patterns observable in the field, and correlate with the passage of time more directly, although how much time is represented by each sequence has yet to be determined.




4.2. Time Duration of Depositional Cycles


With few chronostratigraphic indicators, it is difficult to ascertain how much time might be represented by depositional sequences and disconformities at sequence boundaries. Belt et al. [54] argued for a fairly substantial (~2 Myr) regional unconformity between the Fox Hills Sandstone and Hell Creek Formation, placing the top of the Fox Hills Sandstone at about 70 Ma. While this interpretation remains controversial [47], a regional unconformity would be a reasonable hypothesis for the interconnected Williston and Powder River Basins, and a hiatus of some length is suggested by the disconformable erosive basal contacts of the Colgate Sandstone (up to 25 m relief; [43]) and Hell Creek Formation (at least 5 m relief), and also ammonite biostratigraphy [35,36,118] (see magnetostratigraphic corrections, above). However, if the magnetostratigraphic work of Lerbekmo [28] is correct in assigning the top of the Fox Hills sandstone as C30r (top of C30r = 67.696 Ma; [78]), this would suggest a much shorter hiatus, probably much less than 1 Myr, although again, ammonite biostratigraphy suggests that Lerbekmo [28] is in error.



Radiometric dates represent the best constraint to determine depositional sequence duration within the Hell Creek Formation itself. Radiometric dates of 66.97 Ma (Ar/Ar [26,134]) and 66.936 Ma (U-Pb [135]) have been retrieved for the Battle Formation in Alberta. Therefore, if the unit underlying the Hell Creek Formation at Manaige Spring is indeed a remnant of the Battle Formation (see above), then this may place a maximum age constraint on the age of the lower contact as no older than ~66.9 Ma. Sprain et al. [19,76] dated an ash in the Null Coal, located 0–5 m below the base of the Apex Sandstone, recovering a date 0.263–0.336 Myr older than the Irz coal (K-Pg boundary) Based on this radiometric date, the upper third of the Hell Creek (cycles 3 and 4) probably represents less than 0.3 Myr in duration. If it is assumed that the lower ~60 m of the Hell Creek Formation was deposited at approximately the same rate (by thickness), then the entire formation may have been deposited in approximately 0.7–0.9 Myr. This very rough figure is comparable to the estimated duration of ~1.36 Myr published by Hicks et al. [79], but less comparable to the maximum of 2.1 Myr (based on magnetostratigraphy [21,28,29,75]). A cycle wavelength of ~0.25–0.3 Myr places the Hell Creek Formation depositional sequences as representative of 4th order cyclicity (0.1–1 Myr [97]). These are superimposed over the top of 3rd order cyclicity (1–10 Myr [97]), in the same fashion as illustrated by Barrell [136]. However, it is not suggested here that sedimentation would have been continuous over the duration of a given cycle. Indeed, in even a relatively complete geological section 80% or more of the duration of time may be represented by a surface rather than rock, with important implications for interpretation [137].




4.3. Autocyclic or Allocyclic Processes


The question remains as to the relative influence of autocyclic (autogenic) or allocyclic (allogenic) processes on patterns of deposition; were Belt et al. [54] correct in suggesting that internal stratigraphic divisions (4th order, as shown here) may be related to basin-wide patterns of base-level change, and hence be correlatable further afield than the immediate Ft. Peck area? Deep scouring observed at the base of the Colgate Sandstone, Hell Creek Basal Sand and Jen Rex Sand (sequence boundaries 1, 2 and 3, respectively), is indicative of significant decrease in accommodation. Decrease in intensity of accommodation fall at sequence boundaries 4 and 5 is consistent with interpretation of 4th order cyclicity superimposed on overall 3rd order base-level rise [136]. However, 3rd and 4th order cyclicity are often attributed to different forcing mechanisms [106,138].



Factors that dictate cycles of deposition are complex, often cryptic, and the subject of much recent literature. Terrestrial deposits in other parts of the Western Interior similarly exhibit 3rd and 4th order depositional sequences thought to record cycles of base-level (including eustasy), basinal flexure, sediment supply, and climate [119,124,133,139,140,141,142,143,144,145,146,147,148,149,150,151,152,153,154,155,156]. Working under an assumption that the Hell Creek Formation was mostly deposited under incipient transgression of the Cannonball Seaway [2], it is tempting to attribute cyclic deposition within the formation to pulses of transgression and regression, as would be expected in such conditions, and is suggested by the presence of marine influenced units within the Hell Creek Formation of North Dakota [48], and the presence of marine dinoflagellates in the uppermost Hell Creek of Montana [95]. This would seem reasonable for sediment packages that exhibit marine influence (e.g., Bearpaw-Fox Hills, Colgate and lower Hell Creek depositional sequences), but might not be considered likely for sequences which were deposited during a period when the shoreline was many hundreds of kilometers to the east, although recent evidence suggests that sealevel and even tides may influence sedimentation 1000–1500 km inland from the shoreline in very low relief systems (based on analysis of the Amazon Basin [157,158]). Plint et al. [159] suggest that sealevel change may be manifested as tabular units over large distances (basin-wide) whereas tectonically controlled depositional cycles may exhibit more wedge-shaped geometries. This is difficult to assess without a broader regional subsurface correlation of depositional sequences. Apparent changes in sealevel may represent eustatic events (as suggested for the leaching of the Colgate Sandstone/Whitemud Formation [28]), although neither the Haq et al. [160] nor Miller et al. [161] sealevel curves are at high enough resolution to see 4th order fluctuations. Nevertheless, the presence of polar ice caps in the latest Cretaceous is suggested by Miller et al. [162,163], and Miall [164] suggests that glacioeustasy must be considered for high frequency accommodation fluctuations in the Campanian and Maastrichtian.



Alternatively, apparent sealevel changes may reflect a depositional system response to localized basin subsidence, where sediment supply is not high enough to fill accommodation created by subsidence. Differential basinal flexure may also result in varying patterns of subsidence and uplift in different areas within the same basin (e.g., Dinosaur Park Formation, Alberta [124,141]; Hanna Basin, Wyoming [150]). Similarly, movement of the foreland basin hingeline was suggested as a potential cause of 4th order cyclicity in the Horseshoe Canyon through Scollard Formations of Alberta, Saskatchewan [119], units that are contemporaneous (in part) with the Montanan Hell Creek Formation, and only 200–300 km northwest. Although Catuneanu and Sweet [119] focus on Canadian Maastrichtian formations, they also infer that 4th order cyclicity in the Hell Creek Formation of north-central Montana might be caused by cycles of basin flexure and hingeline migration, which might therefore account for broad patterns of accommodation space change observed in this analysis. However, it is difficult to imagine hingeline migration occurring over cycle wavelengths as little as 150,000 years or less, as observed in the upper Hell Creek Formation, and eustasy is therefore considered a more likely forcing factor for 4th order cyclicity, with tectonics perhaps possible for the overall 3rd order cyclicity seen over the full duration of Hell Creek time (1–2 Myr). Testing of this hypothesis awaits analysis of subsurface data.



Elsewhere, periods of transgression are indicated in the Hell Creek Formation by nearshore marine tongues in North Dakota (Breien Member and Cantapeta tongue [48]) and coal in the middle of the Hell Creek Formation in South Dakota (Firesteel coal [165]), both of which are bound above and below by non-marine strata. While accurate correlation of the Firesteel coal, and Breien and Cantapeta tongues to Montanan sections awaits more detailed regional sequence stratigraphic analysis, it is possible that these nearshore marine units and coals represent maximum flooding surfaces correlative with sequences identified here in Montana. Similarly, during periods of high-accommodation (HAST), large-scale storage of sediment in terrestrial settings is likely to have resulted in sediment starvation basinward of the floodplain (and thus, potentially transgression). However, lack of significant landward movement of the shoreline (compared to previous Late Cretaceous transgressions of the WIS) suggests that sediment supply was high enough to be able to keep up with substantial accommodation space creation. Conversely, during periods of low accommodation (LAST) or static/lessening accommodation (formation of sequence boundaries), lack of accommodation space would have caused sediment bypass of the floodplain (although not complete bypass; see [166]), with deposition occurring more basinward, probably in the form of a progradational delta. During periods of static accommodation (e.g., sequence boundaries 4 and 5) this would take the form of a normal regression, whereas during periods of falling accommodation (e.g., sequence boundaries 1, 2, and 3), this should be a forced regression. In which case, upper parts of the Fox Hills Sandstone in eastern North Dakota may in part serve as correlative conformities to the disconformities (sequence boundaries) of the Hell Creek Formation, rather than being coevally deposited with floodplain sediments. However, testing of this hypothesis awaits further work.



It has been proposed relatively recently that apparent cyclicity in alluvial sequences (as documented here) might form from entirely autogenic processes [167,168,169]. Experimental models and some observational studies [168,169] propose that after avulsion, channels self-organize to preferentially occupy slight topographic “low spots” which, once filled with channel deposits, consequently undergo further avulsion to other topographic lows. This “avulsion clustering” forms clusters of closely-spaced channel-belts separated by extensive intervals of overbank deposits which it is proposed might appear similar or identical to amalgamated channel complexes produced by changes in accommodation, or other allogenic forcing factors. It is not yet clear how to discriminate between amalgamated channels formed by “avulsion clustering” compared to allogenic forcing factors. However, one test would be to consider the lateral extent of proposed sequence boundaries or cycle bases, where avulsion clustering should not exhibit lateral continuity over a great distance, especially outside of a given drainage basin. By contrast, allogenic forcing factors should impose sequence boundaries or cycle bases across entire regions, regardless of drainage basins. It is also suggested that avulsion clustering may operate at shorter timescales than the 3rd and 4th order cycle wavelengths suggested here. The lateral extent of the cycles identified here, and cycle wavelengths observed suggest self-organization is not responsible for cycles within the Hell Creek Formation. However, this area of research remains in development and so this interpretation may change pending further research.




4.4. Regional Correlation & Biostratigraphy


Although this analysis is principally concerned with creating a framework for the Hell Creek Formation of the Fort Peck area, Montana, some regional correlations are possible, and can be stratigraphically informative. In the northern reaches of the Williston Basin (Alberta, Canada), the Lower Scollard Formation is the equivalent unit (in part) to the Hell Creek Formation, with most workers placing the base of the Scollard approximately halfway through the C30n magnetozone [170,171]. The Scollard Formation lies disconformably upon the Battle Formation, a shaly unit 8.1m thick [172], from which radiometric dates of 66.97 Ma (Ar/Ar [26,134]) and 66.936 Ma (U-Pb [135]) has been extracted (placing it about halfway through C30n [28]). If the Scollard Formation is found to be equivalent to the upper, or upper and middle, Hell Creek depositional sequences (as is consistent with its magnetostratigraphic record), then the radiometric date for the underlying Battle Formation may provide an additional maximum age constraint for these depositional sequences.



Further east in Saskatchewan, Canada, the (partial) Scollard-equivalent Frenchman Fm has an erosive contact with the Battle Fm, and can be shown to be younger at its base than the Scollard [81,170]. The base of the Frenchman Formation is shown as occupying the uppermost C30n magnetozone, with the remainder residing in C29r [81,170]. Therefore, the Frenchman Formation is equivalent to the upper Hell Creek depositional sequence only. This is important as research [25] has shown that the ceratopsid dinosaur Triceratops prorsus only occurs in the upper depositional sequence, with different Triceratops morphospecies occurring lower in the formation (including T. horridus). Subsequently, Scannella and Fowler [24] made the prediction that only T. prorsus should be found in the Frenchman Formation, which at the time of writing is true of all diagnostic published specimens.



If it can be demonstrated that Triceratops morphology changes consistently through time, without overlap of species, then the use of Triceratops as a biostratigraphic zonal fossil should be reconsidered. All vertebrate taxa are potentially biostratigraphically informative, and in the case of ceratopsid dinosaurs, potentially at a much higher resolution than mammals [26,173]. Triceratops was used as a zonal fossil by Cobban and Reeside [8], and with species-level biostratigraphic separation [25], it could potentially provide a means to correlate across upper Maastrichtian deposits of the Western Interior, including those outside of the Williston and Powder River Basins.




4.5. Paleontology


An understanding of sequence stratigraphy can assist in other aspects of paleontological research. Non-material time at sequence boundaries can account for seemingly instantaneous changes in morphology (sometimes attributed to faunal turnover). For example, it is of little surprise that we often see the greatest morphologic differences in Triceratops when comparing specimens from either side of a sequence boundary [25,174], than within a sequence itself. Similarly, it is important to register the stratigraphic position of a fossil locality relative to one, or preferably more datum points. Ideally a datum would be a radiometrically dated horizon, such as the Null Coal at the top of the middle depositional sequence, or the Z-coal at the K-Pg boundary. However, it is more typical to measure the stratigraphic position of a fossil locality relative to the base, or top of a formation. In the specific example of the Hell Creek Formation, given that incision of the Basal Sand can vary by 10 m or more, then it would be best to measure locality stratigraphic positions relative to both the bottom of the Basal Sand (which is contentious) and the top of the Basal Sand (which is much less contentious). Indeed, this method is advised for localities relative to other amalgamated channel horizons as they all exhibit variable incision depths, albeit to different degrees.



The effects of terrestrial sequence stratigraphy on paleoecological interpretation have been broached before by Flight [20], but also by Lofgren [14] in his solution to “the Bug Creek problem”. Here, base-level fall in the Paleogene incised a deep valley (possibly up to 30 m) into the Hell Creek Formation, resampling and mixing microvertebrate faunas of the Paleogene and Cretaceous. The Bug Creek problem represents an extreme example, but it should be understood that fossil samples collected from other incised valley fills and amalgamated channel complexes may still be subject to fairly strong time averaging, and there are limitations that this may impose on paleontological interpretation.



In another example, Lyson and Longrich [175] studied dinosaur taxon-facies associations in the Hell Creek Formation. They noted that Triceratops comprises a larger proportion of the fauna collected from mudstones, whereas ornithopod remains are more common in sandstones. This is consistent with my own field observations and the results of Horner et al. [27]. Lyson and Longrich literally interpret this taxon-facies association as floodplain “spatial niche partitioning”: proposing that ornithopods lived close to river channels while ceratopsids preferred to live farther away from rivers. An understanding of terrestrial sequence stratigraphy can help better interpret such facies-taxon associations as taxon preferences for differing basin drainage regimes and possibly proximity to the shoreline (the same pattern might also be explained by taxon-specific taphonomic preservation bias [176]; D. Evans, pers. comm., 2011). The amalgamated channel complexes that form Hell Creek Formation sequence boundaries are the primary source of vertebrate material from sandstones. These represent deposition during periods of low-accommodation when the floodplain would have been better drained and the shoreline was likely to have been regressing or stable. By comparison, the mudstones that overlie the amalgamated channels were deposited in a high-accommodation setting, which may typically be associated with a rise in the position of the groundwater table, resulting in more poorly drained conditions [102,177,178] (see above discussion) during periods when the floodplain was closer to the shoreline. It has already been noted by Brinkman et al. [179] that ceratopsids were more abundant in coastal areas: their apparent abundance in mudstones of the Hell Creek Formation supports this view. Thus, it is more likely that the variation in abundance of ornithopods and ceratopsids between facies is a result of ceratopsids preferring coastal and/or swampy environments, and hadrosaurs having a preference for more well-drained and/or inland habitat.





5. Conclusions


The Hell Creek Formation of the Fort Peck area, Montana can be subdivided into four depositional sequences, each consisting of an erosional scour, amalgamated channel complex, and overlying overbank fines with isolated channels. Each sequence (including non-material time) is approximately 0.25–0.5 Myr in duration, representing 4th order cyclicity superimposed over a 3rd order transgression. Subdivision of the Hell Creek Formation into separate sequences gives a more precise framework than is provided by lithostratigraphy, and a more powerful base within which to frame further research.



It is clear from this analysis, and prior research, that the Hell Creek Formation and adjacent units were deposited under fairly complex cycles of accommodation and sediment supply, at multiple scales. Slight differences between this work and previous [20,43] and current [10] analyses (especially with regard to the identification of sand units from the Fox Hills Sandstone through Basal Sand of the Hell Creek formation) illustrate that Hell Creek cyclic deposition is only starting to be understood. At this current stage, cyclicity within the Hell Creek cannot be definitively linked to sealevel. However, the presence of marine influence within the Hell Creek of Eastern Montana, North Dakota, and South Dakota suggests that such correlations may be possible in the future. More in-depth analysis may elucidate further subtle changes, and consequently redefinition of the various sequences described in this work may be required. However, recognition of depositional sequences in geographically restricted outcrop is a necessary first stage in development of a regional sequence stratigraphic model.
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Figure 1. Map showing outcrop of Pierre (Bearpaw) Shale, Fox Hills Sandstone, Hell Creek, Lance, and Fort Union Formations in the Williston and Powder River Basins of Montana (MT), Wyoming (WY), North Dakota (ND), South Dakota (SD), and Nebraska (NE), USA. Outcrop studied for this investigation (*) located around the towns of Jordan, Winnett, Glendive, and Ekalaka, Montana. Study Area maximized in Figure 2. Modified from [30]. 
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Figure 2. Location of principal study localities discussed in text, south Ft. Peck Lake area near Jordan (Garfield County), Montana. 1: Cottonwood Creek (including Brownie Butte). 2: Cole Creek. 3: Marina Road intersection with Hell Creek (Manaige Spring). 4: Ried Creek (including Flag Butte; new type section; Hartman et al., 2014). 5: Gilbert Creek. 6: East Gilbert Creek. 7: Penick Coulee. 8: Lone Tree Creek. 9: Lost Creek. 10: Short Creek. 11: Bug Creek (McCone County). 
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Figure 3. Generalized section of the Bearpaw Shale (partial), Fox Hills Sandstone, Colgate Sandstone, Battle, Hell Creek, and Fort Union (partial) formations illustrating sequence boundaries (SB) and sequence tracts (LST: lowstand systems tract; TST: transgressive systems tract; HST: highstand systems tract; LAST: low accommodation systems tract; HAST: high accommodation systems tract; MFS: maximum flooding surface). The Hell Creek Formation is informally divided into lower, middle, and upper depositional sequences based on the presence of sequence boundaries and amalgamated channel complexes. Magnetostratigraphic column adapted from Lerbekmo ([28]; see main text for alterations); (*) Ar/Ar radiometric dates from Sprain et al., [19]. 
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Figure 4. Exposure of the Bearpaw Shale through Jen Rex Sand. The bottom of the photograph shows the grey Bearpaw shales (Kbp) gradually overlain by the pale-yellow Fox Hills Sandstone (Kfh). Sequence boundary 1 separates Kfh from the pale-colored Colgate Sandstone (Kfhc) that forms a small cliff and is overlain by the thin grey silt and conspicuous purple organic-rich mudstone of the Colgate tidal flats (Kcp). Here, sequence boundary 2 is not erosive, and separates Kcp from the overlying Hell Creek Basal Sand (Khc-bs, basal unit of the lower Hell Creek depositional sequence), which exhibits concretions in its lower third (~2 m). Sequence boundary 3 is not cleanly exposed here, but the basal unit of the middle Hell Creek depositional sequence, the Jen Rex Sand, forms the resistant band at the top of the cliff. Photograph taken facing southwest ~1 km west of Hell Creek Marina Road (FWS-105), ~35 km north of Jordan, MT. 47°36′5′′ N, 106°55′13′′ W, (NAD27CONUS). 
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Figure 5. (A) Exposure of the Fox Hills Sandstone (Kfh) through Hell Creek Formation Basal Sand (Khc-bs). This locality is unusual in that the Colgate tidal flats (Kcp) are overlain by additional tidal flat facies and mauve colored mudstones of the Battle Formation (Kba), itself overlain by the Basal Sand (Khc-bs) of the Hell Creek Formation. Note that the white sandstone here referred to the Colgate Sandstone (Kfhc) was referred to Khc-bs by Hartman et al. [10]. Identity of this unit as the Colgate Sandstone is confirmed by the distinctive white weathered surfaces visible at nearby locality “Best Butte” (Figure 26) (B) Detail of SB2. (C) Detail of SB3. Photo taken at facing east at Manaige Spring, Marina Road (FWS-105) just before crossing Hell Creek, ~30 km north of Jordan, MT (47°34′15′′ N, 106°57′0′′ W; NAD27CONUS). Scalebar = 1.5 m. 
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Figure 6. Exposures of the lower part of the type section. Overlying the Basal Sand of the Hell Creek Formation (Khc-bs) is an organic-rich mudstone, reminiscent of the organic-rich mudstone which overlies the Basal Sand in Penick Coulee. The Apex Sand caps the buttes in the background. Photo taken facing north at East Ried Coulee, North of Jordan, Garfield Co. MT, 47°33′48′′ N, 106°52′40′′ W (NAD27CONUS). 
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Figure 7. Sequence boundary 2 separates the Colgate Sandstone from the overlying Basal Sand of the Hell Creek Formation. Here the Colgate Sandstone is divided into a pale brown lower unit, and an upper unit that is more pale grey, and weathers to a brilliant white. Sequence boundary 1 is just visible at the bottom of photograph (A), separating the Colgate Sandstone from the underlying Fox Hills Sandstone. Both photos (A) and (B) taken facing south at Crooked Creek, near Winnett, Garfield Co. MT, 47°24′13′′ N, 108°14′35′′ W; (NAD27CONUS). 
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Figure 8. Coaly layers are relatively rare in the Colgate Sandstone. This thin coal (inset) is preserved in a channel fill in the upper part of the Colgate Sandstone. Other similar laterally restricted coals were present in this area. Photo taken at Crooked Creek, near Winnett, Garfield Co. MT, 47°24′13′′ N, 108°14′35′′ W; (NAD27CONUS). 






Figure 8. Coaly layers are relatively rare in the Colgate Sandstone. This thin coal (inset) is preserved in a channel fill in the upper part of the Colgate Sandstone. Other similar laterally restricted coals were present in this area. Photo taken at Crooked Creek, near Winnett, Garfield Co. MT, 47°24′13′′ N, 108°14′35′′ W; (NAD27CONUS).



[image: Geosciences 10 00435 g008]







[image: Geosciences 10 00435 g009 550] 





Figure 9. Close-up photograph of the contact between the upper pale unit, and lower tan unit of the Colgate Sandstone. Note the thin (1 mm) iron-rich oxidation zone (ox) at the contact, and overlying 2 cm grey gleyed zone (gleyed) in the upper unit. Hammer head length: 17 cm. Photo taken at Crooked Creek, near Winnett, Garfield Co. MT, 47°24′13′′ N, 108°14′35′′ W; (NAD27CONUS). 
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Figure 10. (A) Variable contact of the Hell Creek Basal Sand with underlying Colgate depositional sequence and Fox Hills Sandstone at Ekalaka, Carter County. (B) The erosive scour at the base of the Hell Creek Basal Sand has incised down ~5 m through the Colgate tidal flats, into the top of the Fox Hills Sandstone. Consequentially sequence boundaries 1 and 2 are combined into a single surface. Scalebar = 1.5 m. (C) Typical non-erosive contact (SB2) of the Hell Creek Basal Sand overlying Colgate tidal flats. Divisions on scalebar = 10 cm. Photos correspond to Figure 31, section 1. Photos taken facing north, at Sand Creek, near Sheep Mountain, 55 km SE of Ekalaka, Carter Co., MT (45°30′8′′ N, 104°8′0′′ W, NAD27CONUS). 
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Figure 11. Overbank fines and isolated fluvial channels of the lower Hell Creek depositional sequence (Khc-lf; ~15 m thickness) overlain by cliff-forming amalgamated channel complex of the Jen Rex Sandstone (Khc-jrs), basal unit of the middle Hell Creek depositional sequence. Photo taken near the new type section (Hartman et al., 2014), Flag Butte, North of Jordan, Garfield Co. MT, 47°33′34′′ N, 106°52′24′′ W, (NAD27CONUS). Man for scale. 
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Figure 12. Middle and upper depositional sequences of the Hell Creek Formation at the new type section (Hartman et al., 2014). Here the Jen Rex (Khc-jrs) and Apex (khc-as) Sands form small cliffs. The K-Pg boundary is not visible, but it is present at the top of the butte. Photo taken at Flag Butte, North of Jordan, Garfield Co. MT, 47°33′33′′ N, 106°52′20′′ W, (NAD27CONUS). 
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Figure 13. Exposure of the lower to middle Hell Creek Formation, middle of Penick Coulee. In Penick Coulee, a prominent bentonite overlies the Basal Sand, although this is not present 3.5 km south in East Gilbert Creek. The Jen Rex Sand is ~6 m thick at this locality, but in Penick Coulee its presence and thickness varies over <1 km. Photo taken facing northeast at Penick Coulee, near Isaac ranch, northeast of Jordan, MT, 47°43′50′′ N, 106°30′01′′ W (NAD27CONUS). 






Figure 13. Exposure of the lower to middle Hell Creek Formation, middle of Penick Coulee. In Penick Coulee, a prominent bentonite overlies the Basal Sand, although this is not present 3.5 km south in East Gilbert Creek. The Jen Rex Sand is ~6 m thick at this locality, but in Penick Coulee its presence and thickness varies over <1 km. Photo taken facing northeast at Penick Coulee, near Isaac ranch, northeast of Jordan, MT, 47°43′50′′ N, 106°30′01′′ W (NAD27CONUS).



[image: Geosciences 10 00435 g013]







[image: Geosciences 10 00435 g014 550] 





Figure 14. Exposure of the lower to middle Hell Creek Formation, north side of Penick Coulee. In Penick Coulee, a prominent dark grey bentonite (be) overlies the Basal Sand, although this is not present 3 km south in East Gilbert Creek. An organic-rich mudstone is variably present here at the top of the Basal Sand but pinches out to the north (Figure 13). The Jen Rex Sand is up to 7 m thick here with many beds of conglomerate near the base. Hill on right of photo corresponds to Figure 15, section 1. Photograph taken facing south at Penick Coulee, near Isaac ranch, northeast of Jordan, MT, 47°44′09′′ N, 106°31′06′′ W (NAD27CONUS). 
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Figure 15. Measured sections taken in Penick Coulee and East Gilbert Creek, exposing the complete Hell Creek Formation. (1) North Penick Coulee, 1st section (Figure 14); 47°44′09′′ N, 106°31′06′′ W. (2) North Penick Coulee, 2nd section; 47°44′29′′ N, 106°30′35′′ W. (3) Mid Penick Coulee; 47°44′18′′ N, 106°29′58′′ W. (4) South Penick Coulee; 47°42′45′′ N, 106°30′23′′ W. (5) Mid East Gilbert Creek (Figure 18); 47°41′32′′ N, 106°30′47′′ W. All coordinates NAD27CONUS. Vertically striped horizons indicate organic-rich shale / mudstone. 
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Figure 16. Exposure of lower contact of the Apex Sand in Lost Creek. Amalgamated channels of the Apex Sand are laterally extensive in this area, and can be traced for 2–3 km, forming a resistant cap of small buttes. This is in contrast with isolated channels (pictured) within Khc-mf, that are only ~100 m in lateral extent. In many parts of Lost Creek, the Apex Sand is directly underlain by the Null Coal in the uppermost Khc-mf (purple-brown layer in photo). Photo taken facing east at Lost Creek, near Jordan MT, 47°40′03′′ N, 106°20′16′′ W (NAD27CONUS). 
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Figure 17. Measured sections taken in Lost Creek, exposing the uppermost 60 m of the Hell Creek Formation. (1) Northwest Lost Creek; 47°40′30′′ N, 106°20′07′′ W. (2) North Lost Creek; 47°40′32′′ N, 106°19′19′′ W. (3) South Lost Creek (Figure 16); 47°40′03′′ N, 106°20′16′′ W. (4) Southeast Lost Creek (Figure 19); 47°39′36′′ N, 106°19′54′′ W. All coordinates NAD27CONUS. Vertically striped horizons indicate organic-rich shale / mudstone. 
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Figure 18. Sequence boundary 4 (SB4) separates the middle and upper depositional sequences. Here the lowermost unit of the upper depositional sequence, the Apex Sand (Khc-as), is ~14 m thick and overlies overbank fines of the middle Hell Creek Formation (Khc-mf). The uppermost unit of the middle fines is an organic-rich mudstone (correlated with the Null Coal) directly underlying the Apex Sand (visible in photo (B) and inset in (A)). The 10 Meter Sand is not present in this section, but is present 2 km north in Penick Coulee, and 1 km south along the southern border of East Gilbert Creek. The Z-coal is barely visible in this photograph but is present between the pale silt and below the conspicuous color change to the yellow-orange sediments of the Fort Union Formation (PgF). Photographs (A,B) taken at East Gilbert Creek, near Isaac ranch, North of Jordan, Garfield Co. MT. Photo (A) taken facing northeast at 47°41′2′′ N, 106°30′58′′ W (NAD27CONUS). Photo (B) Photo taken facing east at, 47°41′32′′ N, 106°30′47′′ W (NAD27CONUS). Photo A corresponds to Figure 15, section 5. 
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Figure 19. Exposure of the upper Hell Creek depositional sequence. The Apex Sand (Khc-as) can be seen at the base of the butte, with the 10 Meter Sand (Khc-10ms) forming a small cliff approximately halfway up (above SB5). A bone lag is present at the base of Khc-10ms in parts of this area. Photo taken facing east at Lost Creek, near the Taylor Ranch, North of Jordan, Garfield Co. MT, 47°39′35′′ N, 106°19′59′′ W (NAD27CONUS). 
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Figure 20. Upper 15 m of the Hell Creek Formation on western side of Short Creek. The 10 Meter Sand is only 2 m thick, compared to 10 m thick 1 km northeast (Figure 22). Photo corresponds to Figure 33, section 2. Photograph taken facing west at Short Creek, 47°35′35′′ N, 106°18′24′′ W (NAD27CONUS). 
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Figure 21. (A) The 10 Meter Sand is variably ~3–4 m thick and laterally extensive in the Lone Tree Creek Area. Exposures in this area are continuous with those at Short Creek, allowing the 10 Meter Sand to be traced over ~8 km. Closeup of K-Pg boundary section in (B). Photos taken facing southeast at Lone Tree Creek, near Jordan MT, 47°36′05′′ N, 106°21′22′′ W (NAD27CONUS). 
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Figure 22. Upper 13 m of the Hell Creek Formation on eastern side of Short Creek. The 10 Meter Sand is up to 10 m thick, but thins to <1 m in western Short Creek (Figure 33, section 2; Figure 20). Photo corresponds to Figure 33, section 3. Photograph taken facing east at Short Creek, 47°35′46′′ N, 106°18′04′′ W (NAD27CONUS). Human for scale. 






Figure 22. Upper 13 m of the Hell Creek Formation on eastern side of Short Creek. The 10 Meter Sand is up to 10 m thick, but thins to <1 m in western Short Creek (Figure 33, section 2; Figure 20). Photo corresponds to Figure 33, section 3. Photograph taken facing east at Short Creek, 47°35′46′′ N, 106°18′04′′ W (NAD27CONUS). Human for scale.
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Figure 23. Outcrop of the 10 Meter Sand that forms short steep cliffs. Here the 10 Meter Sand had a number of dinosaur bones preserved in its basal lag. Photo taken facing northeast at “Albie’s site”, Lone Tree Creek, near Taylor Ranch, north of Jordan, Garfield Co. MT, 47°38′03′′ N, 106°22′49′′ W (NAD27CONUS). Human for scale. 
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Figure 24. At Russell Basin, only the upper 20 m of the Hell Creek formation is exposed. Here the 10 Meter Sand is 4 m thick and is overlain by 4–5 m of the Hell Creek Upper Fines part 2, followed by the Z-coal. Photo taken facing east at Russell Basin, near Bug Creek, McCone Co., 47°40′38′′ N, 106°11′13′′ W, (NAD27CONUS). Human for scale. 
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Figure 25. Measured section taken in Cole Creek, exposing the uppermost 10 m of the Bearpaw Shale through lowermost 30 m of the Hell Creek Formation. Section taken at 47°38′26′′ N, 106°55′25′′ W, NAD27CONUS. Vertically striped horizons indicate organic-rich shale/mudstone. 
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Figure 26. Exposure of the lower contacts of the Hell Creek Formation and underlying units exposed at “Best Butte”. The left side of this exposure clearly shows the conspicuous bleached white weathering surface of the Colgate Sandstone (Kfhc). The Colgate Sandstone is overlain by the purple mudstone of the Colgate tidal flats (Kcp), then the Basal Sand of the Hell Creek Formation (Khc-bs), which exhibits Inclined Heterolithic Strata in the upper 2–5 m. This exposure is important as it confirms the identity of the Colgate Sandstone in this area (which was interpreted as the Basal Sandstone of the Hell Creek by Hartman et al. [10]). This butte also shows no exposure of the possible Battle Formation, present between Kcp and Khc-bs at other localities 5–8 km southwest of this outcrop (Figure 5 and Figure 27). Here the Battle Formation was either never deposited or has been eroded away by the overlying erosive scour of the Hell Creek Basal Sand. Photo taken facing north at “Best Butte”, Hell Creek marina road, north of Jordan, Garfield Co. MT, 47°35′36′′ N, 106°54′50′′ W (NAD27CONUS). 
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Figure 27. (A) Exposure of the lower contacts of the Hell Creek Formation and underlying units exposed at “Battle Butte” which records a stratigraphic succession intermediate between Manaige Spring (~1 km SSW; Figure 5) and Best Butte (~3 km NE; Figure 26). The Battle Formation (Kba) exposed at Battle butte is thinner (~3 m) than that observed at Manaige Spring (~10 m). (B) The left side of the main butte (A) exposes ~3 m of Kba, but on the smaller butte on the right side of (B), Kba is mostly eroded away by incision from the erosional scour at the base of Khc-bs. Hence this locality records the removal of the possible Battle Formation facies, to leave the direct contact of the Hell Creek Formation Basal Sand upon the Colgate Sandstone (and/or tidal flats) that is observed to the north (e.g., Best Butte; see above). Photo taken facing north at “Battle Butte”, Hell Creek marina road, north of Jordan, Garfield Co. MT, 47°34′43′′ N, 106°56′39′′ W; (NAD27CONUS). 
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Figure 28. Basal contacts of the Hell Creek Formation at the new type section, East Ried Coulee. This locality is important as it exposes the grey silty sandstone transitional beds between the Bearpaw Shale (Kbp) and Fox Hills Formation. The tan-orange sandstone erosively overlying Kbp was identified as the Fox Hills Formation by Hartman et al. [10], but is here identified as an unusually deeply incising Hell Creek Basal Sand (Khc-bs), measuring up to ~20 m thick, and capped by an organic mudstone of the Hell Creek lower fines (Khc-lf). Photo taken facing west at East Ried Coulee, near Hell Creek marina road, north of Jordan, Garfield Co. MT, 47°33′34′′ N, 106°52′52′′ W, (NAD27CONUS). 
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Figure 29. Possible Inclined Heterolithic Strata (IHS) exposed as part of large channels in the Hell Creek Formation Basal Sand at East Ried Coulee (the new type section; Hartman et al. [10]). Original image in (A); interpretation highlighted in (B). Photo taken facing north at East Ried Coulee, near Hell Creek marina road, north of Jordan, Garfield Co. MT, 47°33′42′′ N, 106°52′54′′ W, (NAD27CONUS). 
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Figure 30. Channel scour filled with conglomerate (original unedited in (A); interpretation highlighted in (B)) exposed in the Hell Creek Basal Sand (Khc-bs) at East Ried Coulee (the new type section; Hartman et al. [10]). Presence of large channels within the tan-orange sandstone makes an identification of this unit as the Fox Hills Formation unlikely, and here it is referred to Khc-bs. Photo taken facing northeast at East Ried Coulee, near Hell Creek marina road, north of Jordan, Garfield Co. MT, 47°33′42′′ N, 106°52′54′′ W, (NAD27CONUS). 
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Figure 31. Measured sections taken at Sand Creek, near Sheep Mountain, 55 km SE of Ekalaka, Carter Co. MT. (1) Campsite section, south Sand Creek (Figure 10); 45°30′8′′ N, 104°8′0′′ W. (2) Northwest Sand Creek, 45°30′12′′ N, 104°8′43′′ W. All coordinates NAD27CONUS. Vertically striped horizons indicate organic-rich shale / mudstone. 






Figure 31. Measured sections taken at Sand Creek, near Sheep Mountain, 55 km SE of Ekalaka, Carter Co. MT. (1) Campsite section, south Sand Creek (Figure 10); 45°30′8′′ N, 104°8′0′′ W. (2) Northwest Sand Creek, 45°30′12′′ N, 104°8′43′′ W. All coordinates NAD27CONUS. Vertically striped horizons indicate organic-rich shale / mudstone.



[image: Geosciences 10 00435 g031]







[image: Geosciences 10 00435 g032 550] 





Figure 32. Measured section taken at Brownie Butte, exposing the uppermost 17 m of the Hell Creek Formation. Section taken at 47°31′58′′ N 107°1′17′′ W, NAD27CONUS. 
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Figure 33. Measured sections taken in Short Creek, exposing the uppermost 31 m of the Hell Creek Formation. (1) North Short Creek, near Joe’s Trike and Lauren’s Trike localities; 47°36′20′′ N, 106°18′47′′ W. (2) West Short Creek, near Ashes Trike locality, (Figure 20); 47°35′35′′ N, 106°18′24′′ W. (3) Mid East Short Creek (Figure 22); 47°35′46′′ N, 106°18′04′′ W. (4) South Short Creek, near Snap Creek Camp; 47°35′00′′ N, 106°17′49′′ W. (5) East Short Creek, near to Situ but Sad Trike locality; 47°34′51′′ N, 106°16′50′′ W. (6) East Short Creek, close to Ft. Peck Lake, near to Tom’s Old Duck locality; 47°34′58′′ N, 106°15′43′′ W. Fossil localities noted in Scannella and Fowler (2014). All coordinates NAD27CONUS. Vertically striped horizons indicate organic-rich shale / mudstone. 
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Figure 34. Exposure of the Null Coal at Lone Tree Creek (A). Both upper and lower ashes are visible within the Null Coal at this locality (B). Here the Null Coal comprises an upper true coal and a lower organic-rich shale, both of which contain ash horizons. This is unlike further east at Bug Creek (McCone County), where the entire Null Coal is true coal. This locality is one of the most extensive easily-accessible exposures known of the Null Coal in Garfield County and contains abundant ash horizons for radiometric sampling. Photo taken facing east at Lone Tree Creek, near the old Taylor Ranch, northeast of Jordan, Garfield Co. MT, 47°37′33′′ N, 106°21′9′′ W (NAD27CONUS). 
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Figure 35. Suggested revision of Hell Creek Formation magnetostratigraphy of the Manaige Spring locality. Ammonite biostratigraphy of the Fox Hills and Bearpaw Formations of Eastern Montana suggests that the original identity of C30r and C31n by Lerbekmo (2009, (A)), should be revised to the older C31r (B). See main text for discussion. Adapted from Lerbekmo (2009). 
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Figure 36. Suggested magnetostratigraphic revision of the new type section of the Hell Creek Formation. The original interpretation by LeCain et al. ([29] (A)) shows a normal polarity zone within the silty facies of the Fox Hills Formation interpreted as continuation of C30n. This is revised in (B) to illustrate the reinterpretation of the thick channelized sand unit as the Basal Sand of the Hell Creek Formation, and revisions to the interpretations of Lerbekmo ([28]; see Figure 35). Regardless of the reinterpretation offered here, the normal polarity zone present within the silty facies of the Fox Hills Formation should not be interpreted as a continuation of C30n. Adapted from LeCain et al. [29]. 
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Figure 37. Exposure of the Null Coal at Lost Creek. Here the Null Coal comprises an upper true coal and a lower organic-rich shale. Prominent ash horizons are present. Photo taken facing east at Lost Creek, near the old Taylor Ranch, northeast of Jordan, Garfield Co. MT, 47°40′28′′ N, 106°20′10′′ W (NAD27CONUS). 






Figure 37. Exposure of the Null Coal at Lost Creek. Here the Null Coal comprises an upper true coal and a lower organic-rich shale. Prominent ash horizons are present. Photo taken facing east at Lost Creek, near the old Taylor Ranch, northeast of Jordan, Garfield Co. MT, 47°40′28′′ N, 106°20′10′′ W (NAD27CONUS).
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Figure 38. Exposure of the Null Coal at East Gilbert Creek. Here the Null Coal comprises an upper true coal and a lower organic-rich shale, although in this area the true coal facies is extremely patchy. Ash horizons are present, but very thin and not as easily sampled as other localities. At this locality there are ~ 5 m of mudstone above the Null Coal before the occurrence of the Apex Sand (Khc-as) of the upper Hell Creek Formation. Photo taken facing east at southern edge of East Gilbert Creek, near the old Isaacs’ Ranch, Haxby Road, northeast of Jordan, Garfield Co. MT, 47°40′48′′ N, 106°30′16”W (NAD27CONUS). 






Figure 38. Exposure of the Null Coal at East Gilbert Creek. Here the Null Coal comprises an upper true coal and a lower organic-rich shale, although in this area the true coal facies is extremely patchy. Ash horizons are present, but very thin and not as easily sampled as other localities. At this locality there are ~ 5 m of mudstone above the Null Coal before the occurrence of the Apex Sand (Khc-as) of the upper Hell Creek Formation. Photo taken facing east at southern edge of East Gilbert Creek, near the old Isaacs’ Ranch, Haxby Road, northeast of Jordan, Garfield Co. MT, 47°40′48′′ N, 106°30′16”W (NAD27CONUS).
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