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Abstract

:

Upper Triassic carbonate platforms from the Panthalassa Ocean remain less-understood and less-studied than their Tethyan equivalents. This imbalance is largely due to the poorer preservation state of Panthalassan carbonate rock successions in terms of rock quality and depositional geometries, which prevents good appreciation of depositional systems. In this context, carbonate exposures from Lime Peak (Yukon, Canada) represent an outstanding exception. There, the remains of an Upper Norian Panthalassan carbonate platform are well-exposed, show remarkably preserved depositional geometries and overall superior rock preservation. In this work, we analyse the carbonates from the Lime Peak area with particular attention to the vertical and lateral distribution of biotic assemblages and microfacies at the platform scale. Results demonstrate that the Lime Peak platform was surrounded by a basin with an aphotic sea bottom. The carbonate complex developed in warm waters characterized by high carbonate saturation. The area was also defined by moderate to high nutrient levels: this influenced the type of carbonate factory by favouring microbialites and sponges over corals. During its growth, Lime Peak was influenced by tectono-eustatism, which controlled the accommodation space at the platform top, primarily impacting the internal platform environments and the stability of the slope. Gaining better knowledge of the spatial distribution and dynamics of Upper Triassic organisms and sedimentary facies of Panthalassa in relation to tectono-eustatism lays the first foundations for reconstructing more robust platform models and understanding the evolution of other, more dismantled Upper Triassic Panthalassan carbonate systems through time.
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1. Introduction


The study of carbonate platforms and their systems, evolution and paleobiogeography is crucial to understanding the coevolution of life and the Earth. Carbonate platforms host more than 25% of marine life [1] and are very sensitive to climatic, oceanographic and bathymetric changes. Despite their importance, our knowledge on Upper Triassic shallow-water carbonates is fragmentary, and mainly derives from the study of Tethyan carbonate systems (e.g., see [2,3,4,5,6,7,8,9,10,11,12,13,14]). Upper Triassic carbonate platforms from the substantially larger Panthalassan domain [15] remain understudied, providing a minor source of information for the general comprehension of Upper Triassic carbonates. Shallow-water Panthalassan carbonates were mostly born as isolated carbonate platforms in island-arc settings, microcontinents or seamounts ([16] and reference therein). Nowadays, the remnants of these carbonate platforms are largely found in accretionary complexes along the Circum-Pacific region ([16] and reference therein) in the form of small fragments within allochthonous breccias or conglomerates, or as larger but intensely deformed and dislocated blocks in the midst of sedimentary mélanges. In such a context, the overall level of preservation of these carbonates is extremely low due to their common dismantling prior to and during their accretion (e.g., see [17,18]) and subsequent tectonic and metamorphic complications along their accretionary path and thereafter [19,20]. These characteristics, together with the fact that outcrops of Panthalassan carbonates are often in remote locations, explain why they remain largely understudied compared to their Tethyan counterparts. With the objective of closing this knowledge gap, the REEFCaDe (REEF and Carbonate Development) scientific project was launched at the University of Geneva fourteen years ago. Over this timeframe, various Upper Triassic Panthalassan localities were investigated in the Russian Far East [17,21], Japan [18,22,23,24,25,26,27,28,29,30], the United States [30,31,32,33,34,35,36,37,38,39,40,41], Mexico [42,43,44] and Canada [45,46,47]. Several aspects of the taxonomy, paleoecology, stratigraphy and distribution of diverse organisms in Panthalassa, including foraminifera (e.g., [26,30,35,36,37,38,39,40,46]), calcareous algae [48], ostracods [47], halobiid bivalves [41,45] and reef biota [22], have been clarified in the framework of this long-term effort.



The carbonate rocks of the Lime Peak area (Yukon, Canada; Figure 1) were first described by Tempelman-Kluit [49], who recognized the reef-related nature of some bodies whose age was later constrained to the early to late Norian by conodont biostratigraphy [50]. Following up these first investigations, the area was later the object of a PhD thesis during the first half of the 1980s. This PhD work [51] led to several publications that focused on multiple facets of these carbonates, including their sedimentology, palaeontology and micropalaeontology [50,51,52,53,54,55,56,57,58,59,60,61]. Continuing these first investigations, Yarnell et al. [53] described the paleontological assemblages of several localities of the Whitehorse region, including Lime Peak, and later Yarnell [54] evaluated the importance of such assemblages in terms of paleogeography. More recently, several publications have focused on the micropaleontology of the Lime Peak area, describing the ostracods assemblages [47], the calcareous algae [48] and a new species of agglutinated foraminifera (Taanella yukonensis) that is very common in the deposits of the area [46].



Among the Upper Triassic localities of the Panthalassa, Lime Peak stands out since the carbonate rocks outcropping here are relatively well-preserved and show remarkable vertical and lateral (locally exceeding the kilometre) continuity (Figure 1D). In particular, this last characteristic makes Lime Peak one of the few places in the world where the original depositional geometries of Upper Triassic carbonate bodies can be studied. The sedimentological investigations carried out during the 1980s emphasised facies description and reconstruction of the depositional history of the Lime Peak complex [51,52,55]. This work focuses on Lime Peak’s nicely preserved geometries to study in detail the vertical and platform-to-basin distribution of carbonate facies and platform-dwelling organisms. We particularly focus on foraminiferal assemblages and reef biotas, which have already been proven to be important palaeoecological and biostratigraphic tools (e.g., see [17]). Implications in term of carbonate factory, palaeoecology and paleogeography are discussed below.




2. Geological Context


The North American Cordillera is more than 70% composed of an amalgamation of allochthonous crustal fragments and oceanic remnants that have been distinctly mapped as coherent tectonostratigraphic terranes [62,63,64,65]. Most of these terranes were originally formed in the Panthalassa Ocean and were accreted onto the North American craton during the Mesozoic ([62,63,64] and references therein; Figure 1A). Even though there is general agreement regarding their exotic nature with respect to the North American craton, there are still many uncertainties regarding their original paleogeographic position, ante-accretion path and the total amount of post-accretion terrane displacement [64,66,67,68,69,70,71,72,73]. Most of south-central Yukon and British Columbia is underlaid by the Intermontane terranes belt ([64,74] and references therein; Figure 1B) that represents the largest assemblage of amalgamated terranes that accreted onto the North American margin during the Mesozoic [62,64]. The core of this Intermontane terranes belt is formed by the Mesozoic rocks of Stikinia and Quesnellia, which bound the Cache Creek accretionary complex [65,74]. The Cache Creek terrane, ranging in age from Upper Palaeozoic to Lower Jurassic, is made up of a mélange of rocks formed in variegate oceanic settings (i.e., spreading ridge, atoll, oceanic plateau and trench fill: see [75]). On the other hand, Stikinia and Quesnellia are remnants of island-arcs built in the Panthalassa Ocean during the Mesozoic [76].
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Figure 1. Geological and tectonic settings of the study area. (A) Terranes map of the North American Cordillera showing the study area (red square). Modified from [64]; (B) Intermontane terranes distribution in south-central Yukon: YT = Yukon-Tanana, ST = Stikina, QN = Quesnellia, SM = Slide Mountain, CC = Cache Creek (modified after [77]); (C) Geologic map of the western side of Lake Laberge where Lime Peak is located (red dot). Modified after [78]. The Carnian volcaniclastic sequence is equivalent to the Povoas Formation of [79]; (D) View of the southwest face of Lime Peak; the “?” indicate that the fault could not be followed in the field beyond the red line; (for a coloured version, the reader is referred to the web version of this article). 
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In southern Yukon, where Lime Peak is located, the stratigraphy of Stikinia is dominated by the Upper Triassic Lewes River Group (LRG). The basal part of the LRG is characterized by volcanic and volcaniclastic rocks of the Povoas Formation, mainly of Carnian age (Figure 1C). This volcanic arc assemblage, in turn, rests on older Palaeozoic rocks [80,81] of Mississippian age, which mostly consist of metamorphosed mafic volcanic rocks (e.g., the Stuhini Group; see [61]). A second volcanic arc assemblage, the Joe Mountain Formation, is exposed in the Whitehorse region. Although the nature of this Middle Triassic volcanic suite is still partially obscure, recent geochemical investigations [82] linked this unit to other Middle Triassic volcanic assemblages exposed in other parts of the Intermontane belt. The two arc systems are thought to have been in close relationship by the Late Triassic, as they are both overlaid by carbonate deposits of the Aksala Formation [82]. These Carnian–Norian carbonates were deposited during the waning stage of the Lewes River arc [78,82,83]. All Triassic strata are regionally unconformably overlaid by conglomerates, mudstones and sandstones of the Early to Middle Jurassic Laberge Group. Although the general settings in which these Upper Triassic carbonates were formed remain unclear, it is believed that they formed mostly on the eastern flank of a volcanic island arc on a pre-existing volcanic and/or volcaniclastic basement [61,78,82,84]. The depositional model for the carbonates of the Aksala Formation proposed in Morrison [85] and Hart [61] depicts the carbonate facies in three different belts in which the systems generally deepen toward the east. According to Hart [61], the central facies belt, where Lime Peak is located, was a depositional region placed at some distance from the coast on the shelf and was dominated by back-reef, reef and fore-reef depositional environments (see Figure 26 in [61]). Recent mapping work on the east side of Lake Laberge [78,82,84] investigated the stratigraphic framework of the area and was particularly helpful to unravel the stratigraphic relationship between carbonate sedimentation and volcanism. Carbonate deposition started toward the end of volcanism and was partially coeval with volcaniclastic deposition. The sedimentation was strongly influenced by the pre-existing volcanic topography together with other factors such as the importance of detrital sediment inputs [82]. The significant influence of these factors on the sedimentation is testified by the discontinuous nature of the limestone bodies, along with the diachronous onset of carbonate deposition between the different areas of the Whitehorse region (see [82]: Late Carnian to Late Norian diachronicity).




3. Area of Study, Mode of Occurrence and Lithofacies Description


3.1. Area of Study


Lime Peak is found in an isolated area (61° 03′ 59″ N 134°53′ 07″ W), which at the time of fieldwork was only accessible by helicopter. The area is located on the northern side of Thomas Lake (Figure 1C) at an elevation between circa 1000 and 1600 m. The vegetation cover, which ranges from almost absent (southeast face) to full (northwest side), mostly comprises low-growing grasses and bushes with some sporadic trees (becoming more and more abundant toward lower altitudes). The terrain ranges from moderately flat (northern part of the area) to very steep (southeast face).




3.2. Mode of Occurrence and Geometries


Exposures of Upper Triassic rocks are widespread in the Lime Peak area. In particular, the southeast face of the mountain provides an exceptional window into the Upper Triassic of the area. A major fault divides Lime Peak into two main blocks: east and west (see Figure 1D; [51]). The rock outcroppings in the east block are hardly accessible, heavily deformed and largely made up of carbonate breccias (e.g., see Enclosures 2 and 3 in [51]). Conversely, the west block is characterized by rocks that include a greater variety of carbonate lithofacies (see [51]) whose depositional relationships are still largely preserved (Figure 2A).



The lateral continuity is interrupted toward the eastern and western ends by two other major faults (Figure 2B). Although the amount and type of displacement caused by these faults is unknown, they juxtapose stratigraphic sequences whose primary depositional relationships were most likely different from the ones observed today. Hence, for the scope of this work, we only focus on the central part of the west block, i.e., the area where tectonic had only a minor impact and carbonate geometries are best preserved (Figure 1D and Figure 2A).



The carbonate sequence on this part of the southwest face can be divided into three different sedimentary packages (Figure 2B). The first sedimentary package includes the lowermost part of the carbonate sequence and is defined by a pronounced pinch-out geometry toward the west: reaching almost 250 m in the eastern end; the stratigraphic thickness of the package gradually decreases westward to the point where it is no more than 70 m thick in the area where it is truncated by the erosive scour (see Figure 2B).



The second sedimentary package, lying above the first one, shows contrasting geometries since its stratigraphic thickness reaches 60 m in the eastern area and decreases down to few meters in the central part before increasing up to about 70 m in the area where the lateral continuity of the beds is interrupted by a marked erosive scour (Figure 2B). This erosive surface marks the limit between the first and second sedimentary package in this area of the southwest face. The geological nature of this surface will be discussed later.



The third package lies conformably on top of the second one and is also characterized by a highly variable stratigraphic thickness: reaching maximum thickness in its central part (up to 170 m), the package pinches out both to the east and to the west.




3.3. Lithofacies Description and Spatial Occurrence


The bulk of the carbonate succession of the west block of Lime Peak is formed by five principal carbonate and non-carbonate lithofacies. Rarely, a few other lithofacies are also present, but since their spatial occurrence is very limited, they were not subject to in-depth investigation and are only briefly mentioned in the text. Reid [51] already provided a detailed description of the lithofacies occurring at Lime Peak. For this reason, in this work we will reuse her nomenclature (i.e., [51]) to refer to some of the limestone bodies (often representing different lithofacies) exposed at Lime Peak.



3.3.1. Lithofacies of the First Package


At Lime Peak, the lower part of the sedimentary sequence is characterized by the presence of volcaniclastic red-weathering mudrocks (VM; Figure 2C). This lithofacies is recessive in terms of competence and outcrops in patchy areas scattered in the vegetation. According to Reid [51], it represents background volcaniclastic sedimentation before the onset of carbonate production. VM is overlaid by very thick-bedded limestone (VTB; Figure 2C). The contact between the two lithofacies was not investigated in detail in this study. Reid [51] described it as transitional with volcaniclastic red-weathering mudrocks grading upward into very thick-bedded limestone (VTB). VTB by far makes up the largest portion of the first package (Figure 2C). This lithofacies has dark to light grey weathering and a fresh surface colour. In the eastern and central part of the sedimentary package, VTB beds are largely tabular in shape, with thickness ranging between 0.5 and 5 m. In the western part of the package, the beds belonging to this lithofacies, which can be easily followed visually, thin and pinch out toward the west into thin-to-medium-bedded impure limestone (TMB; Figure 2C and Figure 3B). In this area, we observe vertical alternations between VTB (light grey, more competent) and TMB (dark grey, less competent).



These alternations seem to be arranged in repeated vertical cycles. VTB appears extremely fossiliferous at macroscopic scales: some levels, such as the coral layer (Figure 4B) of Reid [51], host abundant corals (Retiophyllia sp.) in life position (Figure 5D) along with clusters of Spongiomorpha ramosa, Spongiomorpha gibbosa, Polytholosia ramosa and Polytholosia cylindrica. Within the first package, VTB is found resting above both massive limestone having a tabular shape (TM) and limestone conglomerate or breccia (LB) (Figure 2C). In both cases, vertical contact with the underlying lithofacies is sharp. TM has a whitish to yellowish weathering colour and appears greyish at the fresh surface. This lithofacies does not show any clearly discernible stratification and presents abundant fractures. It is often very fossiliferous at the macroscale. LB, appearing recessive compared to both the TM and VTB, has a yellowish weathering colour and a variable colour (depending on the composition of the clasts) at the fresh surface. Its occurrence seems to be concentrated in a single stratigraphic horizon (Figure 2C), where occurs in the form of two slightly different variants: limestone conglomerate or limestone breccia. Limestone conglomerate occurs as big lenses (10 to 15 m thick) usually showing meter-scale bedding and grading.



These lenses flank or are on top of TM and minorly VTB. Their contact is sharp (erosive). The clasts within the conglomerate are rounded to sub-rounded in nature (Figure 4C). The space between the bigger clasts is filled with a sand-sized matrix or by a coarse, whitish, calcite cement (the microscopic composition of both the matrix and the clasts within the conglomerate is detailed in the microfacies section). On the other hand, limestone breccia develops as small and irregular pockets of a few meters. In this case, the contact between LB and TM is transitional. This breccia is composed of carbonate angular clasts surrounded by a yellowish dolomitic matrix. For a more detailed description of LB, the reader is directed towards Reid ([51], p. 142 onward). Several dacite dykes crosscut the sedimentary beds of the first package in different areas. Although the age of the dikes at Lime Peak has not yet been constrained, they might belong to either the Early Cretaceous Goddard suite (138–136 Ma) or to the Early Cretaceous Teslin and Whitehorse suites (116–106 Ma), which repeatedly intersect the Triassic and Jurassic stratigraphy in the Whitehorse region [82].




3.3.2. Lithofacies of the Second Package


The eastern part of the second sedimentary package is characterized by the presence of K2, a tabular mound (TM) body that is about 60 m thick and does not present any discernible stratification in its central part. In its upper part, K2 grades into medium- to thick-bedded impure limestone (MTB; Figure 2C). This lithofacies bears a dark blue weathering colour and a very dark colour at the fresh surface. Beds are generally 20 to 50 cm thick with a semi-nodular appearance, present abundant fractures and look strongly recessive compared to the other lithofacies. MTB beds contain big-sized gastropods reaching up to 50 cm in length (Figure 4D). The lateral contacts of K2 are transitional: to the east, K2 grades laterally into very thick-bedded limestone (VTB, Figure 2C and Figure 3A), whereas to the west, it grades into thin- to medium-bedded impure limestone (TMB). This lithofacies is particularly well-exposed further to the west, where it makes up most of the second sedimentary package. TMB has a yellowish to brownish weathering colour and a darkish colour at the fresh surface. Beds within this lithofacies are extremely fossiliferous (Figure 5E), present abundant fractures and have thicknesses ranging from few cm to up to 30 cm (Figure 5B). Erosive bases, tabular and/or nodular silicifications, graded beds (Figure 4E) and ripple laminations (Figure 4F) are all characteristic features of this lithofacies. TMB is also a very common infill of the area associated with the erosive surface, along with massive mound limestone (MM). Slumping features (Figure 4A) are locally observed within TMB.




3.3.3. Lithofacies of the Third Package


The majority of the third package is formed by massive mound limestone (MM). This massive body, called Avens, is up to 200 m high, bears a whitish to pale yellow weathering colour and presents abundant fracturation. Avens appears very fossiliferous, even at the macroscale (Figure 5C). In particular, at the very western end of Avens there is an area where multiple large megalodontids (Figure 5A) and Wallowaconcha cf. raylenea can be seen on the weathered surface of the MM. Within Avens, stratification is rarely discernible except in the eastern part, where faint bedding can be observed. Here, a stratification starting from the MM and continuing into very thick-bedded limestone (VTB) can be recognized (Figure 2C and Figure 3A). Eastward, at some distance from the MM–VTB transition, the VTB beds are associated laterally and vertically with thin- to medium-bedded impure limestone (TMB). In particular, the vertical alternations between VTB and TMB are arranged in at least four cycles.






4. Methods


In total, 426 samples were collected from the Lime Peak area. In order to study the microfacies content and their distribution within the massive limestone body of Avens, we systematically sampled it by abseiling down from its top. A total of 6 vertical transects were done, with samples taken each 3 metres (see Supplementary Materials: Figure S2). Some of these samples were too damaged (fractured) to be used, and others were disregarded due to pervasive recrystallization (see Supplementary Materials: Figure S2). At least one thin section (3.5 × 2.3 cm) per sample was prepared at the Department of Earth Sciences, University of Geneva. Sedimentological observations in the field were coupled with the study of microfacies assemblages, which were observed under a regular petrological microscope. To classify the different carbonate microfacies encountered during this study, we used the redesigned carbonate classification scheme by Lokier and Al Junaibi [86].



Cathodoluminescent imaging was obtained using a CITL 8200 Mk 5-1-optical cathodoluminescence microscope with a cold cathode (Cambridge Image Technology Ltd.—United Kingdom) mounted on a Leitz petrological microscope (Leica Microsystems—Switzerland)at the Department of Earth Sciences, University of Geneva. Beam conditions were set at 15–18 kV and 100–210 nA.



In this work, the term microbialites is used following the definition of Burne and Moore [87], who described microbialites as “organosedimentary deposits that have accreted as a result of benthic microbial community trapping and binding detrital sediment and/or forming the locus of mineral precipitation”. We also follow Riding’s [88] definition of the term reef, i.e., “all calcareous deposits created by essentially in place sessile organism”. To be able to study the composition of reef/autochthonous microfacies along with their distribution and abundance in the Lime Peak area, we first had to define whether each sample had a reefal nature or not. To do so, microfacies criteria, including the importance of in-place reef builders (sponges, corals and microbialites, among others), the presence of reef cavities and the presence of microbialites along with the presence of other encrusting organisms, were taken into account. Overall, samples with reef affinity correspond to MCF 7 and MCF 6A and 6B (see below). Technically, MCF 11 could have also been included in the point-counting analysis due to its framestone nature. However, within MCF 11, Retiophyllia sp. formed small and well-spaced thickets rather than a structured reef; for this reason, this microfacies was excluded from the point-counting analysis. When using the term “reef” or “reefal” in this work, we strictly refer to MCF 7 and MCF 6A and 6B and not to the entire depositional environment where reef-related deposits are commonly found. For the latter, we use the term “platform margin”.



To study the composition of reef microfacies at Lime Peak, a total of 52 thin sections were additionally scanned by means of a high-resolution film scanner (Nikon CoolScan 4000 ED; Zweigniederlassung - Switzerland). Of these, 42 came from the massive mounds (Avens) and 10 from the tabular mounds (K2 and other tabular bodies outcropping from the northwest side of Lime Peak; see Supplementary Materials: Figure S1). Since we had only a few samples from some of the vertically exposed bodies in the study area (e.g., the tabular limestone), we decided to also include reef samples belonging to equivalent limestone bodies exposed in other, gentler areas of Lime Peak (e.g., the tabular bodies exposed in the northwest side of Lime Peak; see Supplementary Materials: Figure S1). The samples were point-counted to assess the relative abundance of each reef component. Point-counting was performed using the image analysis software JMicrovision (User-friendly software for analyzing large images, version 1.3.3—Switzerland). According to the software’s point-counting evolution plot, stabilization is achieved between 150 and 200 counted points. Hence, a total of 200 points by thin section were counted using a random grid. Point-counting classes were made following Peybernes et al. [22]: essentially, reef components were divided into two main classes—framework components and interstitial sediments (Figure 6). In our subdivision, the framework is given by those organisms that directly contribute to reef growth, such as sponges (inozoans, sphinctozoans, disjectoporids, chaetetids and Spongiomorpha spp.), corals, microbialites, tubular crusts and encrusters. Among the encrusters are solenoporacean algae, serpulids, calcified cyanobacteria, brachiopods, phylloid algae, sessile foraminifera such as Planiinvoluta carinata and Tolypammina sp., and sessile microproblematica such as Radiomura cautica and Microtubus communis. Unlike Peybernes et al. [22], in this work we did not differentiate between primary and secondary framebuilders: the reason for this choice lies in the importance of microbialites at Lime Peak, which act both as encruster and as framework constructor independently of metazoans (see MCF 6 below). In the interstitial sediment group are skeletal and non-skeletal grains, such as dwellers (e.g., foraminifera, molluscs, ostracods and brachiopods, among others), peloids and ooids, along with different forms of micrite (clotted and peloidal, interstitial and dense micrite) and cement (either cavity-filling or intergranular cements).



In order to be able to compare the reef associations of Lime Peak with those of other coeval reefs in Panthalassa and Tethys (see Section 8), we performed a similarity analysis for reef taxa (calcareous sponges, microproblematica and foraminifera). To do so, we used an updated version (see Supplementary Materials: Figures S6 and S7) of the database originally compiled by Peybernes et al. [22] that includes the occurrences of reef taxa in different Upper Triassic (Norian–Rhaetian) reef sites. In our updated version, we added the new taxa from Lime Peak (mostly reefal foraminifera) that were identified in this study. To be consistent with the work of Peybernes et al. [22], we made sure to add only the taxa coming from the reef microfacies (i.e., MCF 6A, 6B, 7) and the microfacies found closely associated with the latter (MCF 5). Foraminifera from other depositional environments were not added to the database (e.g., lagoon and slope deposits). Moreover, we added some new entries (sponge taxa) from Slovenia [89] that were not included in the original database. Hierarchical cluster analysis (hCA) was obtained using PAST software (v. 4.04) with a UPGMA algorithm and Dice (=Sørensen) coefficient of taxonomic similarity. For details regarding this type of analysis, the reasons for its selection and the choice of included taxa, the reader is referred to Peybernes et al. [22].



Ostracods (both calcitic and silicified) were extracted from bulk rocks using the technique described in [90]. When present in the residue, ostracods were hand-picked and mounted on rounded aluminium stubs. Pictures of the specimens were taken with a JEOL JSM7001F scanning electron microscope (SEM; JEOL Europe S.A.S.—France) at the Department of Earth Sciences, University of Geneva: conditions were 10 kV and 3.5 nA. In this work, ostracods were identified only at the genus level, and their assemblages are only briefly described; for a more detailed description, please refer to Forel et al. [47].




5. Age of the Deposits


Previous biostratigraphic investigations [91,92] carried out on the uppermost part of Lime Peak yielded a Late Norian age. For this work, two new samples (Figure 7A) were dissolved for conodonts using 10% acetic acid: the first one (CONO 6) was collected 50 m above the base of the carbonate complex, while the second one (CONO 8) comes from the upper part of Avens body (approximately 300 m above the base). Both samples yielded the same conodont assemblage, consisting of Mockina engladii, Mockina aff. engladii and Mockina bidentata (see Supplementary Materials: Figure S5). This assemblage, which indicates a Late Norian age, suggests that the deposition of the Lime Peak carbonate complex occurred largely, if not exclusively, during the Late Norian.




6. Results


6.1. Microfacies Description and Biotic Content


This section describes in detail the range of microfacies found within the study area at Lime Peak, along with their sedimentary structures and spatial distribution. These descriptions derive from both microscopic and macroscopic observations. In certain cases, to implement the description of a few microfacies and to better constrain their depositional relationships, we also studied some samples coming from isolated outcrops found in the northwest area of Lime Peak bearing the same microfacies (see Supplementary Materials: Figure S1 for outcrop and sample location). The spatial distribution of microfacies can be observed in Figure 7B and Figure 8A,B (the reader is invited to look at Supplementary Materials: Figure S1 for a better-resolution image). Microfacies are illustrated in Figure 9 and Figure 10, and selected components (i.e., sponges, foraminifera, ostracods) are additionally illustrated in Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16. For a list of all the foraminifera found at Lime Peak see Supplementary Materials: Figure S4. Characteristics of each microfacies are summarized in Table 1.



MCF 1—Bioclastic wackestone to floatstone (Figure 9A). Abundant within Avens (frequently in association with MCF 7, and more rarely with MCF 4, 5, 6 and 9), it consists of a continuum from wackestone to rare floatstone. The bioclastic fraction, very unsorted in nature, is lightly to moderately fragmented; the matrix consists of dark micrite. Major bioclastic components are molluscs (both gastropods and bivalves), crinoids, dasycladales algae (frequent ?Clypeina sp.; Figure 11A), calcareous sponges, solenoporacean red algae and foraminifera. At times, reclining bivalves or brachiopods are found in closed articulated position showing geopetal infills (Figure 11G). Floatstone occurrences are given by a higher contribution of framebuilding organisms found as debris (mostly calcareous sponges and solenoporaceans red algae). On occasion, MCF 1 presents neptunian dykes and/or dissolution events that are often filled with clotted and peloidal micrite and/or very dark micrite (Figure 9A). Foraminiferal assemblages include very abundant Taanella yukonensis (Figure 14P), textulariids, common Duostominina (Figure 15G), Miliolidae, Wernlina reidae (Figure 14T), rare Nodosariidae and Agathammina sp. (Figure 14E). Ostracods extracted from a thin gravity layer within MCF 1 yielded an association dominated by the genera Mirabairdia, Paracypris, Alatobairdia, Cornutobairdia, Bairdia, Bairdiacypris, Judahella and Leviella (Figure 16).



MCF 2—Dasycladales-rich wackestone to floatstone (Figure 9B). This microfacies is found exclusively in the medium- to thick-bedded impure limestone of the second package (Figure 2C). Outside the study area, we also recovered this microfacies from an isolated outcrop in the northwestern side of Lime Peak where it is found in association with MCF 3 and less frequently MCF 7 (see Supplementary Materials: Figure S1). Frequently, this microfacies presents a very darkish colour even at the fresh surface. This dark colour is the result of a higher organic matter content as indicated by organic “flakes” (most likely solid bitumen) sparse in the matrix and bitumen drops in fractures and pores. Rest of oxidized ligneous fragments are also commonly present within this microfacies. The bioclastic fraction of this, poorly sorted and heterogeneous wackestone to floatstone, is regularly unbroken to slightly broken. The biotic content, quite heterogeneous and variable in composition, is most of the times dominated by dasycladales [Holosporella? rossanae (Figure 11B), Patruliuspora pacifica (Figure 11C) and Patruliuspora oregonica (Figure 11D)], gastropods [which range in size from mm sized up to 40 cm long (Figure 4D)] and bivalves. The variation in the concentration of these bigger bioclasts determines the change from wackestone to floatstone. Common are also ostracods, foraminifera, echinoids and ophiuroids along with fragments of corals, sponges, Spongiomorpha ramosa and big fragments of bivalves (?megalodontids) and calcified cyanobacteria [mostly Cayeuxia sp. (Figure 11H) and Girvanella sp. (Figure 11I)]. Belemnites and Baccanella floriformis (Figure 12B) tend to be rarer. Borings and micritic envelopes are very common. The matrix, sometimes bioturbated, varies from being mud-dominated to very-fine bioclastic. At times, the bulk content of MCF 2 slightly differs and is dominated by ostracods, Girvanella sp., tinier bivalves (shell thickness between 50 and 300 microns) and gastropods. MCF 2 bears the richest and most diversified foraminiferal assemblage among all the microfacies. It is dominated by very abundant Aulosina oberhauseri (Figure 15A,B), Parvalamella spp. (Figure 15O,P), abundant Wernlina reidae, Taanella yukonensis, less common Aulotortus spp. (Figure 15C,D), Frentzenella spp. (Figure 15J), Licispirella sp. (Figure 15L), Wallowaconus oregonensis (Figure 15X), Falsoreinholdella spp. (Figure 15I), Praereinholdella spp. (Figure 15Q), Robertonella spp. (Figure 15R), unidentified miliolids, Glutameandrata vallieri (Figure 14Q), unidentified Glutameandratidae, rare Lamelliconus sp., Trocholina spp. (Figure 15U), Eoguttulina sp. (Figure 14I), Ichtyolariidae, Trochosiphonia sp. (Figure 15V), Nodosariidae, Polymorphinidae, Tubulastella comans (Figure 15W), Duostominina, Diplotremina sp. (Figure 15F), Oberhausellidae, ?Praegubkinella sp. (Figure 15H), Agathammina sp., Hoyenella sp. (Figure 14D), Orthella sp. (Figure 14G), Ophthalmipora sp., Ammodiscidae, Ammodiscus spp. (Figure 14M), Ammovertellinae, Duotaxis sp. (Figure 14N), Trochammina sp. and textulariids. This microfacies bears a rich and diversified ostracod assemblage in which the genera Bairdia, Cytherella, Bektasia, Leviella, Hungarella and Lutkevichinella (Figure 16) prevail.



MCF 3—Molluscs and calcified cyanobacteria packstone to rare grainstone (Figure 9C). This microfacies occurs only in the medium- to thick-bedded impure limestone of the second package in association with MCF 2. As for MCF 2, we also recovered this microfacies from the northwestern side of Lime Peak. According to Reid [51], this microfacies would also occur in the very thick-bedded limestone to the west of K2. Grains within this microfacies are poorly to moderately sorted. Identifiable bioclasts are molluscs (bivalves and gastropods), calcified cyanobacteria (mostly Cayeuxia sp.), dasycladales, ostracods, rare brachiopods, echinoid spines, foraminifera, rare crinoids and fragments of reef-derived biota such as sponges, serpulids and red algae. At times, debris of an organism resembling a very small, unidentified phaceloid coral are abundantly observed (see Figure 9C). Other grains are profuse peloids and extraclasts of different shapes and sizes. Micritic envelopes and micritized grains are very copious. The intergranular porosity is filled either by cement or by fine bioclastic to micritic matrix. Foraminiferal assemblages are restricted to rich Taanella yukonensis, common Miliolidae, Duostiminina, Glomospira sp., unidentified Glutameandratidae, and rare Decapoalina schaeferae and Involutinina.



MCF 4—Bioclastic rudstone (Figure 9D). This microfacies is only rarely found within Avens in association with MCF 1. It consists of moderately to heavily fragmented bioclasts (foraminifera, gastropods, bivalves, serpulids, corals, crinoids, sponges and other unidentified bioclasts) and angular extraclasts (strongly resembling MCF 1). Aragonitic bioclasts (e.g., molluscs) underwent dissolution. Some clasts present rims of isopachous drusy cement, while echinoderms display syntaxial overgrowths; intergranular porosity is filled with a whitish to yellowish granular mosaic cement. Foraminiferal assemblage is mostly dominated by Duostominina representatives.



MCF 5—Peloidal and bioclastic grainstone (Figure 9E). This microfacies is frequently encountered in the eastern part of Avens body (Supplementary Materials: Figure S1) in association with MCF 7 and 6A. It is also found in the second package inside K2 in association with MCF 7 and 8. Grains within this microfacies range from moderately to well-sorted. Identifiable bioclasts are foraminifera, molluscs (bivalves and gastropods), dasycladale green algae (?Clypeina sp. and possibly Kantia sp.; Figure 11E), ostracods, crinoids and fragments of reef-derived biota such sponges and serpulids. Other grains are peloids, some extraclasts and rare ooids. Overall, grains appear to have been strongly affected by micritization that led to either the formation of a micritic envelope or to the complete micritization of allochems. Foraminiferal assemblages are constituted of very abundant Glomospira sp. (Figure 14S), common Duostominina, Miliolidae, Glutameandratidae and rare Decapoalina schaeferae (Figure 14F) and Taanella yukonensis.



MCF 6A—Thrombolitic bindstone (Figure 9F). Unlike in the other framework microfacies (i.e., MCF 7), in MCF 6A, microbialites do not have only an accessory role but form most of the constructive rigid framework. MCF 6A is found in the eastern end of Avens body associated with MCF 7 and 5 and minorly within very thick-bedded limestone associated with MCF 9 and 10. In MCF 6A, the microbial fabric presents a leiolitic to thrombolytic fabric in which dark aphanitic areas alternate with areas where clotted and peloidal micrite prevail (Figure 9F). Intercalations of MCF 5 are often found within MCF 6A. In MCF 6A, the micritic areas are heavily encrusted by Tolypammina sp. (Figure 14R) and minorly by small sphinctozoan sponges. Clotted and peloidal micrite areas show the minor presence of ostracods and foraminifera (textulariids, nodosariids and miliolids).



MCF 6B—Stromatolitic bindstone (Figure 9G). MCF 6B was only found in one sample (WH 406) from the internal part of Avens (see Supplementary Materials: Figure S1) in association with MCF 1 and not far away from the area where megalodontids and Wallowaconcha cf. raylenea are exposed. MCF 6B displays a stromatolitic structure that consists of aggrading laminae of clotted and peloidal micrite alternating with denser micritic laminae (Figure 9G). The microbialites fabric is arranged in lateral micro-columns. Boring is very common in the microbialites fabric. Within the microbial fabric, there are encrusting organisms such as Microtubus communis (especially in the denser micritic laminae, Figure 11K), Terebella sp. (Figure 12D), serpulids (Figure 12E) and Radiomura cautica (Figure 12C). At times, the microbialites embody bivalves and/or brachiopods. The space between the micro-columns is filled with sediment that is very similar to MCF 1 and consists of molluscs, crinoids, ostracods, dasycladales and foraminifera. Peloids are also common. In MCF 6B, the foraminiferal assemblage is restricted to Planiinvoluta carinata (Figure 14K), common textulariids and rare, unidentified Nodosariidae.



MCF 7—Metazoans framestone (Figure 9H,I). This microfacies is mostly present within Avens (associated with MCF 1, 5, 6A) and inside K2 in the second package (associated with MCF 5 and 8). At the macroscale, within the massive and tabular mounds, this microfacies seems to be clustered in patches that are generally only few meters wide. MCF 7 is characterized by the presence of framework organisms that often show preferential upward growth direction and form a rigid framework. This framework creates two types of well-defined primary cavities: intra-organisms (i.e., inozoans chambers (abundant)) and/or inter-organisms (less common). Among the framework organisms, we find inozoan sponges, sphinctozoan sponges (for more information see [59]), Spongiomorpha ramosa and S. gibbosa, disjectoporoids sponges, chaetetids sponges and subordinate corals, either colonial (some of the coral species present at Lime Peak probably belongs to the genera Retiophyllia sp., Chondrocoenia sp., Gablonzeria sp., Margarastraea sp., Distichomeandra sp., Astraeomorpha sp., Procyclolites sp. and Crassitella sp., see [53]) or solitary (which, according to [53], might belong to one or more of the genera Distichophyllia, Cuifa and Montlivaltia). Tubular crust (Figure 12G,J) generally postdates sponges and corals and uses them as rigid substrate to grow on. However, in several cases, this crust does not behave entirely as a secondary encruster but also forms an active framework that is later used by other organisms as a hard substrate to grow on (e.g., see Figure 12H). This tubular crust is generally, in turn, overgrown by microbialites. At times, the two are found intergrowing (e.g., Figure 12H) and are encrusted (e.g., Figure 12G,J) and bored by other organisms. The differences between tubular crusts and microbialites primarily lie in their colour (yellowish vs. grey to black) and the fact that tubular crusts show an internal fibrous to tubular structure (better observed in cathodoluminescence: see Figure 13C), whereas microbialites do not show any peculiar internal microstructure (besides microlaminations that are given by different layers of microbialites (MB) overgrowing each other).



The organisms that build the primary framework, especially tubular crusts and sponges, locally present traces of boring activity. In particular, microborings appear to be common within the MCF 7 samples from the tabular mound limestone (Figure 13A,B). This rigid framework is further colonized by sessile organisms such as calcareous algae (phylloids and solenoporaceans), small encrusting sponges (such as Radiomura cautica), serpulids, brachiopods and worm tubes (Terebella sp.), bivalves, calcified cyanobacteria (Cayeuxia sp.), microproblematica (Microtubus communis, Baccanella floriformis and other unidentified encrusters) and various sessile foraminifera. Among the encrusting foraminifera, Planiinvoluta carinata and Tolypammina sp. are the most abundant, with rare occurrences of Alphinophragmium sp. (Figure 14L) and Hirsutospirella pilosa (Figure 14A). The cavities in this microfacies can be either primary or secondary. As mentioned above, primary cavities exist either as constructive cavities between different framebuilders or as intragranular cavities. Constructive cavities are almost exclusively filled with sediments. This infilling can be divided into three categories: (1) clotted and peloidal micrite, (2) wackestone to packstone rich in mollusc debris, crinoids, foraminifera (very similar to MFC 4, see below) and rare Globochaete sp. (Figure 12A) and more rarely (3) a grainstone rich in foraminifera, ostracods, peloids and spar-rimmed peloids (Figure 11L). Within these different infills, two different types of micrite occur: (1) clotted and peloidal micrites that are made up of very small peloids (on average 10 to 50 μm in diameter) and are usually clustered in groups and might present an outer spar rim [57]—this form of micrite is also known as internal micrite [93], peloidal cement [94], automicrite [95,96] or peloidal micrite [97]—and (2) interstitial micrite that is present in the wackestone to packstone infills. In terms of foraminiferal assemblages, there are major dissimilarities among the different infills: clotted and peloidal micrite bears poorly diversified assemblages restricted to Textularia sp. and some unidentified miliolids. On the other side, the wackestone to packstone and the grainstone infills bear different forms, including Agathammina sp., Gsolbergella sp. (Figure 14C), Hoyenella sp., Decapoalina schaeferae, Hydrania dulloi (Figure 14B), Ophthalmidium sp. (Figure 14H), Paraophthalmidium sp. (Figure 14J), ?Turrispirillina spp. (Figure 15T), Nodosariidae, other unidentified Miliolidae, microgranular or agglutinated foraminifera such as unidentified Textulariidae and Glutameadratidae, Ammodiscus sp. and other Ammodiscidae, ?Endotebanella sp. (Figure 14O) ?Glomospira sp., Taanella yukonensis and aragonitic foraminifera such as Duostominina. Primary cavities can also originate as intragranular cavities within the sponges (in the internal chambers of sphinctozoans, e.g., see Figure 9H). These cavities can be filled with either sediment (similar to the three types described above) or by a whitish, drusy to equigranular mosaic cement. In a few samples, abundant ostracods occur within the internal chambers of sponges. They were extracted, and the assemblages show dominance of the genera Bairdiacypris, Bairdia, Paracypris and Polycope (Figure 16). Secondary cavities represent an important fraction of the bulk of MCF 7: they are formed by the decay of some reef builders, or by their (early) dissolution. Secondary cavities can be recognized by the presence of microbial or, more commonly, tubular crusts that grow on them (Figure 12G,I) and delimit the outer surface of the cavities. This type of cavity is often filled with different generations of cements that grow centripetally, a criterion allowing them to be distinguished from look-alike tubular crusts (their coloration is different, and cements are also commonly banded). At first, cavities are filled with multiple generations of light grey radiaxal fibrous isopachous and/or fibrous isopachous cements (Figure 12I) that are frequently intercalated with thin layers of microbialites. Occasionally, the innermost portion of the cavities is successively filled with a whitish, drusy or granular mosaic cement (Figure 12I). In only one sample (WH 312), the internal portion of a secondary cavity also showed the presence of a layer of dog-tooth cement. Dissolution cavities filled with sediments are rarer. When occurring, the infill is different from the one filling primary cavities and can also display a different orientation (e.g., Figure 9H). This infilling sediment can be divided into two categories: (1) a clotted and peloidal micrite with abundant mudclasts and (2) a very dark mudstone in which a very poor biotic content, restricted to few ostracods and molluscs, is found in a dense micritic matrix.



MCF 8—Sponges bindstone (Figure 9J). This microfacies is often located within K2 in the second package in association with MCF 5 and 7. In a few cases, MCF 7 and 8 coexist in the same thin section, pointing to their close connection. Almost the entirety of this microfacies is formed by reef biota (e.g., sponges, red algae, calcified cyanobacteria and rare corals) very similar to that of MCF 7. However, unlike in MCF 7, the reef biota in MCF 8 is not in life position. Organisms in MCF 8 are lightly to moderately fragmented and do not show any preferential growth direction. Rare extraclasts and crinoids are also abundant. The remaining fraction is made up of smaller allochems, including peloids, ostracods, foraminifera and molluscs, which are scattered between the bigger bioclastic fraction or in small cavities. The allochems in MCF 8 are frequently bound by a thin layer of microbialites. In MCF 8, the cavities appear to be depositional and not constructional. Intergranular porosity is either filled with micrite or whitish granular mosaic cements. Foraminiferal assemblages are restricted to very abundant specimens of Duostominina, Taanella yukonensis, rare Aulosina oberhauseri, Coronipora sp. (Figure 15E), juvenile Trocholinidae (Figure 15K), Robertonella sp., Gsolbergella sp., Hoyenella sp., Wernlina reidae and unidentified Ammodiscidae.



MCF 9—Crinoidal grainstone to rudstone (Figure 9K). This microfacies is mostly located in the very thick-bedded limestone of the first and third package in association with MCF 6A and 10. The bioclastic fraction of this strongly unsorted microfacies is habitually abraded and/or broken. Crinoids are the main constituents, along with calcified cyanobacteria (Cayeuxia sp.), red algae, calcareous sponges (chaetetids are very frequent), molluscs and foraminifera. Foraminiferal assemblages are dominated by very abundant Duostominina and rare Miliolidae and Taanella yukonensis. Micritic envelopes around grains are frequent. The intergranular spaces are filled with a whitish granular mosaic calcite and rarely by micrite. Although the general composition is very similar to that observed in MCF 8, MCF 9 lacks the important network of microbialites characterising MCF 8.



MCF 10—Spongiomorpha gibbosa packestone to floatstone (Figure 9L). This microfacies is almost exclusively identified in the very thick-bedded limestone of the first and third package in association with MCF 6A, 9, 11 and 14. The bioclastic fraction of this microfacies is generally very unsorted. The concentration of Spongiomorpha gibbosa varies from being slightly present (wackestone) to very abundant (floatstone), and specimens appear unbroken or only slightly fragmented. The abundance of stromatolitic microbialites within this microfacies varies from scarce to abundant. Often, the specimens of Spongiomorpha gibbosa present well-developed microbialites only on one side of the organism (Figure 9L). Besides Spongiomorpha gibbosa, the bioclastic fraction of this microfacies is rich in crinoids, corals, brachiopods, bivalves, thin-shelled bivalves (most likely belonging to one or more of the genera Halobia, Eomonotis or Monotis) and ostracods. Dasycladales algae (?Clypeina sp.) are also present within MCF 10, and their abundance varies from absent to common. Reid (1985) reported the presence of sphinctozoan sponges such as Polytholosia ramosa and Polytholosia cylindrica in upright position within MCF 10, along with poorly preserved solitary corals. The matrix is formed by dark micrite. Foraminiferal assemblage is dominated by very abundant Duostominina, Wernlina reidae, Taanella yukonensis and rare Paraophthalmidium sp.



MCF 11—Retiophyllia framestone to floatstone (Figure 10A). This microfacies is found within the very thick-bedded limestone of the first package, where it is in vertical association with MCF 10 and 14. It is important to say that Retiophyllia sp. occurrences are also located within the massive mound limestone; however, those occurrences are counted as part of the reef patches (MCF 1). The framestone end-member of MCF 11 is associated with the in-living-position, fragile, branching coral Retiophyllia sp. (upward growing, Figure 5D). MCF 11 occurs in very thick-bedded limestone horizons, formed by slightly more impure limestone, in which these corals are particularly abundant (e.g., coral layer in Figure 4B and Figure 5D). Within this framestone, Retiophyllia sp. is often silicified and without biogenic encrustations or synsedimentary cement. In the floatstone end-member of MCF 11, Retiophyllia sp. is not in living position but is only coarse debris in a finer matrix. This matrix, which is also equivalent to the one from the framestone end-member, is a wackestone rich in sponge spicules, molluscs (small gastropods and thin-shelled bivalves), crinoids and ostracods (very similar to MCF 14, see below). In the matrix of this microfacies, foraminifera are rare and limited to very abundant Nodosariidae and rare Taanella yukonensis, Ammodiscus spp. and other unidentified Ammodiscidae.



MCF 12—Sponges–molluscs packstone to rudstone (Figure 10B). This highly heterogeneous and unsorted microfacies is present principally in the thin- to medium-bedded impure limestone of the second package (Figure 7B) where, within thin- to medium-bedded impure limestone, it is associated with MCF 13 and 14. The coarser bioclastic fraction, which gives the floastone to rudstone appearance, includes calcareous sponges (very common chaetetids, rare Spongiomorpha sp. and other sponges that also occur in MCF 7), calcified cyanobacteria (Cayeuxia sp.), Girvanella-oncoids (Figure 11J), solenoporacean red algae and minor coral debris. The matrix within the coarser bioclasts consists of a packstone with abundant crinoids, gastropods, foraminifera, brachiopods, bivalves, brachiopods, ostracods and rare green algae (?Kantia sp., Patruliuspora spp. and ?Teutoplorella sp.). Microbial encrustations are quite common. The foraminiferal assemblages are represented by abundant Wernlina reidae, Taanella yukonensis, Duostominina, common Wallowaconus oregonensis, Coronipora spp., Nodosariidae, Agathammina spp. and miliolids, together with rare Endothyra sp., Diplotremina sp., ?Oberhauserella sp. (Figure 15M), Falsoreinholdella spp., Praereinholdella spp., Robertonella spp., Trochosiphonia josephi, Parvalamella spp., Aulosina oberhauseri, Aulotortus impressus (Figure 15C), ?Lamelliconus sp., Licispirella sp., ?Turrispirillina spp., Frentzenella frentzeni, Papillaconus kristani (Figure 15N), Trocholina spp. and Semiinvoluta spp. (Figure 15S).



MCF 13—Laminated and graded wackestone to rudstone (Figure 10C). This microfacies is very common within the thin- to medium-bedded impure limestone of the second package, where it forms beds showing strongly erosive contacts (Figure 4E) with other microfacies such as MCF 12 and 14. The normal grading observed is given by sediments that range from very coarse sand to gravel found at the base, to mud at the top. In terms of carbonate classification, when complete, this microfacies displays a transition from very coarse rudstone to fine wackestone to mudstone. The coarser part of the deposits is formed by abundant shallow-water biota (mostly calcareous sponges, calcified cyanobacteria and molluscs, among others), while the strongly laminated finer part (in which traction ripples are rarely found; see Figure 4F) of the deposit is formed by ostracods, sponge spicules and small foraminifera within a very fine bioclastic matrix. Some thin laminae show a darker colour, which is most likely given by a higher content of organic matter. The foraminiferal assemblages only comprise Duostominina and nodosariids. The ostracod assemblages are dominated by the genera Bairdia, Bektasia, Bairdiacypris, Paracypris, Triassocypris and Polycope (Figure 16).



MCF 14—Radiolarian-rich bioturbated mudstone to wackestone (Figure 10D). This microfacies stands in the thin- to medium-bedded impure limestone. Within the first and third package, it is associated with MCF 10, 11, and 13, while in the second package, it is associated with MCF 12 and 13. This microfacies is generally unsorted; its bioclastic content is dominated by ostracods, recrystallized radiolarians, sponge spicules, rare gastropods, thin-shelled bivalves and minor foraminifera. The matrix is very fine bioclastic in nature. The beds that contain this microfacies yield abundant terebratulid brachiopods. The foraminiferal assemblages are formed by very abundant Nodosariida and Duostominina.



MCF 15—Grain-supported limestone conglomerate or breccia (Figure 10E). This microfacies is present within the limestone conglomerate or breccia. Clasts, very unsorted and rounded to sub-angular in nature, consist mostly of carbonate lithoclasts, with only minor volcaniclastic ones. Only at times do clasts consist of fragments of single organisms such as corals and sponges. Carbonate clasts generally have microfacies ranging from framestone (MCF 7) to wackestone (MCF 14). The intergranular porosity is occupied by a whitish, granular, mosaic calcite cement.




6.2. Composition of the Reef Facies


The average results from the point-counting analysis (for the whole dataset see Supplementary Materials: Figure S3) are shown in Table 2 and Figure 17. At Lime Peak, the main framebuilders are by far sponges, microbialites and tubular crusts. Of the latter, sponges account for 25.22% and 35.05%, microbialites for 20.14% and 15.20%, and tubular crust for 10.61% and 15.00% of the massive and tabular mounds limestone, respectively. Corals (0.66% in the massive and 1.15% in the tabular limestone) and encrusters (2.67% in the massive mound limestone (MM) and 2.55% in the tabular mud limestone (TM)) are only of secondary importance. Within the MM, in the interstitial sediments fraction, we find abundant clotted and peloidal micrite (17.13%) followed by interstitial micrite (5.07%), peloids or ooids (4.51%), dwellers (3.52%), intergranular cement (3.32%) and dense micrite (3.13%). Primary and secondary cavity-filling cements account for 0.84% and 3.19%, respectively. Within the TM, the main constituent of the interstitial fraction is clotted and peloidal micrite (10.10%), followed by peloids or ooids (6.05%), interstitial micrite (5.00%), dwellers (3.15%), intergranular cements (2.55%) and dense micrite (1.70%). Primary and secondary cavity-filling cements account for 2.70% and 1.84%, respectively. In general terms, the most important difference between MM and TM limestone is seen in the proportion of framework vs. infill: whereas in MM, the gap between the two parts is reduced with framework making up 59.29% of the volume vs. 40.71% of the total infill; in TM, the framework (66.95%) clearly predominates over the infill (33.05%). This difference is principally driven by the higher abundance of sponges and tubular crusts within the TM. Another important dissimilarity is seen in the higher content of clotted and peloidal micrite in the MM.





7. Interpretation of the Depositional Environments


One limitation to the study of the carbonate system at Lime Peak is related to faults that locally crosscut the area (e.g., see Figure 2B,C), hindering some of the original depositional relationships between the different limestone bodies: this makes any interpretation regarding the whole outcrop (east and west blocks) speculative. The model for the growth of the southeast side of the Lime Peak complex proposed in [51] did not take into account part of the faulting and, in particular, the major fault running through the southeast face between Avens and Campion bodies (see Figure 2B and Figure 3A). Overall, the best approach to reconstruct the carbonate depositional environments appears to examine the system by tectonically isolated blocks and by sedimentary packages. Within these, the original relationships have been preserved, allowing us to study the depositional processes between the different litho/microfacies along with the pathways that contributed to their formation.



7.1. Depositional Environments during Sedimentation of the First and Third Packages


7.1.1. Toe of the Slope-to-Basin and Slope Environments


Our reconstruction of the depositional environments starts from the western part of the first package (Figure 18A). According to our sampling, in this area, the first package is formed by MCF 10, 11 and 14. These microfacies are found in repeated vertical alternations. The distribution of microfacies is paralleled by lithofacies, with MCF 14 occurring in thin- to medium-bedded impure limestone (TMB), while MCF 10 and 11 are contained in the westward pinching-out very thick-bedded limestone (VTB).



Therefore, microfacies and lithofacies alternations are matching. In this area of Lime Peak, vertical alternations can be identified thanks to the colour contrast between TMB (dark brown) and VTB (light grey; Figure 3B). Similar vertical alternations between TMB and VTB are also observed in the eastern side of Avens body (Figure 3A). MCF 14 strongly resembles the hemipelagic deposits described from other Upper Triassic localities of the North American Cordillera (e.g., see Vancouver Island in [45] or the Pardonet Hills in [98]). The paucity of phototrophic biota and the frequent bioturbation within these deposits indicate that the deposition chiefly occurred below the limit of the photic zone but above the ACD, as attested by the excellent preservation of aragonitic shells and tests (>depths of 150–200 m), and in a well-oxygenated environment, most likely in a base or toe of the slope setting of a relatively shallow basin.



The shallowing of the carbonate system is marked by the occurrence of MCF 11. Although the wackestone to packstone matrix of MCF 11 is quite similar to MCF 14, the widespread presence of the photosynthetic coral Retiophyllia sp. (this genus, along with other Triassic scleractinians, is thought to have hosted zooxanthellae (for details see [99,100,101,102])) points to shallower water depths (<150–200 m). While a depositional depth within the photic zone for MCF 11 is suggested by the presence of small Retiophyllia sp. thickets, the low diversity and absence of otherwise abundant indicators of shallow to very shallow (photic) conditions, such as dasycladales (these algae usually abound in very shallow waters—i.e., depth < 5–10 m—some forms are known in modern environments to live at depth of up to 100 m; see [103,104]) or diffused microbial encrustations around grains (i.e., micritic envelopes) indicate that the deposition most likely happened in the lower photic zone in a low-light, open-water environment. In such open-water settings (i.e., not a cryptic setting such as reef cavities, where microbialites are generally formed by microorganisms having different metabolisms, e.g., see [105]), light availability is known to play a key role in favouring microbial encrustations (e.g., see [106,107,108]) that dominate in the shallower facies MCF 6A and MCF 6B (see below). Unlike in MCF 11, both microbialites and dasycladales (?Clypeina sp.) are often found in MCF 10, the third facies present in these alternations. Although both of their concentrations vary from rare to common, their presence indicates shallower depositional depths of the upper half of the photic zone. MCF 10 is by far the more abundant microfacies within the VTB and probably occupied a large portion of the upper slope. The observed variance in presence and abundance of both microbialites and dasycladales is therefore thought to reflect repetitive plurimetric to pluridecametric differences in depositional depth or light availability along the slope.



Further to the east (Figure 18B), MCF 10 is found in vertical association with MCF 9. The biotic content of MCF 9, rich in crinoids, red algae, bivalves, foraminifera, calcified cyanobacteria and other reef-related organisms, indicates that its deposition occurred in the uppermost part of the slope environment. In MCF 9, the intergranular porosity is generally filled with cement and only rarely by sedimentary micrite. Whereas the strictly mud-dominated matrix of MCF 10 indicates that the deposition occurred below the fair-weather wave-base (FWWB), the fabric of MCF 9 is characteristic of a more energetic environment above the FWWB. According to their characteristics, the depositional limit between MCF 10 and 9 can be placed at the base of the FWWB (depth of about 5–12 m).




7.1.2. Platform Margin Environment


The vertical association between MCF 9 and 10 can also be observed in the very thick-bedded limestone (VTB) to the east of Avens, in the third sedimentary package (Figure 18C). There, vertically associated with these two microfacies, we also find MCF 6A. The latter, also present to the west inside Avens, shows the greatest contribution by microbialites in the whole range of microfacies at Lime Peak (together with MCF 6B). It is difficult to establish whether the micrite in MCF 6A (Figure 9F) is fully derived from in situ precipitation and/or trapping favoured by microbial activity. However, three main clues suggest that the deposition of micrite in this microfacies was entirely microbially influenced: (1) often the micrite presents borings suggesting early lithification (at least a firmground); (2) when present, the little patches of grainstone infills (similar to MCF 5) that are frequently found within MCF 6A suggest moderate to high energetic conditions during deposition. In such conditions, allochthonous micrite could not be deposited without the action of a trapping and/or binding agent; (3) the copious presence of the encrusting foraminifera Tolypammina sp. in the micritic fabric also suggests early lithification (e.g., see [109]). Albeit not known at present, platform margins dominated by microbial facies were quite common in the past, and many examples have been reported from the Triassic (e.g., the Sella Platform in [95,110], the Latemar platform in [10] and the Cassian dolomite in [111]) and other geological periods (e.g., the Permian Capitan Reef, USA in [112] and the Carboniferous Tengiz Platform in [113]). Hence, MCF 6A is interpreted to have been formed in the outer platform margin. MCF 6A is commonly found in lateral association with MCF 5 in the eastern part of Avens, whereas it is found in vertical association with MCF 7 in the vertical transects. MCF 7 is interpreted as a typical reef microfacies that generally abounds in the marginal area of Triassic carbonate platforms (e.g., see [9,10]). MCF 5, found in association with MCF 7, is also interpreted as having formed in a platform margin environment. The bulk of the sedimentation in this microfacies is a mix of components living/formed in situ all around the MCF 7 clusters, with minor contributions due to detritus coming from the bioherms. The lack of mud in this microfacies indicates at least moderate energy. We interpret MCF 5 as a sand shoal microfacies. Despite the lack of deposited mud, micritization was an active process in MCF 5. Micritization in marine environments is a well-known early diagenetic phenomenon that is caused either by abiotic [114] or biotic [115,116,117] processes. Part of these processes (e.g., biotically driven micritization by microboring by cyanobacteria) are particularly effective in case of low sedimentation rates (longer times at the sediment–water interface and thus longer exposure to light). The abundant micritization observed within MCF 5 therefore suggests low sedimentation rates.




7.1.3. Inner Platform


Further west, inside Avens (Figure 20), the microfacies interpreted to have formed at the platform margin are found in vertical association with MCF 1. The characteristics of this microfacies, including the abundance of gastropods, bivalves, dasycladales and carbonate mud, suggest deposition in a calm, shallow, inner-platform environment. Similar microfacies, described from elsewhere in the Panthalassa, have been interpreted to have formed in equivalent environments (see MF8 in [18] and F2 in [17]). Rarely associated with MCF 1 are MCF 4 and 6B. MCF 4 is a detrital microfacies that reworks both reef-derived material and inner platform microfacies (MCF 1) as large, angular pre-lithified (or at least partially lithified) clasts. The lack of carbonate mud and the coarse size of sedimentary grains and clasts in MCF 4 indicate moderate to high energy during deposition. Its close association with a low-energy microfacies (MCF 1) points to very contrasting energetic regimes within a relatively small spatial scale. In inner platform settings, such strongly contrasting energetic conditions are found between a tidal channel and the background lagoonal sedimentation. In particular, carbonate tidal-channel lag deposits have characteristics very similar to the ones observed in MCF 4 (e.g., see [118,119]). Finally, the micro-stromatolitic MCF 6B formed in small areas of the inner platform in close association with patches of megalodontid bivalves and Wallowaconcha cf. raylenea. Similar association between microbially dominated facies (although having different fabrics) and megalodontids in inner platform have already been reported in other Upper Triassic systems of the Panthalassa [17]. The area to the north of the zone where this association was observed is covered by vegetation, and no microfacies indicating intertidal or supratidal environments were found Figure 19.




7.1.4. Depositional Model for the First and Third Packages


After Figure 20, the interpretation of the depositional environments in which the microfacies characteristic of the first and third packages were formed allows us to propose a depositional model that summarizes the depositional setting at Lime Peak (Figure 21).



Lime Peak formed in the marginal area of a carbonate platform. MCF 14 characterizes the toe of the slope-to-basin environments. The slope saw the deposition of MCF 11, 10 and 9 from deepest to shallowest, respectively. It is important to notice that there is a paucity of gravity deposits associated with the alternation of MCF 10, 11 and 14, suggesting that the slope was largely near or at the angle of repose during the deposition of these microfacies. Under such conditions, the deposition was dominated by in situ autochthonous carbonate deposition.



The marginal area of the carbonate system was characterized by the deposition of MCF 5, 6A and 7. We interpret MCF 6A as having occupied the outermost part of the margin since it is the microfacies that is more commonly associated with upper slope deposits (MCF 9). The other two microfacies, MCF 5 and 7, formed the core of the platform margin. The latter was shaped by a consortium of sand shoals (MCF 5) and bioconstructed patches (MCF 7), somewhat similar to what is observed in modern reef tracts where sandy areas are closely associated with coral framestones (e.g., see [120]). Contributions to MCF 7 were given by primarily by sphinctozoan sponges and minorly by inozoans, Spongiomorpha ramosa and Retiophyllia sp. colonies. These organisms have skeletons that are relatively small and very rarely taller than 30–40 cm (the tallest organisms are sphinctozoan sponges such as Polytholosia cylindrica cylindrica, Cryptocoelia zitteli (see [59]), Spongiomorpha ramosa and Retiophyllia sp. colonies). Therefore, it is assumed that reef patches did not form much topographic relief. Within the platform margin, indicators of high-energy conditions such as reef crest breccias are lacking. However, the energetic conditions at the platform margin should have been enough to prevent the deposition of micrite in the shoaly areas (MCF 5). For this reason, the margin was likely affected by moderate- to relatively low-energy conditions. The presence of dasycladales in both MCF 5 and MCF 7 suggests very shallow bathymetric condition (upper photic zone). Moderate- to low-energy conditions in a very shallow bathymetric position suggest that Lime Peak formed in a protected area of the Lewes River arc, such as the leeward side of a volcanic island or an isolated carbonate platform.



The inner platform was dominated by MCF 1, with the minor occurrence of MCF 6B and MCF 4. In MCF 1, the common presence of stenohaline organisms such as crinoids (crinoids seem to occur as long as conditions are not restricted; e.g., see [121]) advocates for well-established water circulation in the inner platform.





7.2. Depositional Environments during Deposition of the Second Package


7.2.1. Slope and Toe of the Slope-to-Basin Environments


The western part of the second package is defined by a thick set of thin- to medium-bedded impure limestone (TMB) that is largely formed of alternations of MCF 12, 13 and 14 (Figure 21). As previously mentioned, MCF 14 is interpreted to represent the background hemipelagic sedimentation in a toe of the slope setting. MCF 13 resulted from gravity flow deposits. The strong basal erosional surface (eroding both MCF 14 and 12) along with the normal grading (Figure 4E), in which basal very coarse sand to gravel are overlain by Bouma Tc−e or Td−e type sequences, suggest deposition via concentrated density flows (e.g., see [122] and references therein). Of the three microfacies, the most frequently found is MCF 12. It is located in beds that are very rarely more than 30 cm thick and show little or no erosive bases. The paucity of erosive bases along with sediment fabric (poor sorting and mud-rich matrix; see Figure 5E) points toward deposition via debris flows. Even though debris flows can achieve considerable velocities [123], they often lack erosive bases due to a process called hydroplaning [124,125]. During hydroplaning, a thin layer of water, pinched between the flow and the sea floor, reduces the resistance between them, inhibiting the erosive process [126]. Apart from the difference in mud content, both MCF 12 and 13 have a biotic content very similar to that of MCF 7 and 8. The material for both gravitational deposits was likely sourced from the platform margin. The difference in the types of gravity flows seen in MCF 12 and 13 can be explained in two different ways: (1) the divergent nature of the flow may be due to slightly different source areas with diverse sediment characteristics (with the more mud-supported MCF 12 being sourced from a slightly deeper area than MCF 13) or (2) MCF 12 and 13 could represent the physical evolution of a single flow. Debris flows are known to transform into concentrated density flows along their course [127,128]. However, during our field campaign, we did not observe any lateral transition (within the same bed) from MCF 12 to MCF 13. Each bed containing MCF 12 and 13 resulted from a short-lived, probably single event. Such events were probably very small in size, since medium- to thick-bedded impure limestone (MTB) forms at most 5 to 10 cm thick beds.



The large, marked erosive scour observed in this area of Lime Peak is filled with a mixture of TMB and MM (Figure 2C). In the southeast face, just to the west of the second package (Figure 3E), some beds (which also show signs of slumping; Figure 4A) containing MCF 12 and 14 are found to be in direct lateral contact with irregular massive mound limestone (MM) and very thick-bedded limestone (VTB) blocks. Reid [51] tried to unveil the nature of these massive blocks through the study of their geopetal features. However, the study was inconclusive since, according to the author, different blocks have different geopetal “signatures”. In fact, two blocks have geopetal bedding showing apparent concordance with adjacent strata, two blocks are discordant, and one block shows many different geopetal orientations within it. We determined these blocks are gravitational and are derived from the platform margin or the upper slope. The main clue is given by the presence of shallow-water phototrophic biota (corals, calcified cyanobacteria and green algae; MCF 7) within MM laterally associated with strictly aphotic microfacies such as MCF 14. We agree with Reid [51], and we interpret this erosive surface as a submarine paleo-channel scour that is obliquely crosscut, and this deposit (with individual MM blocks) as an olistostrome.



The central area of the southeast face that runs between the second package and K2 is not ideally exposed due to tectonic complications (Figure 2B) impeding lateral following of the TMB beds. However, MCF 12 is the only microfacies found in the TMB beds just to the west of K2, and it is therefore assumed to have occupied a large part of the upper slope environments during the formation of the second package.




7.2.2. Platform Margin


Moving eastward, the tabular mound limestone (TM) named K2 (Figure 21B) by Reid [51] crops out. MCF 7 is frequently found within this body, and, as for the other two packages, it is interpreted to have formed at the platform margin. The major difference between MCF 7 in this package versus what has been previously reported for the same microfacies in the other two packages is given by the type of bioconstructors. Unlike massive mound limestone (MM), where framework organisms can be relatively tall and wide (up to 30–40 cm, see above), tabular mound limestone (TM) is dominated by much smaller organisms (see also the observations in [55]). In the TM, the larger contribution to the framework of MCF 7 is given by smaller sphinctozoan sponges (e.g., Paradeningeria sp. and Cryptocoelia sp.), Spongiomorpha sp. and nodular and encrusting chaetetids. These organisms, which are rarely more than few cm high, are frequently intergrown. When present, bigger organisms tend to have an encrusting/massive growth form (e.g., Thamnasteroid corals). Different framebuilding organisms presumably led to different reef architectures (e.g., average number of cavities, average cavity size, cavity connection and surface available for epibionts). The above-mentioned intergrowth between organisms is responsible for a more complex framework structure and a higher amount of framework in MCF 7. This in turn influenced the sedimentation within the reef framework, as shown by the different average content of the sediment infill (Figure 17).



K2 is marked by the widespread presence of MCF 8. In this sponge-rich bindstone, the reef biota (sponges, red algae and corals) are not found in living position but as rubbles. In MCF 8, the intergranular porosity is filled with either cement or micrite. This suggests that this microfacies had a distribution that neared the fair-weather wave base. In MCF 8, the main binding agent appears to be microbialites, and marine cement is only subordinate. In modern day, rubble stabilization is achieved by a combination of organic encrusters (i.e., coralline algae, worms and bryozoans) and diagenetic cementation [129]. Holocene binding of reef rubbles by microbialites has rarely been reported [130,131]. Nowadays, the highest rate of rubble binding is achieved in fore-reef areas. Rigid binding of rubble appears to be very rare in deep fore-reef environments, whereas no reports of rubble binding in the reef crest have been recorded [129]. Following these points, MCF 8 microfacies is interpreted as having formed in the external part of the platform margin.



The rest of the bulk of the margin is given by the sand shoal microfacies MCF 5. Within MCF 5, there are no major compositional differences observed between TM and MM. Again, the lack of high-energy indicators (e.g., reef crest breccias; for a comparison see the reef crest facies in [9]) confirms that the platform margin was affected by relatively low to moderate energy even during deposition of the second package.




7.2.3. Inner Platform


K2 (tabular mound limestone (TM)) splits out to form multiple, very thick-bedded limestone (VTB) beds. One of our samples (WH 598) collected in the uppermost of these beds (the one capping K2) yielded MCF 3. Reid [51] reported the presence of MCF 3-equivalent microfacies (conspicuous presence of “branched filamentous blue-green algae”, now formally called calcified cyanobacteria) inside the VTB east of K2 (Figure 2C). MCF 3 shows elements typical of both inner platform (e.g., calcified cyanobacteria, dasycladales and Involutinida type foraminifera) and platform margin (serpulids, crinoids and red algae) environments, indicating deposition in a transitory environment linking the margin to the inner platform.



MCF 3 is vertically associated with MCF 2. This microfacies appears to be very similar to the lagoonal microfacies described at other localities in the Whitehorse region (e.g., see the black limestone unit in [85]). In the occurrences studied by Morrison [85], a 5–10% “carbonaceous matter content” was reported from MCF 2-equivalent facies. Among its biotic content, organisms characteristic of Upper Triassic lagoonal environments such as Involutinida and Robertinida foraminifera along with dasycladales are very profuse (e.g., see [17,26,36,37,132]). Although the fabric of MCF 2 is quite variable, the abundance of the mud-supported, organic-rich end-members supports a generally low- to very-low-energy lagoonal environment.




7.2.4. Deposition of the Second Package: A Different Tale?


The interpretation of the depositional environments allows us to propose a depositional model for the second package (Figure 22). As previously mentioned, the second sedimentary package shows very contrasting geometries compared to what is seen in the first and third packages (see Figure 7B). Reid [51] linked the deposition of K2 with a period of low-stand or still-stand. The hypothesis of the author was based on the fact that, contrary to other massive limestone bodies in the area (e.g., Avens and Campion), K2 shows a very elongated shape. According to the author, the dominance of progradation over aggradation indicates a lack of accommodation space during the deposition of this body. The second package is characterized by a thick set of slope-to-toe of the slope sediments (Figure 22). The thickness of the latter is greater than the equivalent sediments deposited on the platform top. The eye-catching feature of these slope sediments is the rarity of purely autochthonous microfacies equivalent to MCF 10 and 11, which are abundantly observed in the same environment during deposition of the two other packages. This rarity can be due to very short timespans between single gravitational flow events, with continuous reworking of slope sediments diluting the deposition of autochthonous slope deposits. In this context, autochthonous microfacies would have only been able to form in the more distal toe of the slope-to-basin environments; this is probably the reason why MCF 14 dominates over other allochthonous microfacies. Distal areas were indeed only occasionally disturbed by gravity flows, permitting the continuous deposition of deep allochthonous deposits over long periods. During the deposition of the second package, unlike during the deposition of the first and third packages, the slope environment was a site of active reworking of shallower, water-derived material. The accumulation of a thick set of allochthonous sediments in the slope-to-toe of the slope is a known phenomenon during low-stand periods (low-stand wedge, see [133]). This discussion brings further evidence to support Reid’s idea that the deposition of K2 (and of the second package in general) was linked to a period of low sea level characterized by low accommodation space at the platform top.



During the deposition of the second package, low accommodation space at the platform top was also responsible for a major change in the physical conditions in the inner platform environments. In MCF2, the inner platform microfacies, a dearth of stenohaline biota (crinoids are completely lacking and sponges and corals are only present as reef-derived fragments) is observed, indicating that the platform was not characterized by normal marine conditions. Supporting this hypothesis is the composition of MCF 2, which at times is enriched with calcified cyanobacteria Girvanella sp. (e.g., samples WH 188 and WH 236). According to [134], this form of calcified cyanobacteria appears to be particularly adapted to environments characterized by fluctuating salinities. Hence, we hypothesize that during the deposition of the second package the platform was characterized by restricted conditions. Such a configuration was likely caused by limited connection to the open ocean, which impeded the water exchange between inner and outer environments.



In the following discussion, we refer to the setting under which the first and the third packages were formed using the term HSL (high sea level or high accommodation space), whereas we use the term LSL (low sea level or low accommodation space) to refer to the settings under which the second package was deposited. These two terms have no quantitative mean and are proposed only in order to differentiate the two settings.






8. Discussion


8.1. What Is Lime Peak? New Insights Regarding Its Nature and Spatial Relationship with Other Upper Triassic Carbonates in the Whitehorse Region


The depositional model proposed by [85], which was later slightly modified by Hart [61], depicts the carbonate rocks of the Lewes River Group as having been formed in a wide and rather continuous carbonate system lying to the east (Figure 23A) of the Lewes River volcanic arc (forearc). According to both authors, Lime Peak, located in the central facies belt, corresponds to a barrier reef complex that grew at some distance from the emerged lands, at the bank margin [61,85]. On the other hand, Ref. [51,55] interpreted Lime Peak as one of Hart’s/Morrison’s patch reefs. According to this last interpretation, the massive mound (MM) and tabular mound (TM) limestone would represent patch reefs, whereas the very thick-bedded (VTB) and thin- to medium-bedded (TMB) impure limestone would be deposited in the inter-reef areas.



The recent mapping work [78,82,84] that focused on the area to the east of Lake Laberge (also part of the central facies belt) gave valuable new insights regarding the stratigraphy of the Lewes River Group in the central facies belt area. According to the authors (i.e., [82]), massive carbonates of the central facies belt formed on the volcanic shelf at some distance from the main volcanic landmass (see the reconstruction in [82]). In detail, the carbonate deposition in the area seems to have been more varied and irregular compared to what was imagined in the depositional models mentioned above. Massive carbonate occurrences are not laterally continuous at the basin scale [82]. Instead, they appear to have been derived from a multiplicity of irregular, distinct and possibly diachronous carbonate complexes [82]. Fine-grained, thin-bedded, argillaceous units of the Aksala Formation present in the area are coeval with the carbonate platforms and were presumably deposited in shallow to deep basins around these massive carbonates [82].



According to [82], the deposition of these massive mound limestone was strongly influenced by the inherited topography driven by volcanism and tectonics. Fossil examples of topographic-highs-triggered carbonate sedimentation in a volcanic arc setting have also been reported from Palaeozoic carbonates from the eastern Klamath terrane [135,136,137,138] and from Cainozoic carbonates of Fiji [139]. One of the most striking modern examples of how topographic highs can prompt shallow-water carbonate sedimentation is the Kepulauan Seribu complex in the Java Sea, Indonesia [140]. Kepulauan Seribu is a 40 km long archipelago that is formed of carbonate complexes that range from a few meters across to lengths up to 7 km. The archipelago sits on a NNE–SSW structural high that favoured shallow water carbonate production during the Holocene sea level rise [140].



The ranges of depositional environments found within the Lime Peak platform span from restricted shallow lagoonal environments to aphotic (sea bottom) basinal facies rich in radiolarians. The presence of the latter indicates open-water conditions around the area where the build-up developed [141]. The discovery of lagoonal facies at Lime Peak (i.e., MCF 1 and 2) is relevant because, until now, lagoonal facies within the Aksala Formation were thought to be limited to the western facies belt (e.g., see page 217 in [51]). Following this discussion, we regard Lime Peak as having formed in the marginal area of an isolated carbonate platform (Figure 23B).




8.2. Tectonic Influence on the Sedimentation at Lime Peak


Several samples of MCF 7 show multiple generations of geopetal infills inside the cavities. The different depositional planes shown by the geopetals are indicative of significant tectonic tilting of the Lime Peak carbonate system. The difference in geopetal orientation is observed between the infill of primary vs. secondary cavities. As previously pointed out, secondary cavities were formed by the dissolution or the decay of pre-existing organisms. The timing of such dissolution and cavity-forming events (hence, presumably the age of its infill as well) is currently unknown. It is therefore unclear whether the difference in orientation (angle of tilting) observed between synsedimentary (e.g., Figure 9H, white arrows) and secondary infills (e.g., Figure 9H, black arrows) was achieved in a short timespan (during the Norian), which would indicate important synsedimentary tilting, or in a longer timespan (e.g., the tilting could be Rhaetian, Jurassic or younger). In situ U–Pb dating of the calcite cements in the secondary cavities could give new insights regarding the timing of their formation and the evolution of the Lime Peak complex.



The microfacies and lithological cyclicities that can be observed in the eastern end of Avens body (Figure 3A) were driven by processes that induced rapid relative sea level changes. In the eastern part of Avens, these cyclicities are made up of four main shallowing-upward cycles in which each cycle is formed by the coupling of thin- to medium-bedded impure limestone (TMB) and very thick-bedded limestone (VTB, Figure 3A). Such cycles are cyclic but nonperiodic since only shallowing-upward sequences are observed. If the relative sea level changes responsible for these cycles were caused by steady eustatic fluctuations, one would expect to also find the deepening trend of such sequences. Yet within these cycles, deepening-upward sequences seem completely absent, suggesting that the increase in accommodation space was too rapid to be registered in the sedimentary record. Volcanic arcs are tectonically active areas in which the local tectonic activity is known to have a strong influence on the sedimentation [142,143]. In these settings, sharp lateral and vertical facies changes, caused by rapid and large-scale crustal movements, are notorious [142]. For instance, the Nias–Simeulue earthquake (MW 8.6) of March 2005, with its epicenter located in the Sumatra forearc (Indonesia), caused an abrupt uplift/downlift in some areas. During the event, the northern coast of the Island of Nias was affected by an instantaneous uplift that exceeded 2.5 m (see [142] and references therein). Such events can, in a very short time, completely modify the depositional settings within the carbonate system and modify, among other things, relative water depth, the locus of the shallow-water sedimentation, sediment fluxes and restriction in the internal environments of the carbonate system. In such a context, basic sedimentation rules such as the Walther’s law can be easily contradicted [144,145]. In light of these considerations, the above-mentioned cyclicities were most probably derived from abrupt subsidence events that were induced by local tectonic factors.




8.3. Evinosponges at Lime Peak


The alternation of light grey, radiaxal fibrous isopachous cement and thin layers of microbialites at Lime Peak (Figure 24) reminds us of diagenetic features that are widely present in the Middle Triassic of Europe. There, the margins of some platforms (e.g., the Esino Limestone, Southern Alps [146], the Marmolada Platform, Dolomites [147] and the Latemar Platform, Dolomites [148]) contain cavity-filling features of centimetre to metre size, which were misleadingly named evinosponges. Stoppani [149] was the first to describe these features and introduced the term evinosponges. He believed that they represent sessile encrusting organisms for which he created the genus “Evinospongia”. The same features were reported later on in the Wettersteinkalk of Tirol under the name of Grossooliths [150,151]. Like the features observed at Lime Peak, European evinosponges consist of multiple generations of alternating thick, light grey and thin, dark grey bands [146]. Although [146] stated an early marine origin for these features, their precise nature, along with their original mineralogy (high-Mg calcite vs. aragonite precursor) is still under debate, with some authors arguing for an inorganic nature [151,152,153] and others for a biologically mediated origin [147,154]. Lately, their high content in Sr (at times over 10,000 ppm) led [147] to claim an aragonitic carbonate precursor for these features. Since these structures have an agreed early marine origin [146,147], the dissolution phenomena that created the secondary cavities in which the evinosponges are found must have occurred very early in the diagenetic history of the rock. The discovery of similar features at Lime Peak is important because thus far they have been believed to be a phenomenon characteristic of a relatively short geological time period and with a narrow paleogeographical distribution [147]. Interestingly, in both cases, these features occur in cavities created or enlarged by the effect of (? meteoric) dissolution [146]. Such similarities imply a common mechanism for their formation. Further investigation of these fabrics, such as in situ high-precision stable isotope and trace element (e.g., see [21]) analyses, might give new insights regarding their nature.




8.4. Carbonate Factory at Lime Peak


The carbonate factory at Lime Peak is indicative of warm, tropical conditions. This is supported primarily by the abundance of dasycladales green algae. At times, dasycladales are so abundant that they constitute rock-forming bioclasts (e.g., Holosporella? rossanae and Patrulispora pacifica in MCF 2). According to [104], dasycladales are mostly present in tropical waters, with a few species also found in warm, temperate seas. According to [155], the abundance of reef-dwelling porcelaneous foraminifera can be also taken as indicative of tropical conditions. Another clue is the presence of thick early marine cements (or evinosponges). Among the factors that promote the precipitation of early marine cements, water temperature and carbonate saturation state indeed play major roles [156]. For instance, coral reefs of the eastern tropical Pacific are very poorly cemented compared to Bahamian reefs. Manzello et al. [157] linked this peculiar characteristic of eastern tropical Pacific reefs to the low carbonate saturation state of the waters they grow in. Therefore, the abundance of thick marine “cements” suggests that the Lime Peak complex grew in waters characterized by high temperature and high carbonate saturation states. The presence of giant gastropods (Figure 4D) points toward the same interpretation, since nowadays, marine gastropods of similar sizes dwell only in tropical to subtropical waters [158,159]. Finally, according to [160,161], the giant alatoform bivalve Wallowaconcha cf. raylenea can also be considered a good indicator of warm, tropical waters.



The presence of organic matter (OM)-rich levels (MCF 2) during LSL at Lime Peak suggests high primary productivity within platform environments. Since primary productivity is, in turn, directly controlled by availability of nutrients [162], the area was probably characterized by moderate to high availability of nutrients, at least during LSL. Nutrient concentration has been shown to have a strong impact on coral reefs and carbonate systems in general [163,164,165,166]. Carbonate-producing biota have different preferences for nutrient levels. For instance, corals are organisms adapted to highly nutrient-deficient environments [163]. When nutrient levels are higher (e.g., mesotrophic conditions and above), the growth of plankton is stimulated. In such conditions, water transparency is increasingly reduced, and the development of corals is limited [163]. The turbidity of the water controls the depth of the limit between photic and disphotic zones. The presence of a rather shallow transition from the photic to the disphotic zone, caused by the turbidity of the water, might be the reason why disphotic facies (found within thin- to medium-bedded impure limestone) are found so close to the reef during certain shallowing-upward sequences (e.g., see Figure 3A).



Under mesotrophic conditions, suspension feeder organisms such as sponges are favoured over corals [166]. Unlike corals, calcareous green algae are known to be well-adapted to mesotrophic conditions, under which they become very competitive for benthic substrate [161]. Microbialites are also known to benefit from high nutrient availability. For instance, Camoin et al. [131,167] linked the widespread formation of thick microbialites in quaternary reef cavities in Tahiti with periods of higher nutrient availability.



As previously discussed, Lime Peak was probably formed on the shelf of a volcanic island arc that, during the Norian, was located in the middle of the Panthalassa at some (? considerable) distance from the North American craton. In such a scenario, nutrient enrichment could have been caused by river runoff, terrestrial groundwater discharge or upwelling of nutrient-rich waters. It is important to remember that upwelling does not necessarily mean very cold waters. Nowadays, there are many examples of areas in which physical oceanographic mechanisms periodically force uppermost nutricline waters onto shallower areas. There, uppermost nutricline waters are only a degree or two cooler than surface waters, enough to largely promote aragonite precipitation by photosynthetic organisms [166].




8.5. Organisms’ Distribution within the Lime Peak Carbonate System


As mentioned in the introduction, Upper Triassic carbonate systems formed in the Panthalassa often underwent strong post-depositional deformation. In the worst cases, carbonate systems were completely dismantled during accretionary processes, and what remains are isolated carbonate clasts within accretionary complexes or limestone blocks in megabreccias (e.g., see the mode of occurrence of Upper Triassic carbonate in Japan in [17,18]). Therefore, very often the reconstruction of carbonate systems is principally based on the interpretation of scattered microfacies data, not taking into account considerations of lateral or vertical facies transition (e.g., see the work approach in [17]). So far, these microfacies-based reconstructions have relied mostly on observations from better-studied and better-preserved Tethyan systems [3,12,138]. Nonetheless, Tethyan systems were formed in completely different settings ([16] and references therein) and occurred at very different scales; for these reasons, they are probably not the best analogues to reconstruct Panthalassan systems. In this context, the reconstruction of an inner platform-to-basin model supported by depositional geometries at Lime Peak gives us the opportunity to display the distribution of organisms at the platform scale. Norian ostracods from Lime Peak were recently the subject of a publication [47] that examined their taxonomy and their paleoenvironmental distribution. The reader is referred to that publication for details. The distribution of other organisms within the Lime Peak platform is summarized in Figure 25A,B.



At Lime Peak, apart from the rare presence of the phylloid codiacean Ivanovia triassica Torres in MCF 7, all observed green algae are dasycladales. The most important factors controlling the distribution of modern dasycladales are water energy, salinity, temperature, light availability and substrate [104,168]. Fossil dasycladales are presumed to have been subjected to the same influences. In the Upper Triassic, dasycladales occurred in a wide variety of platform environments ([16] and references therein). Detailed studies on their spatial distribution at the platform scale are rare but indicate marked paleoenvironmental zonation [169,170,171,172]. At Lime Peak, dasycladales are widespread, and their distribution spans from the inner platform to the upper slope. Besides the genera Kantia and Teutoplorella, which are too rare (only found in few samples) to confidently interpret their paleoenvironment, the distribution of ?Clypeina, ?Holosporella rossanae, Patruliuspora pacifica and Patruliuspora oregonica is strongly microfacies-controlled. The genus Clypeina has been associated with low-energy settings in both Triassic [169,170,171] and Jurassic [173] deposits. At Lime Peak, this genus occurred widely during the deposition of the first and third packages, peaking in abundance in the internal platform (MCF 1). Its common presence in outer platform environments might be explained by the particularly low-energy setting in which Lime Peak grew up, making shallow outer environs suitable also for Clypeina (i.e., presumably the very shallow FWWB allowed the overlap of low energy and sufficient light availability). On the other hand, Holosporella? rossanae, Patruliuspora pacifica and Patruliuspora oregonica occur in situ (a few occurrences are also recorded from gravity layers on the outer platform) in the internal platform during LSL (MCF 2). Within MCF 2, their abundance is such that dasycladales are at times the main rock-forming organism of a microfacies recognized to have been deposited in a restricted and calm lagoon. Such a high concentration of green algae is very rare in the Upper Triassic of North America. Similar accumulations are probably only found in some facies of the Black Marble and Mission Creek quarries in Oregon and Idaho (Wallowa terrane), respectively [48,174]. Modern representatives of the family Polyphysaceae (to which both Patruliuspora pacifica and Patruliuspora oregonica belong) such as the genera Halicoryne and Acetabularia are euryhaline and appear to be well-adapted to high-salinity conditions [104]. In his works, Zorn [175,176] stressed that some Triassic dasycladales flourished in hypersaline lagoons. The prevalence of Holosporella? rossanae, Patruliuspora pacifica and Patruliuspora oregonica might be related to their tolerance to changing salinities and/or higher nutrient availability, as observed during LSL.



Gastropods are also widely distributed within the platform spanning from the slope to the inner platform, where they peak in abundance (MCF 2). The peak in abundance of the group is concomitant with the occurrence of very large specimens up to 45–50 cm in length. To our knowledge, such large gastropods have not been reported anywhere else in the Triassic. Payne [177] proposed that gastropod size might be increased by local ecological factors, of which the most important is nutrient availability. Recently, Ketwetsuriya et al. [178] concluded that high primary productivity was responsible for the presence of large gastropods (20–60 mm high) in the lower Permian of Thailand. At Lime Peak, large gastropods are found in MCF 2 beds that are very rich in green algae, foraminifera and organic content. Therefore, it is very likely that their presence at Lime Peak (in MCF 2) was driven by high food availability.



Corals are generally rare at Lime Peak and are only abundant within the deep photic microfacies MCF 11. Retiophyllia sp., the most common coral, is principally found during HSL, when its distribution spans from the reef microfacies in the margin (MCF 7) to the slope (MCF 11). This is not the first time that Retiophyllia sp. has been reported from a wide range of depositional environments. Stanton and Flügel [179] noted a wide bathymetric range for this genus from the Upper Triassic Steinplatte complex of Austria. These observations suggest that Retiophyllia sp. occurrences are not necessarily indicative of very shallow water. The depositional depth of each finding must be evaluated using other co-available data (e.g., microfacies and biotic association). During LSL, Retiophyllia sp. is very rare and was only found (as fragments) in MCF 3. During this period, the corals’ contribution within the reef is given by solitary corals or colonial forms that have an encrusting or massive growth form (e.g., Astraeomorpha sp.).



Sponges are very abundant at Lime Peak. Inozoans, sphinctozoans, disjectoporoids, Spongiomorpha ramosa and chaetetids peak in number within the reef microfacies. As already put forward by Reid [51], there is a major change in the sponge community within the reef between HSL vs. LSL. In particular, relatively tall sphinctozoan (e.g., Polytholosia cylindrica cylindrica and Cryptocoelia sp.) and inozoans leave the space to smaller sphinctozoan sponges (e.g., Paradeningeria sp. and smaller Cryptocoelia sp.), Spongiomorpha sp. and nodular and encrusting chaetetids during LSL. This drastic change in average size was interpreted by Reid [51] as related to the different physical processes that affected the platform margin during LSL, especially the reduction of accommodation space. Chaetetids in particular appear to be much more abundant in the reef during LSL than during HSL. An abundance of chaetetid sponges in very shallow waters does not seem to be uncommon: Connolly et al. [180], studying the paleoecology of the Carboniferous genus Chaetetes, remarked that this genus was particularly adapted to very shallow waters approaching intertidal depths. Outside reef microfacies, the most abundant sponge taxa at Lime Peak is Spongiomorpha gibbosa. The species appears to be very abundant in slope settings, where most of these platy sponges are found lying parallel to the bedding surface. The concentration of microbialites on their upper surface indicates that these specimens are found in living-position and likely lived within the photic zone under low sedimentation rate conditions. These sponges most likely lived free-lying on the muddy surface of the middle–upper slope.



Microbialites are ubiquitous in the photic zone at Lime Peak. They are characterized by different fabrics and morphologies depending on the depositional environment. Columnar stromatolitic microbialites are present within MCF 10 (e.g., Figure 9L) encrusting the upper part of Spongiomorpha gibbosa, and within MCF 6B (e.g., Figure 9G) encrusting the upper part of sponges. In both cases, columnar stromatolitic microbialites grew in very low-energy and well-oxygenated environments. These occurrences are very similar to the microbial encrustations described from the Upper Jurassic of Spain in Reolid et al. [106]. Their concentration on the upper surface of encrusted biota indicates both upward growth and a photophilic character [106,107]. Tosti et al. [111] reported abundant biomarkers of cyanobacteria in similar microbialites from the Ladinian–Carnian of the Dolomites. Within the metazoan-rich reef microfacies (MCF 7), microbialites postdate the main framebuilders (e.g., sponges and corals), occurring either as dense or laminated crusts on the framebuilders (Figure 6A) or as cavity-filling leiolitic to thrombolytic clotted and peloidal micrites (Figure 6A). Microbialites, developing as a crust on top of metazoans (mostly corals), are widespread in quaternary post-glacial reefs [131,167,181]. The formation of such crusts has been linked with the activity of sulfate-reducing bacteria that degrade organic matter in anoxic micro-environments within the reef cavities. Tosti et al. [111] reported abundant biomarkers of sulfate-reducing bacteria in clotted and peloidal micrite-rich reef cavities of the Upper Triassic of the Dolomites. Hence, it can be speculated that the formation of both types of microbialites in the reef-cavities at Lime Peak arose in semi-enclosed environments associated with low-oxygen conditions. Unlike in MCF 7, microbialites in MCF 8 occur as thin crusts that bind reef rubbles and were most likely formed at the seafloor in an open environment (Figure 9J). Beltrán et al. [130] analysed similar modern-day lithifying biofilms and showed that such types of binding crusts are composed of a highly variegate consortium of bacteria that differ from the ones found in surrounding reef environments. The last type of microbialites occurring at Lime Peak is found in MCF 6A. It represents the main constituent of the microfacies and acts as the builder of a hard framework later colonized by encrusters (Tolypammina sp. among others). This hard framework, which has a leiolitic to thrombolytic microfabric, is interpreted as having formed at the platform margin in an open, normally oxygenated environment with well-circulating water.



Another common reef constituent is the tubular crust (Figure 12G–J). These peculiar tubular crusts are mainly found as secondary framebuilders and rarely as primary framebuilders (providing hard substrate for the colonization of other organisms such as sponges). Due to their diagenetic aspect, they can be easily confused with marine cement and might have been observed (but misidentified) at Lime Peak. Nonetheless, their centripetal growth, branching, fan-shaped aspect (branches are made of hollow tubules), the presence of borings within them, the fact that they are commonly superficially micritized, and their association with microbialites and/or encrusters all point to a biological origin. Their manner of occurrence and growth form somehow resemble the encrusting sponge genus Murania reported from other Triassic localities [28,182]. Monty [183] and later Granier [184] described very similar-looking crusts from the Devonian of Belgium and from the Jurassic of Spain, respectively, and referred to them as “Endostromatolites”. According to Monty [183], in the Devonian of Belgium, the growth of such crusts is restrained to cavities, implying that the microbial communities at their origin were not photosynthesizers but rather heterotrophs. At Lime Peak, the internal structure of these organic crusts is generally poorly preserved, impeding precise taxonomic identification. Their growth was not confined to dark cavities but occurred primarily in areas that were exposed to the light during deposition (at the top and on the sides of reef-builders). They commonly grade into microbialites and are themselves micritized. Hence, we cannot exclude the contribution of photosynthesizers to their formation. The dimensions of the internal tubules, ranging from 5 to 10 μm, fit well with the dimensions of filamentous cyanobacteria [185], suggesting that this group of organisms might have also played a role in the formation of these pervasive crusts. Independent of their true nature, these unknown crusts provided important synsedimentary stabilization to the reef framework and thus had a major structural role in the growth of the reef patches.



The distribution of foraminifera at Lime Peak is summarized in Figure 26. By looking at this figure, the eye-catching facts are that: (1) hyaline and porcelaneous foraminifera occupy different ecological niches, and (2) microgranular and agglutinated foraminifera are more equally distributed, with some forms being ubiquitous while others are strongly facies-related. The foraminiferal distribution at Lime Peak seems to confirm the outcomes of previous studies, according to which the spatial distribution of some groups of Upper Triassic foraminifera are facies-related [13,26,132,186]. The deepest-water deposits of MCF 12 are dominated by ubiquitous Duostominina and nodosariids both during LSL and HSL. During HSL, the slope microfacies (MCF 10 and 11) were characterized by a consortium of nodosariids, Duostominina, Ammodiscidae, Wernlina reidae and Taanella yukonensis. The latter is a new form that was recently described from Lime Peak [46]; Taanella yukonensis is exclusively but widely found at Lime Peak, where it is ubiquitous in the photic zone of the carbonate platform. It reaches its maximal abundance in the inner platform environments of both HSL and LSL. As discussed above, under LSL settings, the slope environments were dominated by the redeposition of platform-margin-derived material. Most of the Involutinida found within MCF 12 and 13 are interpreted as having been reworked from the inner platform where they are abundant (see below). However, the genera Coronipora, Semiinvoluta and also partially Trocholina (only one specimen was found in the lagoonal deposit of MCF 2) were only found within gravitational microfacies. Therefore, we hypothesize that such genera were originally dwelling on the outer platform before being incorporated into gravitational flows. This finding seems to support the preliminary observations by Piller [132], according to whom these Involutinida genera, unlike most of the forms within the same group, occur in outer platform environments. However, it is not in accordance with findings by [30] in Panthalassa (now Oregon), who found an abundance of similar forms in restricted lagoonal settings identical (but maybe deeper?) to, although older than, the restricted depositional environments identified at Lime Peak. In both LSL and HSL, the platform margin area is dominated by the maximum abundance of porcelaneous and encrusting foraminifera. According to [26], these taxa have very limited ecological tolerance and prefer stable environmental conditions typical at the platform margin. Encrusting forms such as Tolypammina, Planiinvoluta and Hirsutospirella are almost exclusively found in the framestone facies (MCF 7). Tolypammina is also present in great abundance encrusting the microbial framework in MCF 6A. The presence of Hirsutopirella [187,188] is significant since it is the first confirmed occurrence outside Tethys (only one possible occurrence reported by [26]). There is a remarkable difference between the foraminiferal assemblages found in the lime sands (MCF 5) and the assemblages of the synsedimentary sediment infill in the primary cavities of MCF 7. In contrast to the first, which hosts low-diversity assemblages where duostominids, variostominids and glutameandratids prevail, the cavity infill is characterized by a much more diversified assemblage, in which reef-dwellers of the genera Agathammina, Gsolbergella, Hydrania, Hoyenella, Decapoalina schaeferae and Ophthalmidium abound. This difference is inferred to be due to the fact that the framework within the framestone facies (MCF 7) creates a multitude of sub-environments constituting different ecological niches ideal for the life of foraminifera with different physiological requirements [26]. Unlike other Upper Triassic reef localities of Tethys, Gondwana or Eastern Laurasia (see [26] for a compilation of the distribution of Upper Triassic foraminifera), typical reef forms such as Galeanella, Miliolipora (only one dubious specimen of Miliolipora cuvillieri was reported by [51]), Bispiranella and Cucurbita are virtually absent at Lime Peak.



Among the different depositional environments of the Lime Peak carbonate system, the inner platform is where the greatest variability in term of foraminiferal assemblages between LSL and HSL is observed. HSL assemblages are rather poorly diversified and see the presence of Duostominina, miliolids, nodosariids, Taanella yukonensis and textulariids. The presence of such stenohaline taxa [189] agrees with the interpretation of a lagoon with almost normal marine conditions during this time. On the contrary, the assemblages observed during LSL are particularly rich in terms of total specimens and diversity. In MCF 2, hyaline aragonitic forms make up the larger fraction of the assemblage. Genera such as Aulosina, Parvalamella, Robertonella, Falsoreinholdella, Praereinholdella, Wallowaconus and Trochosiphonia reach their peak abundance. The most eye-catching difference between the lagoonal facies at Lime Peak and other coeval lagoonal deposits [26,34,132,190] is the marked underrepresentation of the genus Aulotortus. Assemblages from Lime Peak are extremely similar to the ones described from the Norian lagoonal deposits of the Black Marble Quarry in Oregon [30,31,35,36,37,38,39,40,174] except for the lower amount of Trocholinidae. In particular, among the numerous taxa shared by the two sites, we can cite the genus Falsoreinholdella and species such as Trochosiphonia stanleyi, Praereinholdella galei, Parvalamella ashbaughi, Tubulastella comans or Parvalamella nolfi. Yet again, these assemblages occur in organic-matter-rich horizons in both sites. The reasons for their high concentration within this type of facies are currently unclear but might be linked to high food availability, particular substrate or other physicochemical factors. According to Forel et al. [47], some intervals within MCF 2 show the presence of Lutkevichinella, an ostracod genus that has been commonly associated with brackish conditions by several authors (see the references in [47]). Such intervals are dominated by agglutinated or microgranular genera such as Wernlina, Glutameandrata, Taanella yukonensis and Ammodiscus at the expense of hyaline taxa. Such behaviour can be explained by the high tolerance of agglutinated taxa to instable salinity conditions: in fact, according to Jones [191], agglutinated forms are generally more tolerant than calcareous ones to hyposalinity. In this regard, the co-occurrence of Orthella and Hoyenella within these punctuated episodes is relevant since it may indicate that these two forms, unlike other Triassic porcelaneous forms, may better tolerate salinity variations.




8.6. Reef Paleoecology and the Paleogeography of Stikinia


The distribution and characteristics of Upper Triassic reefs in eastern Panthalassa were recently reviewed and discussed by [192]. In this work, the authors recognized three major types of reefs in eastern Panthalassa: microbial, sponges–microbial and coral-dominated. The differences in reef types (principal bioconstructors, composition and reef morphology) observed among Panthalassan reefs was interpreted as the direct consequence of the diverse latitudinal settings under which the distinct reefs formed. This strong paleo-latitudinal trend was supposedly driven by eastern boundary currents that believably created cool-water environments in the north and warm-water environments in the south. Nutrient levels, associated with the upwelling of cool waters, are also thought to have possibly played an important role [192]. On this point, available conodont δ18OPO4 thermometry data, which are unfortunately restricted to the early Norian, seem to support the existence of a possible N–S thermal gradient in the Panthalassa during the Carnian–Norian [193]. According to Martindale’s hypothesis, the formation of microbial patch reefs would be favoured at the northernmost sites (e.g., Pardonet Hill, BC, Canada; [194]) and coral-dominated reefs at the lowest paleolatitudes (e.g., Mina, NV, USA; Martindale et al., [195]). This interpretation is principally built on the characteristics of reef sites with strong cratonal affinity, such as Mina [196] and the Pardonet Hills [194,197]. These were affected by little or no post-depositional displacement, and therefore their paleogeographical relationship during deposition is thought to have been very similar to the one observed today. In their work, Martindale et al. [192] suggested that sponges–microbial reefs, such as Lime Peak, could have formed in transitional conditions between the high and low latitude reefs.



Our work demonstrates that Lime Peak formed in warm tropical waters. Such a hypothesis agrees with recent paleogeographic and geodynamic reconstructions that propose an intertropical location for Stikinia during the Upper Norian (Figure 27; see [196]), roughly at the same paleolatitude as Nevada (note, however, that Norian seas were warmer than in the present day; see [198,199]). This study contrasts with the outcomes of another recent paleogeographic work that, by analysing the similarity index of the conodont assemblages of Nevada, Stikinia, Quesnellia and high-latitude British Columbia, proposed a high-latitude location for Stikinia [70]. At Lime Peak, the reef microfacies during both HSL and LSL are mainly formed by small- to medium-sized hypercalcified sponges and other organic crusts (microbialites and tubular crust). Generally, corals appear to have provided only an accessory contribution to reef construction. However, we cannot exclude that the abundance of corals at Lime Peak could be slightly underestimated. Some of the secondary cavities present in MCF 7 were indeed formed by the dissolution of corals (which originally had a metastable, aragonitic composition), as attested by the shape of some moulds that preserved the coral’s outline, particularly their septa. In terms of main framebuilders, the reef associations found at Lime Peak strongly resemble the reef communities from Japan discussed in [22]. The results of hierarchical cluster analysis on the reef biota (Table 3 shows the references for the cluster analysis), which display some small differences compared to the outcomes of Peybernes et al. [22], exhibit that the reef microfacies from Lime Peak (Yukon) bear the strongest similarity with the Japan–Oman–Slovenia cluster. From a paleobiogeographical point of view, the clustering of Slovenia with Oman, Japan and Yukon is difficult to explain, and more research is needed to assess which factors are responsible for this clustering. At the same time, the very low similarity between Lime Peak and Summit Point (Oregon, USA) is also very surprising. According to the reconstruction by Vérard [198], the two localities should have been very close paleogeographically. In this context, it is important to note that the reef biota from Summit Point has a very low similarity with any of the other reef sites analysed in this study and by [22]. Martindale et al. already noted the particularity of Summit Point reefs and stated that their composition resembles more than one Middle Triassic reef from the Tethys. As reminded by reefs are extremely sensitive environments that are subjected to many factors besides water temperature during their development (e.g., marine currents, nutrient supply, turbidity and sediment input). For instance, reefs from Lime Peak were most likely influenced by moderate to high nutrient levels during their development. In this context, it is also very likely that the particular reef assemblages from Summit Point reflect some very local environmental conditions during their development. Further investigations on this site are needed in order to assess the environmental conditions under which Summit Point reefs grew.
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Figure 26. Global paleogeographic reconstruction for the Norian (220 Ma) after the PANALESIS model with the permission of the author Dr Christian Verard [198]. The reader is referred to Vérard et al. [198] for a more detailed explanation of the principles of the model, and to Bucur et al. [48] for the key points of the reconstruction at 220 Ma. 
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8.7. Comparison with Other Upper Triassic Carbonate Systems Studied during the REEFCaDe Project


As mentioned in the introductory parts, among the Upper Triassic localities of Panthalassa, Lime Peak is by far the one where depositional geometries are best preserved. This allowed us to construct more-robust depositional and facies models. These models can now be used to compare, test and implement other facies models that were previously proposed for other Upper Triassic Panthalassan carbonate systems in the framework of the REEFCaDe project.



Recently, Ref. [33] proposed a depositional model for the slope deposits of the Upper Carnian Hosselkus limestone of Northern California. Within these slope deposits, the authors described several breccia levels. These breccia levels, deposited during the waning stage of the carbonate platform (drowning), contain several limestone clasts of reworked shallow-water material. Since these clasts are the only preserved shallow-water material within the Hosselkus limestone, they provide the only window into the shallow-water sedimentation. The absence of proper shallow-water strata prevented [33] from reconstructing the shallow-water geometries. Nonetheless, the authors favoured the hypothesis of a flat-topped platform due to the abundance of low-energy indicators in the shallow-water clasts.



Some of the microfacies described from these clasts are very similar to the upper slope-platform margin facies during HSL at Lime Peak. In particular, their MCF 6b (see [33]) can be taken as equivalent to our MCF 6A, their MCF 6c to our MCF 7 and their MCF 6a to our MCF 10 (see Figure 9E in [33]). Similar upper slope-platform margins suggest that the Hosselkus limestone carbonate system could have had similar platform-margin geometries to Lime Peak.



More difficult seems to be comparing the facies models proposed for the mixed carbonate–siliciclastic Upper Triassic Antimonio and Vizcaíno terranes of Mexico proposed in [44] and [43], respectively. The Upper Triassic strata in these two terranes are interpreted to have been deposited in a continentally influenced ramp setting where the moderate to high siliciclastic input might have played a fundamental role in influencing the carbonate sedimentation. Hence, the depositional setting was very different from what is observed at Lime Peak.



Upper Triassic carbonates from the Russian Far East and Japan were presumably deposited in an atoll-type depositional setting [17,18,25,27,29]. Unlike the tectonically active setting under which Lime Peak was shaped, atoll-type carbonate forms in a setting that is mostly ruled by steady and constant thermal subsidence [226]. However, some of the facies described from Lime Peak were also recognized in these atoll settings. In particular, the peculiar Involutinidae-rich inner platform facies (LSL) were also described from many of these carbonates (MF 10 in [25], MF 7 in [18] and MF 2 in [17]). The interpreted physical conditions associated with the development of such facies, however, diverge. The authors of [18,25] linked the occurrence of this facies with prevailing open-marine conditions, while Lime Peak, the Black Marble Quarry of Oregon [174] and the Russian Far East [17] point toward more restricted conditions. It is important to note that, whereas the Involutinid fauna in [18,25] is aulotortid-dominated, the genus Parvalamella dominated in [17], and the genera Aulosina and Parvalamella prevail in this study and in Oregon [174]. Accordingly, although the dominance of Involutinid-rich deposits in inner platform facies is widely recognized for the Upper Triassic, the specific Involutinidae fauna seems to drastically change from locality to locality, possibly reflecting the different level of water restriction present in the inner platform environments of the different carbonate systems. In terms of facies abundance, the more eye-catching difference between the atoll-type carbonates of the Japanese–Russian side and Lime Peak is the rarity of ooids in the latter. Given the many indicators of warm-water conditions and high saturation state, one might expect to also have widespread ooidal production at Lime Peak. Yet ooids tend to be rare and are only an accessory component of MCF 5. Nonetheless, the dearth of ooids does not have to be surprising, because many modern shallow and warm-water carbonate systems are characterized by the paucity of ooids (e.g., many carbonate producing areas of the Pacific; see the “oolite problem” of [227,228]. Rankey and Reeder [229], studying the occurrence of ooids in the Aitutaki Atoll (South Pacific), stated that ooid formation is facilitated by the convergence of hydrodynamic and chemical factors, including pH, alkalinity, carbonate supersaturation, wave-driven currents and a type of flow that permit their transport without flushing them out of the system. In areas where all of these criteria are not met, ooids do not form or are very rare. Hence, given the belief that Lime Peak was in a repaired position (leeward or within a protected basin) of the Lews River arc, the absence of ooids might be attributed to the lack of sufficient energy for their high production.




8.8. Brief Comparison with Upper Triassic Systems from the Tethys


The most striking difference between the Lime Peak carbonate systems and the ones known from the Tethys is their very different scales. The Norian Dolomia Principale/Hauptodolomite of the Southern Alps ([230] and references therein) and the Dachstein Limestone of the Northern Alps ([231] and references therein) formed platforms that were tens of kilometres wide and possessed widely extended platform interiors. In contrast, Lime Peak was a relatively small system that probably extended for only several hundred meters.



Eustatism is believed to have had major control on the sea level variations in the Tethys. This is shown by the broad correlations of third-order sea levels curves for Tethyan and extra-Tethyan regions ([16] and references therein). In contrast, at Lime Peak, the eustatic signal was very likely overprinted by the local tectonic control, which, overall, produced sharp vertical facies variations.



Unlike carbonate platforms in the Tethys, which are thought to have formed in an oligotrophic sea ([192] and references therein), Lime Peak formed under higher nutrient availability (mesotrophic?). In this context, reef-building filter-feeders prevailed over the photozoans (sponges dominated over corals).





9. Conclusions


Upper Triassic limestone of the Lime Peak area was extensively sampled to study sedimentology and biotic and microfacies content. Our results suggest that Lime Peak formed as a low-energy carbonate platform surrounded by an aphotic basin with open-ocean waters. Overall, the abundance of calcified green algae (dasycladales), the thick early marine “cements” (or evinosponges) and the presence of big gastropods and the giant alatoform bivalve Wallowaconcha cf. raylenea indicate that Lime Peak formed under tropical conditions with warm waters and high carbonate saturation state. These results agree with recent paleogeographic modelling that located Stikinia in an intertropical position during the Norian.



The carbonate system and its sedimentation were influenced by local tectonics, which controlled the available accommodation space for carbonate sedimentation. The carbonates of the area were mainly deposited under two different settings: HSL (high accommodation space) and LSL (low accommodation space). In terms of sedimentology, remarkable differences between the two settings are seen in all the depositional environments of the carbonate platform. The water level above the platform margin controlled the physical conditions in the inner platform environments: the latter were characterized by well-established open-water circulation during HSL and restricted conditions during LSL. Such contrasting conditions are reflected by a notable turnover of biotic and sedimentary facies. In particular, during LSL, the inner platform environments were characterized by the deposition of organic-matter-rich microfacies. Their occurrence suggests anomalously high productivity and abundant nutrient levels, which may be of interest for petroleum research. Nutrient availability is thought to have had an important influence on the type of carbonate factory at Lime Peak. Very similar shallow-water organic matter-rich accumulations have been reported in the past from the Upper Triassic of Oregon and the Russian Far East. The processes that led to the formation of these particular deposits are worth being investigated further.



Finally, this study includes the most complete analysis of biotic distribution at the platform-scale in Panthalassa. Some of the microfacies described from Lime Peak have strong affinities with the ones described from other Upper Triassic carbonate systems of the Panthalassa. We hope that these new data will become a solid source of information for other workers to reconstruct more dismantled Upper Triassic Panthalassan carbonate systems formed in similar settings.
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Figure 2. View of the southeast face of Lime Peak area with (A) focus on the study area; (B) focus on the three sedimentary packages; (C) lithofacies mapping: (1) first package, with base to top successio of: volcaniclastic red-weathering mudrocks, VM; very thick-bedded limestone, VTB; thin-to-medium-bedded impure limestone, TMB; (2) second package, characterized by a tabular mound, TM and thin-to-medium-bedded impure limestone, TMB; (3) third package, characterized by massive mound limestone, MM (nomenclature from Reid [51]); the “?” indicate that the fault could not be visually followed beyond the red line; (for a coloured version, the reader is referred to the web version of this article). 
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Figure 3. Particulars of the different lithofacies, Part 1. (A) View of Avens body (above the tabular mound limestone (TM) named K2) showing drag folds near a main fault affecting this area of Lime Peak: the continuity of the beds is interrupted by the fault. Sedimentary cycles (from thin-to-medium-bedded (TMB) impure limestone to very thick-bedded (VTB) limestone) are indicated by the red arrowheads; (B) Close-up of the central part of the southeast central face of Lime Peak showing the erosive scour and the first and second packages; (for a coloured version, the reader is referred to the web version of this article). 1, 2 and 3 are the studied packages. 
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Figure 4. Particulars of the different lithofacies, Part 2. (A) Slump feature within medium- to thick-bedded impure (MTB) limestone beds in sharp contact with massive mound (MM) limestone gravitational block in the southeast face (white triangles); (B) Close-up of the coral layer within the very thick-bedded (VTB) limestone of the southeast face; (C) Particular of a breccia at the base of the southeast face—note the roundness of some clasts; (D) Big-sized gastropods (up to 50 cm in length; white triangles) within the MTB (MCF 2) beds of the southeast face; (E) Close-up of a graded bed within the TMB limestone—note the scoured, erosive base and the silicified portions; (F) Lamination and traction ripples within an MTB bed (white triangles); (for a coloured version, the reader is referred to the web version of this article). 
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Figure 5. Particulars of the different lithofacies, Part 3. (A) Weathered surface showing a specimen of megalodontid bivalve on the western part of Avens (shell indicates by white triangles); (B) Particular of the thin to medium-bedded (TMB) impure limestone; (C) Particular of a patch with numerous small inozoan and sphinctozoan sponges (MCF 7); (D) Particular of the coral layer with alternation of beds rich in Retiophyllia sp. in living position (white triangles) and layers rich in Spongiomorpha gibbosa; (E) Close-up of a very fossiliferous level of TMB; (for a coloured version, the reader is referred to the web version of this article). 
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Figure 6. Interpretation of a typical reef facies. (A) Scan of a thin section; (B) Mapping of the different components making up the reef framestone. Cavity cements (e.g., the ones filling the internal cavities of sphinctozoans) and sediments were mapped only when a clear differentiation between the organism and the intragranular porosity (e.g., internal cavity in sponges) was possible (i.e., preservation of the rock allowed for clear recognition of the original intragranular porosity); (for a coloured version, the reader is referred to the web version of this article). 
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Figure 7. View of the southwest face of Lime Peak showing: (A) The location of the abseiling transects and the conodont samples; (B) The location of the studied samples inside the three packages. The small, coloured dots indicate the location of the samples studied, and the colour refers to the corresponding microfacies; (for a coloured version, the reader is referred to the web version of this article). 1, 2 and 3 are the studied packages. T1 to T6 are the 6 vertical transects done, with samples taken every 3 m. 
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Figure 8. View of the massive limestone body Avens showing: (A) The sample locations and microfacies (colour-coded) with a focus on the westernmost part; (B) The sample location and microfacies (colour-coded) with a focus on the easternmost part of the limestone body; (for a coloured version, the reader is referred to the web version of this article). T1 to T6 are the 6 vertical transects done, with samples taken every 3 metres. 
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Figure 9. Microfacies of Lime Peak, Part 1. (A) MCF 1: Bioclastic wackestone to floatstone (sample WH 359). Note the dissolution feature at the center (neptunian dyke) filled with layered mudstone and peloidal micrite; (B) MCF 2: Dasycladales-rich packstone to floatstone (sample WH 227); (C) MCF 3: Peloidal and bioclastic packstone (sample WH 229 B). White triangles indicate possible fragments of phaceloid corals; (D) MCF 4: Bioclastic rudstone (sample WH 394); (E) MCF 5: Peloidal and bioclastic grainstone (sample WH 286). White triangles indicate dasycladales; (F) MCF 6A: Microbial bindstone, leiolitic to thrombolithic microfabric (sample WH 277). White triangles indicate the clusters of Tolypammina encrusting foraminifer; (G) MCF 6B: Microbial bindstone, stromatolitic macrofabric (sample WH 406). Observe the space between the stromatolitic columns filled with a wackestone to packstone similar to MCF 1; (H) MCF 7: Metazoans framestone, sediment-rich end-member (sample WH 447). Note the double generation of geopetals with different orientation. White arrows correspond to synsedimentary infill in primary cavities and black arrows correspond to cement and sediment in secondary or dissolution cavities; (I) MCF 7: Metazoan framestone, cement-rich end-member (sample WH 404). The outer limit of the tubular crust (TC) is marked by the dotted lines, two types of cements (white and black triangles) infill the secondary cavity (decayed organism or dissolved shell on which the tubular crust grew); (J) MCF 8: Sponges bindstone (sample WH 164). Observe the thin layer of microbialite (white triangles) binding together the various debris; (K) MCF 9: Crinoidal rudstone (sample WH 148). Note the presence of microborers and microencrusters and microbial envelopes around grains; (L) MCF 10: Spongiomorpha gibbosa (SG) floatstone (sample WH 565). Note the microbial encrustation pointed by white triangles; (for a coloured version, the reader is referred to the web version of this article). 
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Figure 10. Microfacies of Lime Peak, Part 2. (A) MCF 11: Retiophyllia sp. framestone (sample WH 252, cross section). Note the fine, clayey bioclastic wackestone filling up the space between the corals; (B) MCF 12: Sponges–-molluscs rudstone (sample WH 93); (C) MCF 13: Laminated and graded packestone to rudstone (sample WH 142); (D) MCF 14: Bioturbated wackestone (sample WH 125). Radiolarians (some are pointed by white triangles) and ostracods (some pointed by black triangles) abound; (E) MCF 15: Limestone conglomerate or breccia (sample WH 240); (for a coloured version, the reader is referred to the web version of this article). 
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Figure 11. Selected biota and other features from Lime Peak, Part A. Dasycladales green algae (A–F): (A) ?Clypeina sp. (sample WH 153); (B) ?Holosporella rossanae (sample WH 234); (C) Patruliuspora pacifica (white triangles, sample WH 234); (D) ?Patruliuspora oregonica (sample WH 260 D); (E) ?Kantia sp. (sample WH 286); (F) ?Teutoplorella sp. (sample WH 91). (G) Reclining brachiopod in life position (up is indicated by the white arrow). Note the much less curved lower valve (black triangle) and the geopetal infill (white triangle) inside the organism (sample WH 267). Calcified cyanobacteria (H–J): (H) Cayeuxia sp. (sample WH 93); (I) Girvanella sp. (sample WH 236); (J) Girvanella sp. oncoid (sample WH 596). (K) Microtubus communis (sample WH 447); (L) White triangles indicate spar-rimmed peloids (sample WH); (for a coloured version, the reader is referred to the web version of this article). 
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Figure 12. Selected biota and other features from Lime Peak, Part B. Microproblematica (A–C): (A) Globochaete sp. (sample WH 586); (B) Baccanella floriformis (white triangles; sample WH 588); (C) Radiomura cautica (white triangle, sample WH 590). Worm tubes (D,E): (D) Terebella sp. (white triangles, sample WH 408); (E) Sample of MCF 7 showing the sphinctozoan sponge Uvanella sp. (white triangles) and serpulids (black triangles; sample WH 324). (F) Thamnasteroid coral (white triangles indicate the perifery; sample WH 231). Tubular crust and cements (G–J): (G) Tubular crust (white triangles) vs. cavity-filling cement (black triangles). Note the different growth direction, centrifugal vs. centripetal, respectively (arrows; sample WH 338). The dotted line represents the inferred limit of the dissolution cavity; (H) Particular of a tubular crust (white triangle; red arrows indicate the unique centripetal growth direction) grown upon a microbialite and evolving into a microbialite (black triangle; sample WH 116). (I) Different generations of cements filling up a secondary cavity delimited by a tubular crust. GM = granular mosaic cement, FI = fibrous isopachous cement, TC = tubular crust. The dotted line represents the inferred limit of the dissolution cavity (sample WH 338); (J) Unidentified encrusters (black triangles) within the tubular crust (white triangles; sample WH 233); (for a coloured version, the reader is referred to the web version of this article). 
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Figure 13. Selected biota and other features from Lime Peak, Part C. (A) Microborings (white triangles) in sponges of the tabular mound (TM) limestone (sample WH 181); (B) Microborings in the tubular crust (white triangles) in the TM (sample WH 181); (C) Particular of the tubular crust in normal (left) and cathodoluminescence (right) light. Black triangles point to areas where relicts of a tubular structure can be seen (sample WH 177); (for a coloured version, the reader is referred to the web version of this article). 
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Figure 14. Porcelaneous, calcitic, microgranular and agglutinated foraminifera of Lime Peak. (A) Hirsutospirella pilosa (sample WH 231); (B) Hydrania dulloi (sample WH 192); (C) Gsolbergella sp. (sample WH 106); (D) Hoyenella sp. (sample WH 77); (E) ?Agathammina sp. (sample WH 76 A); (F) Decapoalina schaeferae (sample WH 560); (G) Orthella sp. (sample WH 188); (H) Ophthalmidium sp. (sample WH 226); (I) Eoguttulina sp. (sample WH 227 B); (J) Paraopthalmidium sp. (sample WH 79); (K) ?Planinvoluta carinata (sample WH 311); (L) Alphinophragmium perforatum (sample WH 135); (M) Ammodiscus sp. (sample WH 236 H); (N) ?Duotaxis sp. (sample WH 189 A); (O) ?fragment of the uncoiled part of ?Endotebanella sp. (sample WH 148); (P) Taanella yukonensis (sample WH 189 B); (Q) Glutameandrata vallieri (sample WH 233 A P); (R) ?Tolypammina gregaria (sample WH 277); (S) Glomospira sp. (sample WH 351); (T) Wernlina reidae (sample WH 227H); (for a coloured version, the reader is referred to the web version of this article). 
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Figure 15. Aragonitic foraminifera of Lime Peak. (A,B) Aulosina oberhauseri (samples WH 259 L and WH 232 A, respectively); (C) Aulotortus impressus (sample WH 91); (D) Aulotortus minutus (sample WH 233 B); (E) Coronipora sp. (sample WH 305); (F) Diplotremina subangulata (sample WH 305); (G) Duostominina (sample WH 80); (H) Praegubkinella sp. (sample WH 227F); (I) Falsoreinholdella ohmi (sample WH 259 I); (J) Frentzenella frentzeni (sample WH 263); (K) Juvenile Trocholinidae (sample WH 158 A); (L) Licispirella iranica (sample WH 91); (M) Oberhauserella sp. (sample WH 155); (N) Papillaconus kristani (sample WH 103); (O) Parvalamella ashbaughi (sample WH 79); (P) Parvalamella sigmoidea (sample WH 233 AP); (Q) Praereinholdella sp. (sample WH 305); (R) Robertonella sp. (sample WH 131); (S) Semiinvoluta sp. (sample WH 103); (T) “Turrispirillina” carpatho-rumana (sample WH 269); (U) Trocholina aff. acuta (sample WH 92); (V) Trochosiphonia josephi (sample WH 269); (W) Tubulastella comans (sample WH 259 H); (X) ?Wallowaconus oregonensis (sample WH 92); (for a coloured version, the reader is referred to the web version of this article). 






Figure 15. Aragonitic foraminifera of Lime Peak. (A,B) Aulosina oberhauseri (samples WH 259 L and WH 232 A, respectively); (C) Aulotortus impressus (sample WH 91); (D) Aulotortus minutus (sample WH 233 B); (E) Coronipora sp. (sample WH 305); (F) Diplotremina subangulata (sample WH 305); (G) Duostominina (sample WH 80); (H) Praegubkinella sp. (sample WH 227F); (I) Falsoreinholdella ohmi (sample WH 259 I); (J) Frentzenella frentzeni (sample WH 263); (K) Juvenile Trocholinidae (sample WH 158 A); (L) Licispirella iranica (sample WH 91); (M) Oberhauserella sp. (sample WH 155); (N) Papillaconus kristani (sample WH 103); (O) Parvalamella ashbaughi (sample WH 79); (P) Parvalamella sigmoidea (sample WH 233 AP); (Q) Praereinholdella sp. (sample WH 305); (R) Robertonella sp. (sample WH 131); (S) Semiinvoluta sp. (sample WH 103); (T) “Turrispirillina” carpatho-rumana (sample WH 269); (U) Trocholina aff. acuta (sample WH 92); (V) Trochosiphonia josephi (sample WH 269); (W) Tubulastella comans (sample WH 259 H); (X) ?Wallowaconus oregonensis (sample WH 92); (for a coloured version, the reader is referred to the web version of this article).
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Figure 16. Selected ostracods from Lime Peak. 
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Figure 17. Composition of the reef facies after the point-counting analysis. Note that the framework of the tabular mound is denser: n, number of point-counted samples; (for a coloured version, the reader is referred to the web version of this article). 
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Figure 18. Interpretation of the depositional environments: (A) Western part of the first package; (B) Central part of the first package; (C) Eastern part of Avens (i.e., the third package). The lateral extension/mapping of depositional settings is extrapolated and only indicative. In this image, the mapping is restricted to the first and third packages; (for a coloured version, the reader is referred to the web version of this article). 1, 2 and 3 are the studied packages. 
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Figure 19. Interpretation of the depositional environments in the central and eastern part of Avens. The lateral extension/mapping of depositional settings is extrapolated and only indicative. In this image, the mapping is restricted to the first and third packages; (for a coloured version, the reader is referred to the web version of this article). 1, 2 and 3 are the studied packages. T1 to T6 are the 6 vertical transects done, with samples taken every 3 metres. 
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Figure 20. Depositional model for the sedimentation of the first and third packages; (for a coloured version, the reader is referred to the web version of this article). 
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Figure 21. Interpretation of the depositional environments in the second sedimentary package. (A) Western part of the package; (B) Eastern part of the package. The lateral extension/mapping of depositional settings is extrapolated and only indicative; (for a coloured version, the reader is referred to the web version of this article). 1, 2 and 3 are the studied packages. K2 is the tabular mound limestone (TM) of the second package. The “?” indicate that the fault could not be followed in the field beyond the red line. 






Figure 21. Interpretation of the depositional environments in the second sedimentary package. (A) Western part of the package; (B) Eastern part of the package. The lateral extension/mapping of depositional settings is extrapolated and only indicative; (for a coloured version, the reader is referred to the web version of this article). 1, 2 and 3 are the studied packages. K2 is the tabular mound limestone (TM) of the second package. The “?” indicate that the fault could not be followed in the field beyond the red line.
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Figure 22. Depositional model for the sedimentation of the second package; (for a coloured version, the reader is referred to the web version of this article). 
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Figure 23. Reconstructions of the depositional setting of the Upper Triassic carbonates of Stikinia. (A) Model proposed by [85] and reworked by [61]; (B) Schematic reconstruction proposed in this work. 






Figure 23. Reconstructions of the depositional setting of the Upper Triassic carbonates of Stikinia. (A) Model proposed by [85] and reworked by [61]; (B) Schematic reconstruction proposed in this work.



[image: Geosciences 12 00292 g023]







[image: Geosciences 12 00292 g024 550] 





Figure 24. Example of “Evinosponges” from Lime Peak (sample WH 404). (A): micritic layer, (B): radiaxal fibrous calcite. 
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Figure 25. Relative abundance of selected biota (A) and foraminifera (B) at Lime Peak. The microfacies taken into account here are only the ones that are proven to bear in situ assemblage (obviously reworked sedimentary facies were excluded). Note that MCF 2 (inner lagoon) and MCF 7 (reef core) are the most diversified microfacies. 
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Figure 27. Dendrogram showing the results of hierarchical cluster analysis (UPGMA, Dice coefficient of similarity) between the selected Upper Triassic reef localities in Panthalassa and Tethys. 
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Table 1. Summary of the microfacies found at Lime Peak and their characteristics.
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	Microfacies
	Lithofacies
	Biotic Content and Foraminifers Assemblage
	Other Components, Sedimentary Features and Other Remarks
	Interpreted Depositional Environment





	MCF 1—Bioclastic wackestone to floatstone
	MM
	Molluscs, crinoids+E12, dasycladaleans algae (frequent ? Clypeina sp.), calcareous sponges, solenoporacean algae, ostracods. Foraminifera assemblages include very abundant Taanella yukonensis, textulariidae, common Duostominina, Miliolidae, Wernlina reidae, rare nodosariidae and Agathammina sp.
	Frequent neptunian dykes filled by clotted and peloidal micrite and/or very dark micrite
	Inner platform (open)



	MCF 2—Dasycladales-rich wackestone to floatstone
	MTB
	Dasycladalean green algae Holosporella? rossanae, Patruliuspora oregonica and P. pacifica, gastropods, bivalves, ostracods, spongiomorphs, echinoderms (echinoids and ophiurids), coral fragments, sponge fragments, megalodontid fragments, calcified cyanobacteria (Girvanella sp.), belemnites, Baccanella floriformis. Rich and diversified foraminifera assemblage dominated by very abundant Aulosina oberhauseri, Parvalamella spp., abundant Wernlina reidae, Taanella yukonensis, less common Aulotortus spp., Frentzenella spp., Licispirella sp., Wallowaconus oregonensis, Falsoreinholdella spp., Praerheinoldella spp., Robertonella spp., Glutameandrata vallieri, unidentified Glutameandratidae, and rare Lamelliconus sp., Trocholina spp., Eoguttulina sp., Ichtyolariidae, Trochosiphonia sp. Nodosariidae, Polymorphinidae, Tubulastella comans, Duostominina, Diplotremina sp., ?Praegubkinella sp., ?Cycloforina sp., Agathammina sp., Hoyenella sp., Orthella sp., Opthalmipora sp., Ammodiscidae, Ammodiscus spp., unidentified Miliolidae, Ammovertellinae, Duotaxis sp. and textulariidae
	Beds containig this microfacies have a very dark color and have a fetid smell probably due to high organic matter and H2S content. Moreover, they bear large gastropods which are as long as 50 cm. Rest of oxidized ligneous fragments are common. Oncoids, microborings and micritic envelopes are very common. The matrix, often biorturbated and organic-rich, varies from being mud-dominated to very-fine bioclastic
	Inner platform (restricted)



	MCF 3—Peloidal and bioclastic packstone to rare grainstone
	MTB and VTB west of K2
	Molluscs (bivalves and gastropods), calcified cyanobacteria (mostly Cayeuxia sp.), dasycladalean green algae, serpulids, ostracods, rare brachiopods, echinoid spines, foraminifers, rare crinoids and fragments of reef-derived biota such as sponges, serpulids and red algae. At times, debris of organisms resembling very small phaceloid corals are abundant. Among the non-skeletal grains peloids and extraclasts of different shapes and sizes are abundant. Foraminifera assemblages are restricted to very abundant Taanella yukonensis, common Miliolidae, Duostiminina, Glomospira sp., unidentified glutameandratidae, rare Decapoalina schaeferae and Involutinina.
	Beds containig this microfacies have a very dark in color. Micritic envelope and micritized grains are very abundant. The intergranular porosity is filled either by cement or by a matrix which is fine bioclastic to micritic in nature.
	Inner platform (restricted)



	MCF 4—Bioclastic rudstone
	MM
	Gastropods, bivalves, foraminifera, serpulids, corals, brachiopods, echinoderms, sponges. Foraminifera assemblages restricted to Duostominina
	Angular extraclats (resembling MCF 4) and peloids. Aragonitic allochems (e.g., bivalves) have been dissolved. Rim of isopachous drusy cement and syntaxial overgrowths on some clasts; intergranular porosity is filled by a whitish to yellowish granular mosaic cement
	Inner platform (open), tidal channel



	MCF 5—Peloidal and bioclastic grainstone
	TM and MM
	Molluscs (bivalves and gastropods), dasycladalean green algae (?Clypeina sp. and possibly ?Kantia sp.), ostracods, crinoids and fragments of reef-derived biota. Foraminifera assemblages are constituted by very abundant Glomospira sp., common Duostominina, Miliolidae, Glutameandratidae and rare Decapoalina schaeferae and Taanella yukonensis
	Peloids, extraclast. Micritization processes are widely diffused and led either the formation of a micritic envelope or to the complete micritization of the allochems
	Margin area, sand banks



	MCF 6A—Thrombolitic bindtsone
	MM
	Microbialite encrusted by Planiinvoluta carinata and other small sphinctozoan sponges. Areas of clotted and peloidal micrite show the presence of ostracods and foraminifera (textulariids, nodosariids and miliolids).
	Microbialite acts as framebuilder. Microbial fabric has either a leiolitic to thrombolytic appearance
	Outermost margin area



	MCF 6B—Stromatolitic bindstone
	MM
	Microbialite encrusted by small ponges, Tolypammina sp. Microtubus communis, Terebella sp., serpulids and Radiomura cautica. The areas between the microbial fabric bear crinoids, molluscs and ostracods. Foraminifera assemblages are restricted to common textulariids and rare unidentified nodosariidae and miliolids.
	Microbialite acts as framebuilder. Microbial fabric has either a stromatolitic appearance
	Inner platform



	MCF 7—Metazoans framestone
	TM and MM
	Inozoan sponges, sphinctozoan sponges, Spongiomorpha ramosa and gibbosa, disjectoporoids sponges, chaetetids sponges, corals, phylloid and solenoporaceans algae, serpulids, brachiopods, ostracods, calcified cyanobacteria, microproblematica. Foraminifers assemblages are dominated by sessile forms like Planiinvoluta carinata, Tolypammina sp., Alphinophragmium sp. and Hirsutospirella pilosa which are found encrusting the main framework. Within the sediment which infills the cavities we find Textularia sp., unidentified miliolids, Agathammina sp., Gsolbergella sp., Hoyenella sp., Sigmoilina sp., Hydrania dulloi, Ophthalmidium sp., Paraophthalmidium sp., unidentified textulariids, unidentified glutameadratidae, Ammodiscus sp., unidentified Ammodiscidae? Endotebanella sp., ?Glomospira sp., Taanella yukonensis, nodosariidae, duostominina
	Microbialite is abundant and acts both as binder of pre-existing framework and as framebuilder. Numerous primary (framework) and secondary (dissolution and/or decaying) cavities which are filled either by cements, muddy extraclasts, peloidal micrite or very dark micrite
	Margin area, reef



	MCF 8—Sponges bindstone
	TM
	Sponges, solenoporacenas algae, calcified cyanobacteria, echinoderms and rare corals. Foraminifera assemblages are restricted to very abundant specimens of Duostominina, Taanella yukonensis, rare Aulosina oberhauseri, Coronipora sp? Lamelliconus sp., Robertonella sp., Gsolbergella sp., Hoyenella sp., Wernlina reidae and unidentified Ammodiscidae
	Cavities are very rare. Microbialite acts as binder of a pre-existing substrate
	Margin area, crest



	MCF 9—Crinoidal grainstone to rudstone
	TM and VTB
	Crinoids, calcified cyanobacteria (Cayeuxia sp.), calcareous sponges (chaetetids the most significant), molluscs. Foraminifera assemblages restricted to abundant Duostominina and rare unidentified Miliolidae
	Micritic enveloppes around grains are very frequent. Intergranular porosity filled by a whitish granular mosaic calcite and rarely by micrite
	Upper slope



	MCF 10—Spongiomorpha gibbosa packestone to floatstone
	VTB
	Spongiomorpha gibbosa, echinoderms, brachiopods, bivalves, ostracods, dasycladalean algae (Clypeina sp.). Foraminifera assemblage is mostly dominated by very abundant Duostominina, Wernlina reidae and Taanella yukonensis
	Matrix is formed by dark micrite. Very frequent microbial encrustations
	Slope



	MCF 11—Retiophyllia sp. framestone to floastone
	VTB
	Presence of Retiophyllia sp. either in living position or as debris. The matrix between the coral branches is given by a wackestone rich in sponge spicules, molluscs (small gastropods and bivalves), echinoderms and ostracods. Foraminifera assemblages are restricted to very abundant Nodosaridae, and rare Wallowaconus oregonensis, Ammodiscus spp. and other unidentified Ammodiscidae
	When found in living position, Retiophyllia sp. forms small 30–40 cm wide thickets. Its branches are often silicified and without biogenic encrustations or synsedimentary cement
	Slope



	MCF 12—Sponges-molluscs packstone to rudstone
	TMB
	Sponges (common chaetetids, Spongiomorpha sp. inozoans and sphinctozoans), calcified cyanobacteria (Cayeuxia sp.), coral fragments (Retiophyllia sp. and Montlivaltia sp.), echinoderms, brachiopods, gastropods, bivalves, brachiopods, ostracods, rare green algae (?Kantia sp.). The foraminifera assemblages are formed by abundant Wernlina reidae, Taanella yukonensis, Duostominina, common Wallowaconus oregonensis, Coronipora spp., Nodosaridae, Agathammina spp. and Miliolidae together with rare Diplotremina sp., ?Oberhausella sp., Falsoreinholdella spp., Praereinholdella spp., Robertonella spp., Trochosiphonia josephi, Parvalamella spp., Aulosina oberhauseri, Aulotortus impressus,?Lamelliconus sp., ?Licispirella iranica, ?Turrispirillina spp., Frentzenella frentzeni, Papillaconus kristani, Trocholina spp., Semiinvoluta spp.
	Microbial encrustations are quite common
	Slope



	MCF 13—Laminated and graded wackestone to rudstone
	TMB
	Sponges (common chaetetids, Spongiomorpha sp. inozoans and sphinctozoans), calcified cyanobacteria, molluscs, brachiopods, ostracods, sponge spicules. Foraminifera assemblages restricted to Duostominina and nodosariids
	Erosive base, strongly developed lamination and normal grading
	Slope/Toe of the slope



	MCF 14—Radiolarian-rich bioturbated mudstone to wackestone
	TMB
	Ostracods, recrystallized radiolarians, sponge spicules, gastropods, thin-shelled bivalves, terebratulid brachiopods. Foraminifera assemblages mainly contain nodosariidae and Duostominina
	Matrix is muddy to very fine bioclastic
	Toe of the slope



	MCF 15—Grain-supported limestone breccia or conglomerate
	LB
	Fragments of corals and sponges
	Rounded to sub-angular carbonate and volcaniclastic lithoclasts. Intergranular porosity filled by a whitish granular mosaic calcite cement
	?
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Table 2. Relative abundance of reef components.
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Reef Framework




	

	
Sponges

	
Corals

	
Microbialite

	
Other Framework Organisms (Encrusters)

	
Tubular Crust

	
Total Framework

	

	

	




	
Massive mound N = 42

	
25.22

	
0.66

	
20.14

	
2.67

	
10.61

	
59.29

	

	

	




	

	
(0–139)

	
(0–34)

	
(0–126)

	
(0–12)

	
(0–82)

	

	

	

	




	
Tabular mound N = 10

	
33.05

	
1.15

	
15.20

	
2.55

	
15.00

	
66.95

	

	

	




	

	
(46–83)

	
(0–22)

	
(12–54)

	
(1–14)

	
(0–67)

	

	

	

	




	

	
Interstitial Sediments




	

	
Dwellers

	
Peloids or Ooids

	
Dense Micrite

	
Clotted and Peloidal Micrite

	
Intergranular Cement

	
Primary Cavities Cement

	
Secondary Cavities Cement

	
Interstitial Micrite

	
Total Interstitial Filling




	
Massive mound N = 42

	
3.52

	
4.51

	
3.13

	
17.13

	
3.32

	
0.84

	
3.19

	
5.07

	
40.71




	

	
(0–39)

	
(0–47)

	
(0–50)

	
(0–120)

	
(0–39)

	
(0–10)

	
(0–10)

	
(0–70)

	




	
Tabular mound N =10

	
3.15

	
6.05

	
1.70

	
10.10

	
2.55

	
2.70

	
1.80

	
5.00

	
33.05




	

	
(1–19)

	
(3–31)

	
(0–12)

	
(6–33)

	
(1–21)

	
(0–25)

	
(0–6)

	
(0–23)

	








N = number of point–counted samples; mean % values are in bold; bracketed values refer to the range of values for each catergory within the lithology.
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Table 3. References for the reef fauna of the Tethys and Panthalassa used in the similarity analysis (modified from [22]).
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	Areas
	Time Interval
	References





	Slovenia
	Norian–Rhaetian
	[89,200,201,202]



	Northern Calcareous Alps
	Norian–Rhaetian
	[9,12,203]



	Iran
	Norian
	[14,204,205,206,207,208,209,210,211]



	Sicily
	Norian
	[212,213,214,215,216,217,218]



	Turkey
	Norian
	[204,219,220,221,222,223,224,225]



	Oman
	Norian
	[12]



	Japan (Reef type 2)
	Norian
	[18,25]



	Oregon (Summit Point, USA)
	Norian
	[214,224]



	Yukon (Canada)
	Norian
	[51,52,59,60] and this study
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