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ABSTRACT: The marine record of the Triassic-Jurassic boundary interval has been studied extensively in shallow-
marine successions deposited along the margins of Pangea, particularly its Tethyan margins. Several of these
successions show a facies change from carbonate-rich to carbonate-poor strata attributed to the consequences of
igneous activity in the Central Atlantic Magmatic Province (CAMP), which included a biocalcification crisis and the
end-Triassic mass extinction. Evidence for a decline in calcareous and an increase in biosiliceous sedimentation across
the Triassic-Jurassic boundary interval is currently limited to the continental margins of Pangea with no data from
the open Panthalassan Ocean, the largest ocean basin. Here, we present a facies analysis of the McCarthy Formation
(Grotto Creek, southcentral Alaska), which represents Norian to Hettangian deepwater sedimentation on Wrangellia,
then an isolated oceanic plateau in the tropical eastern Panthalassan Ocean.

The facies associations defined in this study represent changes in the composition and rate of biogenic sediment
shedding from shallow water to the outer ramp. The uppermost Norian to lowermost Hettangian represent an ~ 8.9-
Myr-long interval of sediment starvation dominated by pelagic sedimentation. Sedimentation rates during the
Rhaetian were anomalously low compared to sedimentation rates in a similar lowermost Hettangian facies. Thus, we
infer the likelihood of several short hiatuses in the Rhaetian, a result of reduced input of biogenic sediment. In the
Hettangian, the boundary between the lower and upper members of the McCarthy Formation represents a change in
the composition of shallow-water skeletal grains shed to the outer ramp from calcareous to biosiliceous. This change
also coincides with an order-of-magnitude increase in sedimentation rates and represents the transition from a
siliceous carbonate-ramp to a glass ramp ~ 400 kyr after the Triassic—Jurassic boundary. Sets of large-scale low-
angle cross-stratification in the Hettangian are interpreted as a bottom current—induced sediment drift (contouritic
sedimentation). The biosiliceous composition of densites (turbidites) and contourites in the Hettangian upper member
reflects the Early Jurassic dominance of siliceous sponges over Late Triassic shallow-water carbonate environments.
This dominance was brought about by the end-Triassic mass extinction and the collapse of the carbonate factory, as
well as increased silica flux to the ocean as a response to the weathering of CAMP basalts. The presence of a glass
ramp on Wrangellia supports the hypothesis that global increases in oceanic silica concentrations promoted
widespread biosiliceous sedimentation on ramps across the Triassic to Jurassic transition.

INTRODUCTION document a facies change from carbonate-rich to carbonate-poor strata (see
Fig. 5 in Greene et al. 2012; Ritterbush et al. 2014), which has been
attributed to ocean acidification and a biocalcification crisis. This facies
change is accompanied by a negative excursion in the carbon isotope
record that has been linked to outgassing of CO, and CH, from the Central

Atlantic Magmatic Province (CAMP) (e.g., Galli et al. 2005; Crne et al.
*Present Address: Department of Earth Sciences, University of Cambridge, 2011).
Cambridge, UK.
Present Address: California Institute of Technology, Division of Geological
and Planetary Sciences, Pasadena, California, U.S.A. “glass” ramps has been recognized in Nevada (Ritterbush et al. 2014), Peru

The Triassic—Jurassic boundary interval has been studied extensively in
records of neritic sediments deposited along the Tethyan margins of Pangea
(Korte et al. 2018, and references therein). Several of these successions

Along the margins of Pangea (Fig. 1), a transition from carbonate to
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Fig. 1.—A) Paleogeographic map of eastern Panthalassa (modified from Fig. 18 in Nelson et al. 2013, using Blackburn et al. 2013, and Krencker et al. 2015). B)
Paleogeographic map of the Pangean hemisphere showing the extent of the Central Atlantic Magmatic Province, eastern Panthalassan terranes (orange and yellow), and
known glass-ramp records (green) from the margins of Pangea (modified from Ritterbush 2019).

(Ritterbush et al. 2016), and Austria (Delecat et al. 2011). Glass ramps are
continental margins characterized chiefly by accumulations of siliceous
skeletal sediments (Gates et al. 2004). Weathering of CAMP basalts and
the resulting increase in oceanic silica concentration are thought to have
promoted the transition to glass ramps (Ritterbush 2019).

Evidence for a decline in carbonate-rich and an increase in biosiliceous
sedimentation across the Triassic—Jurassic boundary interval is currently
limited to the continental margins of Pangea (Fig. 1; Ritterbush 2019) with
no data from the open Panthalassan Ocean. Additionally, many of the
Tethyan neritic records of the Triassic—Jurassic boundary interval, though
relatively abundant and easily accessible, are known to contain significant
hiatuses (Hillebrandt et al. 2013; Ritterbush et al. 2014). The paucity of
marine sections across the Triassic—Jurassic boundary (see also Fig. 1 in
Peters and Foote 2002), particularly from outside the Tethyan region, has
limited our understanding of the impact of igneous activity of CAMP and
the end-Triassic mass extinction on biogenic sedimentary systems.

To address these issues, we present here new sedimentary and
stratigraphic data from the Upper Triassic to Lower Jurassic McCarthy
Formation at Grotto Creek (Wrangell Mountains, southcentral Alaska).
The McCarthy Formation represents a biostratigraphically complete upper
Norian (Cordilleranus Zone) to upper Hettangian (Mineralense—Rursicos-
tatum zones) section deposited on the Wrangellia terrane—then, an
isolated deepwater oceanic plateau in the tropical Panthalassan Ocean
(Jones et al. 1977; Trop et al. 2002; Caruthers et al. 2022). The formation
represents a unique oceanic deepwater perspective on sedimentation on
Triassic—Jurassic ramps. The aim of this project was to study the facies of
the McCarthy Formation at Grotto Creek to reconstruct: i) the processes
responsible for sedimentation in the outer-ramp depositional environments
of the Wrangellia plateau and ii) the controls on Late Triassic to Early
Jurassic tropical deepwater sedimentation in the Panthalassan Ocean.

In this manuscript we: i) present further evidence in support of a long
Rhaetian, ii) present Panthalassan evidence for a facies change from
siliceous carbonate-ramp to siliceous, or “glass,” ramp at the Triassic—

Jurassic boundary; and, as far as we are aware, iii) present the first record
of contouritic sedimentation in the lowermost Jurassic.

GEOLOGICAL SETTING

Southcentral Alaska consists of three fault-bounded allochthonous
composite terranes (Jones et al. 1977; Hillhouse and Gromme 1984; Trop
et al. 2002; Trop and Ridgway 2007). The Wrangellia composite terrane
abuts the Yukon—Tanana composite terrane to the north along the Denali
fault and the Southern Margin composite terrane to the south along the
Border Ranges fault. The Wrangellia composite terrane consists of three
tectonostratigraphic terranes: the Alexander, Peninsular, and Wrangellia
terranes (Plafker and Berg 1994; Nokleberg et al. 2000), which are thought
to have become juxtaposed during the late Paleozoic (Plafker et al. 1989).
Unlike the other two terranes, which form continuous units, the Wrangellia
terrane consists of a northern (Alaska) and a southern (British Columbia)
block that share a similar Triassic lithological sequence (Jones et al. 1977).

Paleomagnetic and geological data suggest that during the Late Triassic
the Wrangellia composite terrane was located near the equator (~ 15° N),
several thousand kilometers south of its present position (Fig. 1; Jones et
al. 1977; Hillhouse and Gromme 1984; Hillhouse and Coe 1994; Plafker
and Berg 1994; Butler et al. 1997). The composite terrane moved
northward and accreted onto the western margin of Laurasia some time
during the Middle Jurassic-Late Cretaceous (Csejtey et al. 1982;
McClelland et al. 1992; Nokleberg et al. 2000).

The Triassic of northern Wrangellia is dominated by the Nikolai
Greenstone, which near McCarthy, Alaska, consists of at least 3,000 m of
basalt emplaced during a single phase of subaerial tholeiitic volcanism
230-225 Ma ago (Greene et al. 2010; Shellnutt et al. 2021). The Nikolai
Greenstone is underlain by discontinuous lenses of Ladinian (Middle
Triassic) black cherts and mudstones (MacKevett 1978); it is overlain
nonconformably by the Chitistone Limestone (Fig. 2), which consists of
thick to very thick (0.5-5 m) beds of limestone with subordinate dolostone
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FiG. 2.—Stratigraphic framework of the Triassic—Jurassic of the Wrangell Mountains, based on MacKevett (1970a), Trop et al. (2002), Witmer (2007), and Caruthers et al.
(2022). The photograph of the Grotto Creek section was taken toward the south and shows the member boundary of the McCarthy Formation, which is marked by a color
change in the landscape. On a smaller scale, the McCarthy Formation shows alternations between cliff-forming and slope-forming intervals, which correspond to the facies

associations of this study.

and chert nodules (Armstrong et al. 1969). The lowermost part of the
formation consists of micritic limestones that locally contain evaporites
(Armstrong et al. 1969). This formation is overlain by the Nizina
Limestone (Fig. 2), which consists of medium to thick (15-90 cm) beds of
limestone with subordinate chert lenses and nodules and rare grains of
dolomite (Armstrong et al. 1969). This calcareous succession of the
Chitistone and Nizina limestones is approximately 1,100 m thick and was
deposited from the Carnian to the late Norian.

The bulk of the Chitistone and Nizina limestones accumulated in
shallow-water shelf environments. The lowermost Chitistone Limestone
contains microbialites and evaporites and was deposited in supratidal to
intertidal environments. The upper Chitistone and Nizina limestones
accumulated in more open shallow-water shelf environments, including
high-energy ooidal shoals, but also contain more restricted lagoonal
deposits (Armstrong et al. 1969). Corals are found at the transition from
the Chitistone Limestone to Nizina Limestone, but reefs never developed at
the platform edge (Armstrong et al. 1969; Caruthers and Stanley 2008).

In the Norian, the carbonate platform of Wrangellia drowned and
approximately 900 m of siliceous mudstones accumulated until the
Sinemurian (or Pliensbachian). These sediments form the McCarthy
Formation, named after McCarthy Creek by Rohn (1900), which is
exposed across the Wrangell Mountains of southcentral Alaska (MacK-
evett 1978). Exploration (Schrader and Spencer 1901; Moffit and Capps
1911; Martin 1916; Moffit 1930, 1938) and mapping (MacKevett 1963,
1970a, 1970b, 1972, 1974, 1978; MacKevett and Smith 1972a, 1972b;
MacKevett et al. 1978; Winkler and MacKevett 1981) throughout the 20th
century paved the way for current environmental interpretations of this unit

within the context of the displaced terranes of the North American
Cordillera (Jones et al. 1977; Trop et al. 2002; Trop and Ridgway 2007).
The formation has been interpreted to represent the distal environments of
a carbonate ramp which became submerged below storm wave base during
post-volcanic thermal subsidence of the oceanic plateau (Armstrong et al.
1969; Witmer 2007).

The McCarthy Formation is overlain by the Pliensbachian—Toarcian
shallow-marine Lubbe Creek Formation (Fig. 2), which consists of ~ 50 m
of spiculite and subordinate coquina. This succession is suggested to
represent a forced regression. The Lower Jurassic succession ends with a
disconformity representing a hiatus of 10-15 Myr (MacKevett 1969; Trop
et al. 2002).

Triassic—Jurassic Paleogeography of the McCarthy Ramp

We constructed isopach maps for the Chitistone Limestone, Nizina
Limestone, and McCarthy formations based on reported thicknesses in the
USGS quadrangle maps of the area (see supplementary materials, Fig. S1).
The orientation of the isopachs is approximately northwest—southeast (Fig.
S1) and probably reflects the depositional strike of the ramp. The thickness
pattern of the three formations is consistent with a depositional dip toward
the west-southwest: the Chitistone Limestone Formation, which represents
the shallowest part of the ramp (Armstrong et al. 1969), thickens toward
the northeast, whereas the Nizina Limestone and the McCarthy formations,
which represent deeper environments, are thicker in the southwest.
Although this thickness pattern is consistent with observations made by
Martin (1916), the interpretation of a depositional dip toward the west-
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Fic. 3.—Location of the Grotto Creek section relative to A) Alaska, B) the Chitina River Valley, and C) Chitistone Mountain. In Part C, the dotted line is the hiking route
from the landing site at the headwaters of Grotto Creek to the section. The green lines mark the three sub-sections of this study. Basemap: USGS non-ortho US Topo 2017.

southwest differs from Trop et al. (2002), who suggested that the ramp
dipped toward the northeast.

MATERIALS AND METHODS
The Grotto Creek Section

We studied a section of the McCarthy Formation (Fig. 2) during two
field seasons, in 2017 and 2019, along an unnamed tributary of Grotto
Creek, ~ 25 km east-northeast of McCarthy, in southcentral Alaska (Fig.
3). This section was originally described in the unpublished bachelor’s
thesis of Witmer (2007). Caruthers et al. (2022) recently published
biostratigraphic and chemostratigraphic (i.e., organic carbon isotope) data,
as well as U-Pb age dates from bentonites, from the Triassic—Jurassic
boundary interval of Grotto Creek (see Fig. S2).

We studied ~ 290 m of stratigraphy, spanning the upper part of
MacKevett’s (1963, 1978) lower member and the lower part of his upper
member of the McCarthy Formation (Figs. 2, 4). Recent work has placed
the Triassic—Jurassic boundary 26.4 m below the base of the upper member
of the McCarthy Formation (Caruthers et al. 2022). The base of the upper
member is at 58.8 m in our composite section (Fig. 4). Following Caruthers
et al. (2022), the 0 m datum of our composite section is placed at the base
of an easily recognizable 5-cm-thick bentonite just below the Norian—
Rhaetian boundary. We grouped the facies of the McCarthy Formation into
four facies associations (Table 1) and calculated approximate linear
sedimentation rates for the Rhaetian and Hettangian at Grotto Creek (Table
2).

We measured, described, and sampled three sub-sections (Fig. 3). The
lower section (base at 07V 423,246 m, 6,819,740 m; NAD 83) is 26.28 m
thick and was studied along the creek. The top of the lower section is a
~ 0.5-m-thick dolerite sill, which also forms the base of the middle section
(07V 423,251 m, 6,819,839 m). The middle section is 70 m thick and was
studied by climbing the slope. The uppermost ~ 34 m of this section

overlaps with the upper section. We correlated these two sub-sections using
prominent marker beds. The upper section is ~ 227 m thick and was
studied along the creek (from 07V 423,340 m, 6,820,172 m to 423,156 m,
6,820,894 m). We collected 107 samples: 62 lower member rocks and 45
upper member rocks (Table S2).

Analytical Methods

Fifty bulk samples were analyzed qualitatively for their mineral
composition (see Table S2). These samples were reduced to a fine powder
and front-sideloaded onto PMMA sample holders with a cavity diameter of
25 mm. Bulk mineral compositions were determined by running the
samples on a Bruker D8 Advance X-ray diffractometer with a 6/0
goniometer. We used a primary Soller slit of 2.5° and a variable divergence
slit—resulting in a constant irradiated length of 20 mm, a motorized anti-
scatter screen, and an antiscatter slit of 18 mm. X-ray powder diffraction
patterns were recorded from 3 to 75 °28, in steps of 0.02°, counting for
0.85 s per step, using Cu-Ko radiation (40 kV, 40 mA). Samples were
continuously spun (0.25 Hz) during measurement.

Thirty-five samples were analyzed for their elemental composition (see
Table S2). These samples (~ 10 g) were powdered for 120 s and pressed
into tablets with a diameter of 35 mm using a Herzog HP-PA. Bulk
elemental compositions were measured using an ARL Perform’X X-ray
fluorescence (XRF) spectrometer. The sum of the wt% of the major
elements (Al,O3;, CaO, Fe,0;, K,0, MgO, MnO, Na,O, P,0s, SiO,, and
TiO,) was on average ~ 84%.

Grain-size distributions were determined for the insoluble residue of
samples using a Malvern Mastersizer 2000 (see Table S2). The samples are
siliceous and resist disaggregation. For this reason, we crushed them to the
size of coarse sand using a hammer before chemical pretreatment. The
crushed samples were placed in beakers with 3M HCI and stir bars on a
magnetic stirrer at 70 °C for four days. After neutralizing the remaining
acid, we added 12% H,O, to the samples and kept stirring them at room
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Fi6. 4—Schematic log of the studied interval, which shows an alternation between cliff-forming thicker-bedded intervals (FA1 and FA3), interpreted as lobe complexes,
and slope-forming thinner-bedded intervals (FA2 and FA4; gray shading), interpreted as sediment-starved outer-ramp environments. The upper member is more siliceous than
the lower member. Following Caruthers et al. (2022), we used a bentonite dated at 209.86 Ma as the 0 m datum. Younger ages are based on ammonite zones, their approximate

correlations to European ammonite zones, and ages from Hesselbo et al. (2020).

TABLE 1.—Overview of the facies associations of the McCarthy Formation.

Facies
Associations Description Common Microfacies Environment
upper member slope-forming FA4 Thin- to medium-bedded siliceous MFlc Burrowed fine mudstone Sediment-starved outer ramp
mudstones alternating with medium- to ~ MF6a Sandy mudstone with planar laminae of a glass ramp
thick-bedded laminated calcareous MF6b Sandy mudstone with wavy laminae
cherts.
cliff- forming FA3 Medium- to thick-bedded spiculitic cherts ~ MF5  Spiculitic sandy mudstone Glass-ramp lobe complex
and concretionary horizons.
lower member  slope-forming FA2 Thin-bedded and subordinately thick- MFI1b Fine mudstone with parallel laminae  Sediment-starved outer-ramp
bedded siliceous mudstones, calcareous  MFIc Burrowed fine mudstone of a siliceous carbonate
cherts, and limestones. MF4  Calcisphere packstone ramp
cliff-forming FA1 Medium- to thick-bedded siliceous MFla Fine mudstone with basal laminae Siliceous carbonate ramp
mudstones, calcareous cherts, shell- MF2  Shell fragment muddy sandstone lobe complex
fragment limestones, and very thin to MF3  Glauconitic muddy sandstone

thin partings.
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TaBLE 2.—Thicknesses and average linear sedimentation rates for intervals of the Rhaetian and the Hettangian. The lower sedimentation rate of the
Rhaetian part of FA2 is attributed to the inferred presence of hiatuses caused by phases of carbonate dissolution resulting from ocean acidification. The
higher sedimentation rate of the Mulleri-Morganense zones represents the onset of sediment shedding, which resulted in FA3, and a recovery of
biogenic sediment production on a glass ramp. For the height of the Rhaetian—Hettangian boundary, we chose the middle of the Triassic—Jurassic
boundary interval in Caruthers et al. (2022) (see also Fig. S2). The duration of the Rhaetian is based on Caruthers et al. (2022). Durations of the
Hettangian ammonite zones are based on ages from Hesselbo et al. (2020), using approximate correlations of the North American ammonite zones to
their European equivalents (cf. Figs. 4, S3).

Stage Facies Association Position of Boundaries Thickness Duration  Average Un-Decompacted Sedimentation Rate
Hettangian Mulleri-Morganense zones mostly FA3 58.8-187.3 m 128.5 m ~ 700 ka ~ 184 m/Myr
Hettangian Spelaec—Polymorph zones FA2 32.4-58.8 m 26.4 m ~ 400 ka ~ 66 m/Myr
Rhaetian FA2 3.6-324 m 28.8 m ~ 8 Ma ~ 3.6 m/Myr

temperature, while the organic matter oxidized. When the reaction had
visibly ceased, the samples were heated to 90 °C to allow any remaining

1.544 and an absorption index of 0.9. We remeasured a sub-sample to
check for machine precision and we re-sub-sampled and measured two

H,0, to react. Despite this pretreatment, only 25 samples disaggregated
fully and could be measured using laser particle-size analysis (see Table
S2). For this reason, we complemented these results with grain-size
analysis of 44 samples in thin section using Imagel (see below). We
measured the insoluble residues using a protocol modified from Sperazza
et al. (2004). Before each measurement, we added 25 mL of a dispersing
solution (44.6 g NayP,0,-10H,0 and 4.24 g Na,COs in 1 L deionized
water) and applied 60 s of ultrasound with a maximum tip displacement of
4 pum. The grain-size distribution was calculated using a refractive index of

samples to check for operator precision (see data in Supplemental
Materials).

Petrography and Microfacies Analysis

We produced ~ 20-pum-thick polished thin sections of 66 samples
(Tables S1 and S2). We studied them in plane- (PPL) and cross-polarized
light (XPL) using a Zeiss Axio or a Leica DM 2700 P microscope.
Micrographs were taken using a Zeiss Axiocam 305 Color camera or a
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FiG. 5.—The facies of the McCarthy Formation in three ternary diagrams. A) Compositional ternary diagram combining Lazar et al. (2015) (in red) and Jones and Murchey
(1986) (in black). Most samples are siliceous mudstone and calcareous chert. The calcareous samples are rich in shell fragments and occur only in the lower member, whereas
bedded cherts are often spiculitic and occur only in the upper member. The Al% is low, which shows that the total lithogenic component is small. B) Grain-size ternary
diagram based on laser grain-size analysis of the insoluble residue of samples. Most of the insoluble residue is microcrystalline. C) Textural ternary diagram, based on thin
sections, combining a modification of Lazar et al. (2015) (in black) with Dunham (1962) (in red). The mudstone—wackestone boundary corresponds to 90% fine mud, and the
wackestone—packstone boundary is placed at 35% fine mud, which is the approximate upper limit for grain-supported fabrics.
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Fic. 6.—Facies association 1, which is interpreted as an outer-ramp lobe complex on a siliceous carbonate ramp. A) Photograph taken toward the southwest. FA1 is cliff-
forming and appears to pinch toward the south, which is interpreted to represent the geometry of the lobe complex. B, C) FA1 consists of medium to thick beds and thin
partings. Thicker beds sometimes contain sand-size shell fragments (MF2) or glauconite (MF3). Parts B and C show the same bedset: bed thickness changes laterally over
~ 10 m, which is interpreted to represent the geometry of lobe elements. D) Laminated bed with irregular basal contacts consisting of fine mudstone with basal laminae
(MFla).

Leica MC170 HD. We used reflected light to determine the composition of
opaque materials.

Because most samples are fine grained, we adopted an approach
modified from Lazar et al. (2015) to capture textural variability adequately.
Here, we define fine mud as grains smaller than 20 um and coarse mud as
grains between 20 and 62.5 pm (see Fig. 5C). The reason for this
modification is that 20 pm corresponds to the average thickness of our thin
sections. As a result, grains smaller than 20 pm appear as a dark matrix
under the microscope, which sets them apart from coarser transparent
grains. Ten to twenty micrometers seem to separate the cohesive mud and
sortable silt of McCave et al. (1995), as well as (aggregate) grains that
travel as bedload from grains that are brought into suspension by
turbulence at the threshold of sediment movement. Coincidentally (or not),
20 pm is the boundary between mud and grains in the original Dunham
classification (Dunham 1962).

The amount of fine mud, coarse mud, and sand was estimated using
Imagel by Fiji software. For this analysis, we selected 44 representative
thin sections (see Tables S1 and S2) and used scans produced using a Leica
M165C stereomicroscope. These scans, with a resolution of ~ 7 pm/px,
allowed for the study of relatively large representative areas of the thin
sections. Images were processed as follows: First, grains with an area
smaller than 4 px were excluded to avoid noise. This size corresponds to
grains with a nominal diameter of 19.7 pm or finer. Then, a brightness
threshold was used to differentiate fine mud and coarser grains. This
resulted in binary images that included all grains coarser than 20 pm. The

binary images were then filtered to differentiate coarse mud (> 20 pm, <
62.5 um) and sand grains (> 62.5 pm).

For a few samples with carbonate cement, we did not use the brightness
threshold, because the cement and the grains have a similar brightness
under the microscope. For such samples, the grain-size distribution was
assessed by comparing them with other samples and to visual charts
(Baccelle and Bosellini 1965).

In the microfacies descriptions (see Supplemental Materials), we
adopted the semiquantitative terminology of Macquaker and Adams
(2003): dominating (> 90%), rich (50-90%), and bearing (10-50%).
Additionally, bioturbation intensity was quantified using the bioturbation
index of Droser and Bottjer (1986). The thickness of beds and laminae
were described using the terminology proposed by Campbell (1967).

RESULTS AND INTERPRETATION
Facies Characterization

The facies of the McCarthy Formation are siliceous (Fig. SA): of the 35
samples we analyzed using XRF (Table S2), 32 are siliceous mudstones
and 2 are calcareous mudstones (sensu Lazar et al. 2015); of the 32
siliceous mudstones, 28 are calcareous cherts (sensu Jones and Murchey
1986) and 4 are siliceous enough to be called cherts (Fig. 5A). Siliceous
samples contain radiolarians and/or spicules. Microcrystalline quartz is a
significant siliceous phase in the McCarthy Formation, which is reflected
by the fine textures of the insoluble residue of samples (Fig. 5B): 23 of 25
samples have a modal grain size below 5 pm. Calcite in calcareous samples
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Fig. 7—MF1a: fine mudstone with basal silt laminae, interpreted to represent fine-grained turbidity currents. This microfacies shows evidence for bedload transport and
waning currents. A) Thin-section overview. B) Normal grading in the fine mud. C, D) Laterally discontinuous set of cross-laminae that downlap tangentially onto a basal
scour. E, F) Micrograph of continuous basal laminae, which are well cemented and bear pyrite grains. G, H) Micrograph of discontinuous basal laminae, which are a few

grains thick and lenticular, pinching out and reappearing on the scale of millimeters.

is present as sparite cement, shallow-water skeletal grains, pelagic
calcispheres, or carbonate mud (micrite).

Overall, the upper member is more siliceous than the lower member: In
the lower member, chert occurs only in nodules, and bedded cherts are
present only in the upper member (Fig. 5A). In general, the quartz/calcite
intensity ratio (XRD) is higher in the upper member than in the lower
member (Fig. S4). In thin section, the upper member has a higher
abundance of siliceous spicules, whereas the lower member contains more
calcareous skeletal grains and micrite.

In addition to quartz and calcite, the typical mineral assemblage of the
mudstones of the McCarthy Formation consists of albite, ankerite, apatite,
dolomite, hematite, muscovite, and pyrite (Fig. S4). The total amount of
aluminum in the rocks is low (2-9%, average 4%; Fig. 5A), which
indicates that their terrigenous component is small.

Facies Associations

The four facies associations in the studied interval are described below
and summarized in Table 1.

Facies Association 1.—Facies association 1 is an ~ 26-m-thick cliff-
forming succession of medium to thick beds of siliceous mudstone,
calcareous chert, skeletal limestone, and very thin to thin partings of fissile
mudstone (Fig. 6). These rocks are part of the lower member of MacKevett
(1963). FA1 is an association of microfacies 1-3 (Figs. 7-11; see below).
The contacts between beds are sharp and can be slightly irregular (Fig.
6D). Both the partings and most thicker beds are medium gray to black
when fresh and consist of very thin to thin beds of fine siliceous mudstone
(MF1). Some of these fine mudstones have very thin basal laminae (Fig.
7), whereas others are burrowed (Fig. 9). Nodules of chert and apatite are
common in the siliceous mudstones (Fig. 7A). Some thin to thick beds are
coarser and contain skeletal sand (Fig. 10) or glauconite (Fig. 11).
Common macrofossils are Monotis, Heterastridium, and various ammo-
noids indicating a late Norian age (Cordilleranus Zone; see Caruthers et al.
2022). The thickness of bedsets was observed to change laterally over a
distance of ~ 10 m (Fig. 6B, C). On a larger scale, in the Grotto Creek
section, FA1 pinches out toward the south (Fig. 6A).

Facies Association 2.—Facies association 2 is an ~ 70-m-thick slope-
forming succession of predominantly dark, thin-bedded, fine siliceous
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Fic. 8.—MF1b: fine mudstone with parallel laminae, interpreted to represent suspension settling. A) Thin-section overview. B, C) Concretion in which the primary peloidal
texture of the fine mud is preserved. D-G) Micrographs of laminae showing gradational contacts. Coarse laminae are typically more well cemented than the surrounding fabric.

mudstones and subordinately buff-colored medium to thick beds of
siliceous mudstone, calcareous chert, and limestone (Fig. 12). FA2
contains several ash layers (see Caruthers et al. 2022). These rocks are
part of the lower member of MacKevett (1963). FA2 is an association of
microfacies 1 and 4 (Figs. 7-9, 13; see below). The predominant fine
siliceous mudstones contain parallel laminae (Fig. 8) or are burrowed (Fig.
9). The buff-colored medium to thick beds consist of calcisphere
packstones (Fig. 13) or occasionally of fine siliceous mudstones (Figs. 8,
9). Some of the fine mudstones contain small (~ 1-2 c¢cm in diameter)
carbonate concretions or chert nodules, which are internally rich in sand-
size peloids (Fig. 8B). In the upper ~ 40 m of FA2, both thin and medium
to thick beds are sometimes laminated. A few siliceous mudstones in the
upper part of FA2 bear outsized shell fragments or plant material (see
Witmer 2007). The contacts between the different beds may be sharp or
gradational. The base of FA2 contains several syndepositional folds with a
maximum height of ~ 12 m (Fig. 12B).

Facies Association 3.—Facies association 3 is an ~ 120-m-thick cliff-
forming succession of medium- to thick-bedded dark spiculitic cherts and
buff-colored carbonate concretionary horizons (Figs. 14, 15). These rocks
are part of the upper member of MacKevett (1963). FA3 is an association

of microfacies lc and 5 (Figs. 9, 16; see below). The concretionary
horizons and the cherts are similar in texture, as both cherts and
concretions consist of spiculitic sandy mudstone (Fig. 16). The difference
between cherts and concretionary horizons is that the cherts contain more
siliceous mud (Fig. 16G), whereas the concretions contain more sparite
(Fig. 16C-F). The concretions are ~ 30 cm thick and have a horizontal
diameter of ~ 60 cm. They often coalesce laterally to form continuous
horizons with wavy contacts (Fig. 14B). In several concretionary horizons,
we observed sigmoidal surfaces that downlap tangentially onto the
underlying bedding plane (Fig. 14C).

The uppermost ~ 50 m of FA3 shows sets of large-scale low-angle
cross-stratification with heights of 12—-17 m and dip angles relative to the
overall bedding of 6-8° (Fig. 15; Heinhuis 2020). The concretions in the
intervals with large-scale low-angle cross-stratification are ~ 8 cm tall and
10-20 cm wide, that is, smaller than in the rest of FA3 (Fig. 14). The sets
of large-scale low-angle cross-stratification are associated with channel-
forms with a depth of ~ 3 m and a width of ~ 15 m (Fig. 15A). The
channelforms cut into the sets of large-scale low-angle cross-stratification
and, in turn, are filled by cross-stratified bedsets (Fig. 15C). The upper
boundary of FA3 is an erosional surface displaying larger channelforms
that have a depth of 5-10 m and a width of ~ 30 m (Fig. 15C).
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Fi6. 9.—MFIlc: burrowed fine mudstone. Some beds of this microfacies represent background sedimentation, whereas others represent more dynamic processes. A) Thin-
section overview. B, C) Micrograph with recognizable burrows, which shows that the fabric has not been completely homogenized by bioturbation. Some of the burrows are
Phycosiphon sp. D, E) Many fine mudstones contain both siliceous microfossils, such as radiolarians, and calcareous microfossils, such as calcispheres. F, G) An anomalous
sample from the lower member (FA1) bearing reworked spicules, which are a subordinate bioclast in the lower member.

Facies Association 4.—Facies association 4 is an ~ 85-m-thick slope-
forming succession of very thin to medium beds of siliceous mudstone
alternating with medium to thick beds of laminated calcareous chert (Fig.
17). FA4 contains several ash layers. These rocks are part of the upper
member of MacKevett (1963). FA4 is an association of microfacies 1¢ and
6 (Figs. 9, 18; see below).

The siliceous mudstones have a dark olive to black color (Fig. 17B), are
burrowed (Fig. 9), and are typically richer in chalcedony than the
mudstones of the lower member. The upper half of FA4 contains indurated
medium to thick beds that appear every 1 to 10 m (Fig. 17A, D). These
thicker beds are buff-colored calcareous cherts that consist of laminated
sandy mudstone (Fig. 18); they are sometimes concretionary. Some of
these thicker beds exhibit bigradational sorting—a vertical transition of
reverse to normal grading within the same bed (Figs. 17C, 18 A—F). Other
thicker beds contain very thin wavy laminae (Fig. 18G-K).

Microfacies

We defined nine microfacies (Figs. 7-11, 13, 16, 18), which we describe
in Table 3 (see also Supplemental Materials) and interpret below.

MF1: Fine Mudstone—Beds of fine mudstone with basal laminae
(Fig. 7) are interpreted as fine-grained densites. MF1a represents waning
flows that eroded the substrate to produce basal scours and subsequently
deposited basal laminae, cross-laminae, and graded or structureless fine
mud. As the sharp basal surfaces of MF1a reflect erosion, they are bedding
planes that separate very thin beds (Fig. 7E). The scours and silt laminae of
MF1a resemble those from other studies that are associated with bedload
transport of mud (Schieber et al. 2007; Schieber and Southard 2009; Yawar
and Schieber 2017).

In contrast to MFla, laminae in MF1b (fine mudstone with parallel
laminae; Fig. 8) are not associated with scours. Therefore, the mud that
forms MF1b is interpreted to have settled from suspension.

The burrowed fine mudstone (MFlc; Fig. 9) may reflect a variety of
processes that, due to burrowing, are difficult to reconstruct. Some of the
burrowed fine mudstones bear calcispheres (Fig. 9), however, which
indicates deposition by settling from suspension through the water column
(see MF4: calcisphere packstone). There are also indications that some
beds of MFlc are the product of more dynamic processes, such as
sediment gravity flows: The burrowed fine mudstones often contain the
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Fi. 10.—MF2: shell-fragment muddy sandstone, interpreted to represent reworked deposits. A) Thin-section overview showing fine shell fragments in most of the fabric,
with subordinate coarser shell fragments and mud-filled burrows. B, C) The shell fragments are cemented together and sometimes filled in with pyrite. D, E) Sample that
shows calcareous shell fragments in a siliceous matrix. F, G) The characteristic fishhook shape of Phycosiphon sp., which is often associated with event deposition (e.g.,

Rodriguez-Tovar et al. 2014).

trace fossil Phycosiphon sp. (Fig. 9B), which has been linked to early
colonization following rapid sedimentation events (e.g., Rodriguez-Tovar
et al. 2014). The sand-size peloids, preserved in carbonate concretions of
several fine mudstones (Fig. 8B), suggest that the primary texture of the
mud was peloidal. Peloids can be transported as bedload (Schieber et al.
2013; Birgenheier and Moore 2018). Some of the fine mud is associated
with outsized clasts, such as shell fragments and plant material in FA2 (see
Witmer 2007). In summary, the burrowed fine mudstones of the McCarthy
Formation may represent background sedimentation but also more
dynamic processes.

MF2: Shell-Fragment Muddy Sandstone.—Fragmented shallow-
water bioclasts suggest that beds of this microfacies (Fig. 10) represent
reworked deposits. The high intensity of bioturbation makes it difficult to
recognize sedimentary structures, and thus the depositional processes
behind the reworking and deposition of shallow-water bioclasts in deeper
water are unclear. The deposition of beds of this microfacies likely
occurred episodically, as the presence of Phycosiphon sp. (Fig. 10F) is
often associated with event deposits (e.g., Rodriguez-Tovar et al. 2014).

MF3: Glauconitic Sandstone.—Glauconitic sandstones (Fig. 11)
represent multiple depositional processes in a chemical environment that
was suitable for in situ glauconitization. Since glauconitization is observed
in both reworked and pelagic clasts, we interpret it as having occurred in
situ. The uniform size and well-rounded shape of the glauconite grains
indicate that the majority are glauconitized fecal pellets. Fecal pellets can
form in situ but can also be transported over long distances (Schieber
2016), and the association of these pellets with reworked clasts, such as
shell fragments (Fig. 11B), suggests that the fecal pellets underwent
transport. Alternatively, the grains may represent abraded micritized
skeletal grains. Other grains include foraminiferal tests (Fig. 11F) and
fossils of Heterastridium, a hydrozoan with a planktic lifestyle (Schéfer
and Grant-Mackie 1998).

MF4: Calcisphere Packstone.—Beds of this microfacies (Fig. 13) are
the product of settling from suspension of pelagic skeletal material.
Calcisphere packstones have often been interpreted as deposits of blooms
that produce pelagic event beds (e.g., Tew 2000; Wilkinson 2011; Omafa
et al. 2014). We interpret blooms to have caused rapid, episodic deposition
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of calcispheres, which outpaced the muddy background sedimentation to
form packstones. The interpretation of episodic blooms is also supported
by the presence of Phycosiphon sp. (Fig. 13).

MFS5: Spiculitic Sandy Mudstone—The relatively poorly sorted
assemblage of broken bioclasts suggests that this microfacies is the product
of reworking (Fig. 16). This microfacies occurs in cherts and carbonate
concretionary horizons. These rocks have a similar spiculitic framework,
but the concretions contain less mud and more sparite (Fig. 16C—F). We
interpret the textural contrast between cherts and concretions as the result
of winnowing, which removed the fine siliceous mud from the beds in
which carbonate concretions would grow soon after, during early
diagenesis.

MF6: Laminated Sandy Mudstone.—The medium to thick beds of
MF6a show bigradational sorting—reverse to normal grading within the
same bed (Fig. 17C)—and are therefore interpreted to represent bottom-
current deposits (i.e., contourites). Whereas bigradational sorting is a
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Fic. 11.—MF3: glauconitic muddy sandstone, interpreted to represent reworking followed by in situ glauconitization. A) Thin-section overview. B, C) The glauconite is
associated with reworked shell fragments and subordinate spicules. D, E) The uniform, well-rounded glauconite grains are interpreted as glauconitized fecal pellets. F, G)
Some glauconite grains are glauconitized microfossils, evidenced by the internal, foraminiferal, structures of these grains.

diagnostic criterion for contourites (e.g., Stow and Faugeres 2008; Rebesco
et al. 2014; Rodriguez-Tovar et al. 2019), it has also been associated with
hyperpycnal flows (e.g., Shanmugam 2018). In the McCarthy Formation,
there is no evidence for fluvial influence on the depositional environment,
so a contouritic origin seems likely. The basal, coarsening-upward
laminaset and the small-scale cross-laminae in the lower part of beds
(Fig. 18D-F) represent the waxing phase of the bottom current, whereas
the planar laminae in the coarsest interval represent the peak flow velocity
(Fig. 18A—C). The fining-upward laminaset represents the waning phase of
the bottom current (Fig. 18A).

The wavy fabric that distinguishes MF6b (Fig. 18G) is interpreted to
represent microbial mats (see Schieber 2007). Given the setting of the
McCarthy Formation, below storm wave base, the organic filaments that
sometimes drape the wavy laminae are interpreted as the lamellar remnants
of aphotic microbial mats. Although this microfacies comprises biogenic
fabrics, most of the fabric consists of detrital calcite grains, which, based
on the association with MF6a, were probably deposited by bottom currents.
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Fic. 12.—Facies association 2, interpreted as a sediment-starved outer-ramp environment on a siliceous carbonate-ramp. A) Photograph taken toward the west. FA2 is
slope-forming and consists mostly of thin beds of burrowed fine mudstone (MF1c¢). The more prominent, thicker beds typically consist of calcisphere packstone (MF4). B) A
syndepositional folding structure interpreted as a slump. Red arrow marks person for scale.

Sedimentology of the Outer McCarthy Ramp

Sediment Shedding to the Outer Ramp.—The absence of evidence
for wave influence on the mudstones of the McCarthy Formation indicates
that deposition took place below storm wave base. The depositional
environment of the formation may, thus, be referred to as an outer ramp
(sensu Burchette and Wright 1992).

We can infer that the outer ramp was a linear-sourced system (Reading
and Richards 1994). The reworked bioclasts in MF2 and MF5 were
produced in the biogenic sediment factory (e.g., Figs. 10, 16) which
follows bathymetric contours and is therefore a linear sediment source. For
this reason, the basin-scale architecture of the McCarthy Formation
probably resembles that of linear-sourced siliciclastic slopes, in which
lobes of reworked sediment are deposited everywhere, but not necessarily
at the same time, along depositional strike (e.g., Surlyk 1987).

In the McCarthy Formation, reworked shallow-water sediment is
concentrated stratigraphically in thick-bedded intervals (Figs. 6, 14),
which are interpreted as lobe complexes (Fig. 19). Although most shallow-
water grains are coarser skeletal grains (Figs. 10, 16), the lobe complex of
FA1 also contains densitic mud (Fig. 7). Biogenic mud in ramps has been
shown to be not only the product of background sedimentation but also to
have been deposited by more dynamic processes (e.g., Schieber et al. 2013;
Birgenheier and Moore 2018). In FAl (Fig. 6), when shedding of
calcareous skeletal grains and mud was not taking place, glauconitization
took place (Fig. 11), nodules and concretions formed (e.g., Fig. 7A), and
pelagic mud was deposited. The lobe complexes of FA1 and FA3 illustrate
the impact of sediment gravity flows as a sediment delivery mechanism to
the outer ramp, which is in line with previous studies that stress the role of
reworking on ancient ramps (e.g., Puga-Bernabéu et al. 2014).

The alternation of thick-bedded (FA1 and FA3) and thin-bedded
intervals (FA2 and FA4) represents fluctuating sediment supply to the
outer ramp. The thick-bedded intervals represent lobe complexes, and the
thin-bedded intervals were deposited when supply of shallow-water
sediment to the outer ramp was reduced. The latter represent sediment-

starved environments. This is evidenced by the relative scarcity of shallow-
water skeletal grains, higher bioturbation indices (Figs. 9, 13), and low
Rhaetian linear sedimentation rates (part of FA2) compared to the
Hettangian (Table 2). Sediment-starved environments were dominated by
background sedimentation, which is represented by burrowed fine
mudstones (Fig. 9) and by calcisphere packstones, which represent pelagic
blooms (Fig. 13). Though shedding of shallow-water skeletal grains was
reduced, fine mud was still delivered to the outer ramp by turbidity
currents. This behavior is similar to siliciclastic deepwater systems, where
turbidity currents deliver mud to the basin floor when sand supply is
reduced (Boulesteix et al. 2021).

Bottom Currents on the Outer Ramp.—The transition from
MacKevett’s (1963) lower (FA1 and FA2) to upper (FA3 and FA4)
members reflects not only renewed sediment shedding to the outer ramp
but also a change in the bottom-current regime: in the Hettangian, bottom
currents started impacting deepwater sedimentation.

Few contourites have been identified in the Mesozoic so far (Creaser et
al. 2017). The recognition of contourites in the rock record is still
notoriously difficult, and even more so when the bottom current has
modified a densite or turbidite (Stow and Smillie 2020), as is the case in
the McCarthy Formation.

Bottom currents interact with topographic obstacles on the seafloor, such
as oceanic plateaus, and this interaction deflects the currents and may
increase their velocity (see Fig. 6a in Hernandez-Molina et al. 2006, 2008).
The increasing impact of bottom currents on the depositional environment of
the McCarthy Formation may represent changing oceanographic conditions
related to the tectonic journey of the seamount to higher latitudes or changes
in oceanic circulation in Panthalassa related to climate change.

The sets of large-scale low-angle cross-stratification in FA3 (Fig. 15) are
interpreted as a bottom current-induced sediment drift. FA3 contains
channelforms (Fig. 15), dune cross-bedding (Fig. 14), and winnowed beds
(Fig. 16C-F). In FA3, the textural contrast between carbonate concretions
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FiG. 13.—MF4: calcisphere packstone, interpreted to represent pelagic bloom deposits. A) Thin-section overview. The darker material represents mud-filled burrows. B-G)
Outside the burrows, the fabric is rich in calcite cement. D, E) Phycosiphon sp. is associated with event deposition (e.g., Rodriguez-Tovar et al. 2014), which supports the

interpretation of episodic blooms.

and cherts—both rich in siliceous spicules—is interpreted to be the product
of winnowing by bottom currents: after muddy spiculitic sediment was
shed to the outer ramp, bottom currents were strong enough to form
subaqueous dunes of skeletal sand (Fig. 14) and to winnow siliceous mud
from the strata in which carbonate concretions grew (Fig. 16C—F). Beds
that were not affected by bottom currents contained enough siliceous mud
to undergo chertification during burial (Fig. 16G).

Sets of large-scale cross-stratification in ramp records are often
interpreted as progradational clinoforms on the slope of distally steepened
ramps (e.g., Puga-Bernabéu et al. 2010, 2014), but compared to these
examples, the sets of cross-stratification at Grotto Creek are smaller and
less steep (Fig. 15). FA3 represents an outcrop analogue for biogenic drift
systems that have been observed in seismic profiles (e.g., Reolid et al.
2019).

FA4 is not as well exposed as FA3, but sets of large-scale low-angle
cross-stratification are not visible in the available outcrop (Fig. 17A).
Nevertheless, FA4 is characterized by current-laminated fabrics and by
bigradational beds (Fig. 17C), which we interpret as the product of bottom
currents.

DISCUSSION
Rhaetian and Earliest Hettangian Sediment Starvation

The facies associations defined in this study represent changes in the
composition and rate of biogenic sediment shedding from shallow water to
the outer ramp. During deposition of FA2 (latest Norian Cordilleranus to
earliest Hettangian Polymorphum zones; Caruthers et al. 2022), the outer
ramp was sediment starved. Reduced biogenic sediment production rates
on the ramp, combined with ongoing post-volcanic thermal subsidence
(Trop et al. 2002), resulted in a long-term relative sea-level rise, a
shutdown of sediment shedding to the basin, and sediment starvation on
the outer ramp. This interval of sediment starvation lasted ~ 8.9 Myr (Fig.
4).

Sedimentation rates in the Rhaetian part of FA2 are much lower than in
its Hettangian part, however (Table 2). Since there is no change in facies at
the Triassic—Jurassic boundary, we conclude that the Rhaetian at Grotto
Creek, though biostratigraphically complete (Caruthers et al. 2022), must
contain several short hiatuses, without obvious unconformities, that
explain lower sedimentation rates in the same facies. We infer that these
Late Triassic hiatuses represent time intervals when the production of
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FiG. 14.—Facies association 3, interpreted as an outer-ramp lobe complex on a glass ramp. A) Photograph taken toward the west. B) FA3 consists of dark spiculitic chert
and buff spiculitic concretionary horizons (both MF5). Red arrow marks hammer for scale. C) Sigmoidal cross-stratification that downlaps toward the right onto the bedding
plane, interpreted as dune cross-stratification. D, E) Set of cross-stratification. Apparent dip directions are an artifact of the shape of the outcrop in the creek and represent

dune migration directed away from the camera. Red arrow marks hammer for scale.

biogenic sediment either decreased or ceased. Calcisphere beds, which can ~ zone euxinia (e.g., Kasprak et al. 2015; Fujisaki et al. 2018) on shallow-
be recognized throughout FA2 (Fig. 13), suggest that if carbonate  water carbonate producers.
dissolution occurred, it was not persistent but limited to several short Eustatic sea-level fluctuations had a minimal impact on the depositional
phases. environment of FA2. A long-term relative sea-level rise, resulting from
Other Panthalassan records also suggest that sediment production rates  post-volcanic subsidence, contributed to the shutdown of sediment
may at times have been reduced due to the Late Triassic evolutionary  shedding during the deposition of FA2 but no major shorter-term sea-
turnover of radiolarians (e.g., Ward et al. 2001) and due to the impact of  level fluctuations can be recognized within this interval. At the Triassic—
ocean acidification (e.g., Greene et al. 2012; Ikeda et al. 2015) and photic-  Jurassic boundary, a “regressive—transgressive couplet”—a eustatic sea-
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Fi6. 15.—The large-scale architectural elements of FA3, interpreted as a bottom current-induced sediment drift. Continuous black lines mark planar-bedded stratification,
dotted black lines mark low-angle cross-stratification, and the dotted red lines mark channelforms. The sets of cross-stratification have a height of 10—17 m and corrected dip

angles of 6-8° (Heinhuis 2020). Part A was photographed toward the west in the Grotto Creek section. Parts B and C were photographed toward the southwest from an
airplane about 2 km west of the Grotto Creek section.

level fall followed by a sharp rise—has been inferred (e.g., Hallam and
Wignall 1999; Schoene et al. 2010). This sea-level record is found
consistently across Europe (Hallam and Wignall 1999) and has also been
recognized in a few Panthalassan sections (e.g., Wignall et al. 2007,
Schoene et al. 2010; Peybernes et al. 2020). In the shallow-water sections
of the Canadian continental margin, for example, the expression of the
regressive phase is a major hiatus within the Rhaetian (Wignall et al. 2007).
In deepwater environments, such as the outer McCarthy ramp, a sea-level

fall should result in a basinward shift of facies and in the emplacement of a
lowstand wedge, neither of which we observed in FA2.

The eustatic sea-level rise that is hypothesized to have followed the
initial eustatic sea-level fall (Hallam and Wignall 1999; Schoene et al.
2010) should have resulted in a phase of condensation on the outer ramp in
the earliest Hettangian. At Grotto Creek, however, the early Hettangian has
a higher sedimentation rate than the Rhaetian. The lack of evidence for
either a pronounced regressive or transgressive phase superposed on the
longer-term transgression supports other studies that discount the eustatic

10-896.pdf
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Fic. 16.—MFS5: spiculitic sandy mudstone, interpreted to represent reworked deposits. This microfacies is present in the cherts and carbonate concretions of FA2. A) Thin-

section overview of a spiculitic chert. B) Phycosiphon sp., which is associated with punctuated deposition (e.g., Rodriguez-Tovar et al. 2014). C—F) Concretions show
siliceous spicules, which are filled with chalcedony, in sparry cement. G, H) Spiculitic chert. The concretions and the cherts both contain spicules, but the concretions contain
less mud and more sparite than the cherts. This is interpreted to represent winnowing by bottom currents of the beds in which concretions would grow during early diagenesis.

nature of sea-level fluctuations at the Triassic—Jurassic boundary and their
potential role as a global cause for mass extinction (e.g., Lucas and Tanner
2018).

Hettangian Recovery as a Glass Ramp

Following the mass-extinction interval, a recovery of the biogenic
sediment factory is recorded in the McCarthy Formation at the boundary
between the lower and upper members. This boundary marks a transition in
the composition of shallow-water skeletal grains shed to the outer ramp
from calcareous to siliceous. Thus, in the Hettangian, the depositional
environment changed from a siliceous carbonate ramp to a glass ramp (Fig.
19).

The lower member represents the outer ramp of a siliceous carbonate
ramp (Fig. 19). The facies that constitute the lower member are siliceous
(Fig. 5A) and contain radiolarian tests, chert nodules, and microcrystalline
silica (Fig. 5B). Most shallow-water skeletal grains in the lower member,
however, are calcareous shell fragments, which form packstones (Fig. 10)
or are incorporated in other facies (e.g., Fig. 11). Calcite-secreting

organisms were the main contributors to sediment production in the
shallow-water biogenic sediment factory during the Norian.

The glass-ramp environment of the upper member (Fig. 19) is reflected
in the spiculitic microfacies (Fig. 16), which is similar to the transported
spiculite facies of other Hettangian glass ramps (Ritterbush et al. 2014,
2016). The more siliceous nature of the upper member is also evidenced by
bedded cherts, which are present only in the upper member (Fig. SA), and
by the quartz/calcite intensity ratios, which are generally higher in the
upper member than in the lower member (Fig. S4). Although the upper
member also contains minor calcareous skeletal grains and calcareous
lithologies, most are concretions that, like most cherts, also contain
spicules (Fig. 16C—F). The upper member therefore represents outer-ramp
environments with a spiculitic sediment supply on a glass ramp, rather than
deeper biofacies following a Hettangian eustatic deepening.

The transition from a siliceous carbonate ramp to a glass ramp recorded
in the McCarthy Formation suggests that the biogeochemical regime that
favored biosiliceous sedimentation was widespread in the Hettangian. The
transition observed in this study is consistent with coeval records from the
continental margins of Pangea (Delecat et al. 2011; Ritterbush et al. 2014,
2015, 2016). The presence of a glass ramp on Wrangellia, an isolated
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Fi6. 17.—Facies association 4, interpreted as a sediment-starved outer-ramp environment on a glass ramp. A) Photograph taken toward the west. FA4 is slope-forming,
although the upper half of FA4 also contains prominent beds. B) Most beds are thin and consist of burrowed fine mudstone (MF1c). C) Some of the thicker beds show
bigradational sorting and are interpreted as contourites (MF6a). D) Some thicker beds are horizons of coalesced concretions, which can represent contourites (MF6a) and
microbial mat colonization (MF6b).

oceanic plateau in the open Panthalassan Ocean (see also Jones et al. 1977,
Trop et al. 2002), supports the hypothesis that weathering of CAMP basalts
caused a global increase in oceanic silica concentrations, which promoted
biosiliceous sedimentation and resulted in widespread glass ramps in the
Early Jurassic (Ritterbush et al. 2015).

The transition to a glass ramp coincides with the base of the Mulleri
Zone and occurred ~ 400 kyr after the Triassic—Jurassic boundary (Fig. 4).
This timing is comparable to the ~ 600 kyr recovery reported in Peru and
is consistent with the calculated timescale at which the weathering of
CAMP basalts would have increased global oceanic silica concentrations
(Ritterbush et al. 2015). This suggests that the increased silica supply on
Wrangellia reflects a global signal rather than increased silica input from
local Wrangellian basalts (i.e., the underlying Nikolai Greenstone). This is
supported by the low Al%, which shows that total terrigenous sediment
input to the ramp was low (Fig. 5A) and is consistent with the
interpretation by Trop et al. (2002, p. 709) that there was “a general
lack of high-relief, basin-bounding source terranes and volcanism” when
the sediments of the McCarthy Formation were deposited.

The transition from a siliceous carbonate ramp to a glass ramp in the
Hettangian coincided with an order-of-magnitude increase in linear
sedimentation rates from FA2 to FA3 (Table 2). The low Rhaetian linear
sedimentation rates represent a shutdown of sediment shedding and several
short phases of stratigraphic condensation during and immediately after the

end-Triassic mass extinction, whereas the higher Hettangian sedimentation
rates represent the reactivation of the outer-ramp lobe complex as a result
of increased sediment production during a proliferation of silica-secreting
biota. This contrast illustrates the role of sediment production in the
shallows in controlling the rate and the composition of the sediment supply
to the outer ramp.

CONCLUSIONS

The McCarthy Formation represents Late Triassic to Early Jurassic
biosiliceous sedimentation on a tropical outer ramp on Wrangellia.

¢ The ramp had a depositional dip toward the southwest.

¢ In both members of the McCarthy Formation, reworked sediment is
concentrated in stratigraphic intervals that are interpreted as outer-ramp
lobe complexes. The strata outside of lobe complexes represent
sediment-starved outer-ramp environments where background sedi-
mentation dominated.

* The sediment-starved interval in the Rhaetian and earliest Hettangian
represents the end-Triassic mass extinction and its aftermath during
which sediment shedding from the shallow ramp was inactive and
pelagic sedimentation dominated.
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MF6a
Laminated sandy mudstone

PPL
MF6b
Sandy mudstone with wavy laminae

G

Plozam B XPL

FiG. 18.—MF6: laminated sandy mudstone. A—F) MF6a is characterized by more planar laminae compared to MF6b and occurs in beds with bigradational sorting, which
are interpreted as contourites. A—C) In thin section, the coarsest middle part of such beds contains planar-parallel laminae representing peak flow velocity. D—F) The finer
material at the base of the bigradational beds contains slightly more siliceous fine mud, as well as basal and cross-laminae. G-K) MF6b is characterized by wavy laminae and
represents a detrital deposit that was colonized by microbial mats. The laminae are sometimes draped by lamellar organic material (opaque).
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upper member
Spiculitic glass ramp

lower member
Siliceous carbonate-ramp

@ Siliceous biota (sponge)

o~ Calcareous biota

/ Bioclast fragment
Calcisphere bloom

S Dunes
Contourite drift
Contour current

AAA Microbial mat
6(( Slump
& Muddy lobe
<+f Glauconitic lobe
@ Biocalcitic lobe

) @ Spiculitic lobe
Phases with elevated

.-=~ CCD during Rhaetian

FiG. 19.—Schematic summary of the depositional environments of the McCarthy Formation. No scale is intended. The McCarthy Formation represents an outer ramp with
a fluctuating supply of reworked shallow-water sediment, marked by the alternation of lobe complexes (FA1 and FA3) and sediment-starved environments (FA2 and FA4).
During the deposition of the upper member, bottom currents affected deposition on the outer ramp. The member boundary marks a transition from a siliceous carbonate ramp
to a spiculitic glass ramp in the Hettangian. This transition coincides with an order-of-magnitude increase in sedimentation rates, which illustrates how increased shallow-

water sediment production can increase the sediment supply to the outer ramp. SWB, storm wave base.

* The Rhaetian is characterized by low sedimentation rates and
stratigraphic condensation, which we infer is concentrated in several
short hiatuses.

* During the Norian and Rhaetian, the lower member was deposited in
the outer-ramp environments of a siliceous carbonate ramp. From
Hettangian onwards, the upper member was deposited in the outer-
ramp environments of a spiculitic glass ramp. This evolution represents
a recovery phase of silica-secreting biota on Wrangellia following the
end-Triassic mass extinction. This is consistent with coeval records
from Pangea and supports the hypothesis that weathering of the Central
Atlantic Magmatic Province increased global oceanic silica concentra-
tions (e.g., Ritterbush et al. 2015; Ritterbush 2019).

* The member boundary represents the reactivation of sediment shedding
and the onset of bottom current activity. Bottom currents resulted in a
sediment drift on the outer ramp during the Hettangian.

* An order-of-magnitude increase in sedimentation rates at Grotto Creek
from the Rhaetian to the Hettangian coincided with the transition from
a siliceous carbonate ramp to a glass ramp, the reactivation of sediment
shedding, and the onset of bottom-current activity.

SUPPLEMENTAL MATERIAL

Supplemental material is available from the SEPM Data Archive: https://
www.sepm.org/supplemental-materials.
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