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ABSTRACT

The Norian-Rhaetian boundary (Late Triassic) represents an important precursor extinction event to the end-
Triassic mass extinction, but the biotic and geochemical shifts are not well-understood due to poor strati-
graphic constraints. Here we examine the microfossil record for metazoans and protists on a Panthalassan car-
bonate ramp (Gabbs Formation, Nevada, U.S.A.) during the late Norian to mid-Rhaetian, and correlate changes
in these assemblages with macrofossil shifts and geochemical data (strontium and carbon isotopes). In the latest
Norian, demosponge spicules represent a small proportion of shallow marine biosediments. Demosponges are
joined in the earliest Rhaetian by increasingly abundant hypersilicified sponge spicules and silica-limited hex-
actinellid sponge spicules synchronous with a negative strontium isotope excursion indicating increased hy-
drothermal or volcanic activity. Common carbonate microfossils such as echinoderm ossicles and ostracods are
typically silicified in these deposits as well, suggesting increased silicic porewater. The source for increased
dissolved silica in shallow marine systems is suggested to be hydrothermal vent degassing, likely associated with
increased tectonic rifting activity. Mid-Rhaetian microfossil assemblages exhibit evidence for intermitted anoxia
in reducing conditions, supporting a scenario in which environmental stress was a prolonged feature of much of
the Rhaetian Stage, rather than a short-term event in the terminal Rhaetian. While there is no marine sedi-
mentary record of volcanism recognized for this interval, biosedimentary assemblages may serve as proxies for
geochemical conditions associated with rifting.

1. Introduction

radiolarians across the NRB (Lucas and Tanner, 2018; Rigo et al., 2020)
suggests that an end-Norian extinction event may have occurred, the

The Late Triassic is an interval of significant environmental change.
Recent work has recognized that much of this change may have taken
place in the latest Norian and earliest Rhaetian (Callegaro et al., 2012;
Zaffani et al., 2017, 2018; Rigo et al., 2020; Schoepfer et al., 2022). The
Norian-Rhaetian boundary (NRB) is not well understood, however, and
exploration of the potential geochemical shifts near the boundary and
the implications for the environmental upheaval at the end of the
Triassic Period are only beginning. Additionally, faunal turnover at the
NRB is poorly constrained, as many Norian-Rhaetian or Upper Triassic
sections are undifferentiated, but a decline in the biodiversity of am-
monoids, bivalves, and conodonts as well as a major turnover in

causes of which are not presently known (Rigo et al., 2020). With
numerous remaining unknowns, the Late Triassic, and NRB specifically,
present a promising opportunity to evaluate the environmental,
geochemical, and faunal changes leading into a mass extinction.
Multiple stable isotope systems support the hypothesis that the
earliest Rhaetian was a time of significant geochemical shifts. Beginning
with an apparently global organic carbon isotope excursion (CIE) in
marine deposits across the NRB (Zaffani et al., 2017; Rigo et al., 2020),
the early Rhaetian is also associated with faunal turnover in both mac-
rofossils (Laws, 1982; Tackett and Bottjer, 2016) and microfossils,
including radiolarians and conodonts (see Rigo et al., 2020).
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Additionally, a substantial negative strontium isotope excursion (SIE)
begins at the NRB and continues to fall until the Middle Jurassic (Korte
et al., 2003; Callegaro et al., 2012; Tackett et al., 2014; Kovacs et al.,
2020). Strontium isotopic values reflect the relative input of eroded
continental crust (more positive values) or eroded basalts, hydrothermal
fluids, or volcanic degassing inputs (more negative values) (Taylor and
Lasaga, 1999; Veizer et al., 1999). The negative SIE in the Early Jurassic
has been previously interpreted to reflect the non-radiogenic input of
weathered of basalts associated with the emplacement of the Central
Atlantic Magmatic Province (CAMP) (Tackett et al., 2014; Korte et al.,
2019), though this excursion begins at the NRB, suggesting an earlier
geochemical influx of non-radiogenic strontium. The potential sources
for the SIE (increased rifting rates, volcanic activity, rapid ophiolitic
erosion) could also be expected to cause environmental changes. The
latest Rhaetian is also marked by a significant negative CIE associated
with the end-Triassic mass extinction interval and acidifying conditions
in the oceans (Guex et al., 2004; Ward et al., 2007; Guex et al., 2009;
Greene et al., 2012; Thibodeau et al., 2016; Korte et al., 2019). A pre-
cursor negative CIE found below the extinction interval in the Gabbs
Formation of western Nevada, USA, (Larina et al., 2021) provides
additional evidence that the Rhaetian experienced multiple geochemical
and possibly environmental shifts throughout its duration.

The implementation of a microfossil survey, which includes all
taxonomic groups and their preservation, provides useful insights to
environmental and faunal changes that are not well expressed in the
rock or macrofossil records. Biogenic sediments of many kinds make up
a considerable amount of the carbonate rocks which record the NRB
through the end of the Triassic in North America, and most microfossil
studies focus on the dynamics of one or two specific groups (e.g., radi-
olarians and conodonts). Biosediments not only provide important
faunal information, they may also be used as proxies for specific envi-
ronmental features. For example, the proliferation of lithistid demo-
sponge spicules in the Lower Jurassic deposits from the Sunrise
Formation are interpreted to represent evidence for increased dissolved
silica (silicic acid or DSi) as a result of volcanic erosion related to CAMP
volcanism (Ritterbush et al., 2014, 2016). Accumulations of phosphatic
microfossils, like teeth, have been used as evidence of condensation to
recognize important sequence stratigraphic surfaces such as trans-
gressive surfaces and maximum flooding surfaces (Kidwell, 1989;
Follmi, 2016).

Changes in the taphonomy of microfossils may also indicate changes
in pore water geochemistry. The phosphatization of microfossils can be
linked with early diagenesis resulting from altered pore water redox
conditions (Brett and Baird, 1986; Dattilo et al., 2019; Freeman et al.,
2019). Likewise, the pyritization of fossils is often associated with
lowered oxygen and pH in pore waters (Brett and Baird, 1986).
Conversely, early silicification of fossils in shallow sediments necessi-
tates only a slight decrease in pH (enough to preference silica deposition
over carbonate) and silica-saturated pore waters. While the preservation
of microfossils can be informative as individual groups (original
mineralogy, silicified, pyritized, and phosphatized), together they can
provide a suite of proxy data that illustrate geochemical changes in the
shallow marine sediments, many of which (dysoxia and acidification
most notably) impacted the benthic community as a whole.

Furthermore, biogenic sediments can also reveal population dy-
namics of taxa that are unlikely to preserve as articulated specimens,
such as vertebrates, echinoderms, and sponges. Whole sponges are not
commonly found in macrofossil studies and have largely gone unre-
ported as a component of the benthic community in the Gabbs Forma-
tion (Laws, 1978, 1982; Tackett and Bottjer, 2016). Sponge spicules can
also be difficult to discern in petrographic thin section analysis due to
rarity or surrounding silicification. Many paleoecological analyses
depend on shelly invertebrate macrofossils to characterize ecological
structure and faunal change but are likely to overlook many-element
taxa despite their prolific biogenic mineral production. Thus, micro-
fossils can provide important information about the presence and
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abundance of macrofauna in shallow marine environments.

The Gabbs Formation in Nevada, U.S.A., represents an ideal strati-
graphic interval to document biosediment populations and preservation
given its extensive biostratigraphic (Laws, 1982; Orchard et al., 2007;
Taylor et al., 2021), and sedimentological frameworks (Taylor et al.,
1983; Clement and Tackett, 2021), paleoecological work (Muller and
Ferguson, 1936, 1939; Laws, 1982; Tackett and Bottjer, 2016), and
developing Norian-Rhaetian geochemical framework (Rigo et al.,
2020). In this interval, macrofossil benthic assemblages, composed of
primarily shelly invertebrates, show both faunal and ecological turn-
over; however, few studies have documented changes in multi-element
invertebrates or their vertebrate predators more often preserved as mi-
crofossils. Microfossil assemblages and their preservation may also shed
light on geochemical changes across the NRB indicated by recent carbon
isotopic evidence (Rigo et al., 2020) and correlative strontium isotope
excursions (Veizer et al., 1999; Korte et al., 2003; Tackett et al., 2014).
The sedimentological framework of the Gabbs Formation also aids in
studies across the NRB in addition to containing a well-studied Tri-
assic—Jurassic boundary (TJB) section adding useful long-term geologic
context (Laws, 1982; Taylor et al., 1983; Hallam and Wignall, 2000;
Guex et al., 2004; Clement and Tackett, 2021). Recent sedimentological
work in the Rhaetian provided evidence that in the latest Triassic, ocean
acidification was decoupled from the loss of carbonate facies in the
Gabbs Formation (Clement and Tackett, 2021). However, detailed cor-
relation of geochemical, biological, and sedimentological changes is
poorly constrained below the end-Triassic mass extinction interval,
despite evidence for significant changes in seafloor spreading (Callegaro
et al., 2012; Kovacs et al., 2020) and faunal change in the latest Norian
and across the NRB (Tackett et al., 2014; Tackett and Bottjer, 2016). The
sedimentological, geochemical, and biological frameworks present in
the Gabbs Formation allow for a facies-controlled survey of microfossil
assemblages from the late Norian to the mid-Rhaetian to better define
environmental and faunal shifts in eastern Panthalassa and place them
in a regional and global context.

1.1. Geologic setting

The Gabbs Formation, in its type-area in the vicinity of New York
Canyon (Fig. 1), is divided into three members; the Nun Mine Member,
Mount Hyatt Member, and the Muller Canyon Member (Taylor et al.,
1983). These members, both the older informal units and present
members, were originally defined on lithology (Muller and Ferguson,
1936, 1939; Taylor et al., 1983) with the Nun Mine Member consisting
primarily of shales with minor lime mudstone, the Mount Hyatt Member
consisting of primarily grainy carbonate beds (mudstone-packstone and
floatstone beds), and the Muller Canyon Member consisting of siltstone
with carbonate cement (Muller and Ferguson, 1936, 1939; Laws, 1982;
Taylor et al., 1983; Clement and Tackett, 2021). The facies that comprise
these members were further defined by Clement and Tackett (2021).
With this stratigraphic framework, the Nun Mine Member primarily
consists of interbedded calcareous shale (facies CS) and purple lime
mudstone (facies PLM), the lower part of Mount Hyatt member of
shallowing-upwards packages of skeletal packstone-floatstone (facies
SPF) and hashy skeletal packstone (facies HSP), the upper part of the
Mount Hyatt Member of interbedded silty lime mudstone-wackestone
(facies SLMW) and calcareous siltstone (facies CSt) (Clement and
Tackett, 2021). Together these are interpreted to represent a shallowing-
upwards mixed carbonate-siliciclastic ramp.

The Gabbs Formation also contains two important boundaries, the
Norian-Rhaetian boundary (NRB) and the Triassic-Jurassic boundary
(TJB). The NRB is classically defined by ammonoid and conodont
biostratigraphy (Taylor and Guex, 2002; Orchard et al., 2007; Taylor
et al., 2021) and has historically been placed within or below the Nun
Mine Member biostratigraphically, based on the ranges of the ammo-
noid Paracochloceras amoenum Mojsisovics, 1893 (Taylor and Guex,
2002; Taylor et al., 2021) and conodonts Epigondolella mosheri (Kozur
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Fig. 1. Regional and geological map of New York Canyon in the Gabbs Valley Range, Nevada, U.S.A. The geological map is modified from Clement and Tackett
(2021) to depict the Late Triassic localities in the New York Canyon area that were sampled for microfossils. Locality names: WH- Windy Hill, MT- Mine Test, LLDW-
Lower Luning Draw West, LD- Luning Draw, NYC- New York Canyon Road, MC- Muller Canyon. Map area: northwest corner (38° 30’ 6.552” N, 118° 6' 25.704” W),
southeast corner (38° 7' 38.676” N, 117° 21’ 24.408” W). GPS locations of the individual measured sections are available in Supplemental Table 1.

and Mostler, 1971) Buryi, 1989 and Epigondolella bidentata Mosher,
1968 (Orchard et al., 2007). Strontium isotope analysis by Tackett et al.
(2014) showed the 8Sr/5%sr shift from higher and more erratic Norian
values in the lower portion of the Mount Hyatt Member [identified in
Tackett et al., 2014 as the Nun Mine Member] to lower and more stable
Rhaetian values in the upper portion of the Mount Hyatt Member, thus
placing the NRB higher in the stratigraphy within the Mount Hyatt
Member. A negative carbon isotope perturbation at approximately the
same stratigraphic position as the strontium shift, supports this slightly
higher position of the NRB (Rigo et al., 2020). Though these positions of
the NRB may appear in conflict, the strontium and carbon isotope shifts
are observed in a portion of the section not typically sampled for
biostratigraphy owing to a low abundance of ammonite fossils and few
shaly units. The lack of biostratigraphy data from this portion of the
section may account for the discrepancy in boundary location [though
see Lei et al., 2022’s discussion on the possible early Rhaetian placement
of the 87Sr/%0Sr excursion]. The TJB is found within the Muller Canyon
Member and is indicated by the first appearance of Jurassic ammonite
Psiloceras spelae Guex et al., 1998 (Taylor and Guex, 2002; Guex et al.,
2004; Ward et al., 2007; Taylor et al., 2021).

This work utilizes material collected from six localities of the Gabbs
Formation with stratigraphic sections measured in Clement and Tackett
(2021); Windy Hill (WH), Mine Test (MT), Lower Lunding Draw West
(LLDW), Luning Draw Type Section (LD), New York Canyon Road
(NYC), and Muller Canyon (MC) (Supplemental Fig. 1). Samples from
the uppermost 10 m of the Nun Mine Member were collected from the
Windy Hill, Luning Draw Type Section, and New York Canyon Road
localities. Samples from the approximately 50 m of the Mount Hyatt
Member were collected from the Windy Hill, Mine Test, Lower Luning
Draw West, New York Canyon Road, and Muller Canyon localities.

2. Methods

Samples were collected from six of the eight stratigraphic sections
measured in Clement and Tackett (2021), totaling 41 samples examined
for microfossils. Most samples (26) were selected from existing litho-
logic and bulk macrofossil samples of the skeletal packstone—floatstone
facies in Mount Hyatt Member (middle member) of the Gabbs Formation
owing to its larger overlap among columns (Clement and Tackett, 2021)
(Supplemental Fig. 1), its previous study for macrofossils (Muller and
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Ferguson, 1936; Laws, 1978, 1982; Hallam and Wignall, 2000; Tackett
and Bottjer, 2016; Larina et al., 2021; Taylor et al., 2021), the chemo-
stratigraphic position if the Norian-Rhaetian boundary (NRB) within
this unit (Tackett et al., 2014; though see Lei et al. (2022) for other
placement), and stable isotope characterization of the section (Rigo
et al., 2020). For comparison among facies, 7 samples were selected
from the purple lime mudstone (PLM) and 8 from the silty lime mud-
stone-wackestone facies (SLMW) (Clement and Tackett, 2021).

For each sample, carbonate lithology, following the modified Dun-
ham Classification system (Dunham, 1962; Embry and Klovan, 1971),
and facies interpretations, according to Clement and Tackett (2021),
were made using thin section petrography, bedding characteristics,
sedimentary structures, contacts, and macrofossils. Carbonate material
from these samples was further analyzed for microfossil material
including ichthyoliths. Following the buffered acetic acid solution
method outlined in Jeppsson et al. (1999), approximately 5-30 g of rock
fragments were placed in fiberglass net baskets and submerged in
buffered acetic acid solution. Buffered solutions were produced by
submerging rock fragments in 10% Glacial acetic acid for at least 24 h or
until there was no reaction with the solution. The resulting solution, now
containing dissolved carbonate, was then mixed with 12 M Glacial acetic
acid and deionized water at a ratio of 30:7:63. A subset of sediment
residues was produced using an unbuffered 10% acetic acid solution.
Sediment residues were then sieved into size fractions (>250 pm,
125-250 pm, 75-125 pm, and < 75 pm).

The >250 pm size fraction was analyzed under a Zeiss V.12 Focus
Precision microscope, and microfossils and relevant abiogenic sedi-
ments were attached to gridded microfossil trays using gum Arabic. In
order to establish abundance and higher-order diversity of microfossil
assemblages, the first 100 identifiable microfossils encountered
(excluding coprolites) were used for the analysis. Microfossils were
identified to the phylum or class taxonomic level, and rarefactions were
generated from these categories to confirm adequate sampling (Sup-
plemental Fig. 2). Additional notes on each microfossil were made
regarding taphonomy, preservation mineralogy, and quality. Samples
containing less than five microfossils in the first 5 cm® of material picked
were removed from the analysis. Of the original 41 samples selected and
processed, 34 samples produced microfossils and were used in the
analysis (24 facies SPF, 4 facies PLM, 6 facies SLMW).

2.1. SEM and EDS analysis

A limited number of extracted microfossils representing major
taxonomic groups and modes of preservation were selected for
photography and energy-dispersive spectroscopy (EDS) using a scanning
electron microscope (SEM). Specimens were adhered to a modified
paper tray using gum Arabic. Sample trays were attached to cylindrical
aluminum mounts with carbon adhesive tape (Ted Pella, Redding, Cal-
ifornia, USA). Mounted specimens were sputter coated (Cressington
108auto, Ted Pella, Redding, California, USA) with a conductive layer of
gold. Images were obtained with a JEOL JSM-6490LV scanning electron
microscope (JEOL USA, Inc., Peabody MA, USA); energy-dispersive X-
ray information was collected at an accelerating voltage of 15 kV using a
Thermo Scientific UltraDry silicon drift detector and Noran System
Seven imaging system (ThermoFisher Scientific, Madison WI, USA).

2.2. Quantitative analysis

Quantitative analysis of microfossil samples was carried out in R (R
Core Team, 2022) using RStudio (RStudio Team, 2022). Diversity was
calculated for each facies through time at the lowest taxonomic classi-
fications possible. Both Shannon's H and Simpson's 1-D diversity metrics
were used to account for the impact of hyper-abundant taxa. Evenness
was calculated using Pielou's J derived from the Shannon's H calcula-
tions. Diversity and evenness metrics were calculated using the R
package Vegan (Oksanen et al., 2022) in conjunction with the package
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Boot (Canty and Ripley, 2021; Davison and Hinkley, 1997) to generate
confidence intervals using the bootstrapping method with 1000 itera-
tions. Cluster analysis and non-metric multidimensional scaling ordi-
nation (NMDS) was carried out to identify broad trends in the data using
the R packages Cluster and Vegan (Maechler et al., 2021; Oksanen et al.,
2022). Co-occurrence of microfossils (based on presence/absence) with
one another and within specific facies and measured sections was
analyzed in a pairwise fashion using the R package Cooccur (Griffith
et al., 2016). Co-occurrence analysis was run both with and without
singleton taxa to identify and reduce their impact on overall trends. Co-
occurrence analyses were also run on microfossil grouping based on
preservation style, referred to herein as “taphotaxa”. Additional com-
parisons of specific microfossil taxa were carried out using xy plots.

3. Results
3.1. Taxonomic diversity

Sample residues produced microfossils from nine phyla; Forami-
nifera, Retaria (radiolarians), Porifera, Mollusca (bivalves, gastropods,
cephalopods), Bryozoa, Brachiopoda, Arthropoda (ostracods), Echino-
dermata, and Chordata (Table 1, Fig. 2). Shannon's H and Simpson's 1-D
indices decline across the Norian-Rhaetian boundary (NRB) within
facies SPF (Fig. 3). Evenness was low among all facies but increases in
the NRB interval, attributable to an increase in siliceous sponge spicules
(from both hexactinellid sponges and lithistid demosponges), which
were not previously observed in facies SPF. Diversity in facies SPF and
SLMW remained similar in the Rhaetian samples though tended to be
lower than the diversity in facies SPF from the latest Norian (Fig. 3).

3.2. Cluster and NMDS analysis

Cluster and non-metric multidimensional scaling ordination (NMDS)
analyses based on the liberated microfossil assemblages were applied to
the entire microfossil dataset to aid in the identification of temporal and
facies trends. Cluster analysis of microfossil assemblages categorized at
the highest useful taxonomic level (phylum, sub-phylum, class, or order)
to reflected similarities in dominant microfossil components in a given
sample and did not cluster based on relative age or facies (Fig. 4A).
Microfossil assemblages from New York Canyon Road always exhibited
higher similarity to each other than to samples from other sections,
except when sponge spicules were the dominant group, in which case
they clustered with other sponge-dominated assemblages from other
stratigraphic sections (e.g., Windy Hill, Luning Draw) (Fig. 4A).

NMDS analysis on the microfossil assemblages agreed with the
cluster analysis in that resultant groups were primarily determined by
the high abundance of a microfossil taxon in a given sample (Fig. 4A, B).
Axis 1 of the NMDS analysis appeared to be determined by the presence
of hyper-abundant microfossil taxa dominating the sample (e.g., echi-
noderm stereom, hexactinellid spicules, or lithistid demosponge spic-
ules) all of which occurred frequently in New York Canyon Road
samples and only rarely in other measured sections, regardless of facies.
For this reason, when analyzing specific trends in microfossils, New York
Canyon Road was often considered separately from other samples.

3.3. Co-occurrence analysis

Co-occurrence analysis on the entire dataset using taphotaxa
microfossil groups was run both including and excluding singleton
taphotaxa occurrences (Fig. 5A). In both cases vertebrate microfossils
(teeth, denticles, scales, and bone fragments) tended to co-occur. The
inclusion of singletons extended this co-occurrence to gastropod and
bivalve internal molds and echinoderm spines, which share a similar
phosphatized mineralogy. Taphotaxa co-occurrence, both with and
without singletons, also demonstrated that lithistid demosponge spic-
ules tended not to be found with vertebrate material (teeth and bone
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Table 1
Microfossil assemblages identified by taxonomic group and taphonomy.

MC8 MC5.9 MT19.9 MT17.5 MT2.15 NYC87.6 NYC72.2 NYC66.6b NYC66.6
Facies SLMW SLMW SLMW SLMW SLMW SLMW SPF SPF SPF
Age Rhaetian Rhaetian Rhaetian Rhaetian Rhaetian Rhaetian Rhaetian Rhaetian Rhaetian
Foraminifera 0 1 0 0 0 0 0 0 0
Radiolarian 0 0 0 0 0 0 0 0 0
Sphinctozoan sponge 0 0 0 0 0 0 0 0 0
Non-lithistid demosponge spicule 1 1 4 0 21 0 0 3 9
Lithistid demosponge spicule 0 0 9 0 0 93 52 5 10
Hexactinellid spicule 4 0 7 3 0 7 29 6 29
Bryozoan 0 0 0 0 0 0 0 0 0
Brachiopod 0 0 0 0 0 0 0 0 0
Gastropod 0 0 0 0 0 0 0 0 0
Gastropod internal mold 0 1 0 0 0 0 0 0 4
Bivalve 0 4 0 1 0 0 0 0 0
Bivalve fragment 25 8 15 19 1 0 0 4 2
Bivalve internal mold 0 14 0 0 0 0 0 0 0
Cephalopod hooklet 0 0 0 0 0 0 0 0 0
Ammonoid 0 0 0 0 0 0 0 0 0
Ostracod 0 0 37 43 75 0 0 31 3
Echinoderm spine 1 12 2 4 0 0 0 3 7
Echinoderm stereom 4 0 0 0 2 0 18 39 36
Conodont 0 0 0 0 0 0 0 0 0
Denticle 0 6 2 0 0 0 0 0 0
Scale 0 0 0 4 0 0 0 0 0
Scale fragment 39 0 15 11 0 0 1 1 0
Bone fragment 21 5 9 11 1 0 0 3 0
Tooth 5 48 0 4 0 0 0 5 0
Jaw palate fragment 0 0 0 0 0 0 0 0 0
Total microfossils 100 100 100 100 100 100 100 100 100
Richness 8 10 9 9 5 2 4 10 8

WH32.65 WH32.4 WH26.9 WH26.35 WH16.7 WH6.5 WH2 NYC65.4 NYC62
Facies SPF SPF SPF SPF SPF PLM PLM SPF SPF
Age NRB NRB Norian Norian Norian Norian Norian Rhaetian NRB
Foraminifera 0 0 0 22 0 0 0 0 0
Radiolarian 0 0 0 0 0 0 0 0 0
Sphinctozoan sponge 0 0 0 0 0 0 0 0 3
Non-lithistid demosponge spicule 3 3 4 1 1 87 24 4 6
Lithistid demosponge spicule 82 9 42 0 0 0 0 35 1
Hexactinellid spicule 0 0 0 0 0 0 0 2 15
Bryozoan 0 0 0 0 0 0 0 0 0
Brachiopod 0 0 0 0 0 0 0 0 0
Gastropod 0 1 0 0 1 0 0 0 0
Gastropod internal mold 1 24 12 13 21 1 0 0 0
Bivalve 0 0 0 0 0 0 0 0 0
Bivalve fragment 6 11 9 31 7 0 0 0 1
Bivalve internal mold 0 0 0 0 0 0 0 0 0
Cephalopod hooklet 0 0 0 0 0 0 0 0 0
Ammonoid 0 0 0 0 0 0 0 0 0
Ostracod 0 15 6 3 0 1 0 3 2
Echinoderm spine 4 17 4 16 3 2 2 2 6
Echinoderm stereom 0 12 12 3 56 0 0 52 66
Conodont 0 0 0 0 0 0 0 0 0
Denticle 0 1 0 0 4 2 0 0 0
Scale 0 0 0 1 0 0 0 0 0
Scale fragment 2 3 8 4 1 1 9 0 0
Bone fragment 2 1 1 2 0 4 9 0 0
Tooth 0 3 2 4 6 2 53 2 0
Jaw palate fragment 0 0 0 0 0 0 3 0 0
Total microfossils 100 100 100 100 100 100 100 100 100
Richness 7 12 10 11 9 8 6 7 8

NYC61.1 NYC58.5b NYC58.5 NYC54 NYC51.4 NYC46 NYC43.6 NYC40.5 NYC40
Facies SPF SPF SPF SPF SPF SPF SPF SPF SPF
Age NRB NRB NRB Norian Norian Norian Norian Norian Norian
Foraminifera 0 0 3 1 0 1 2 0 0
Radiolarian 0 0 0 0 0 0 0 0 0
Sphinctozoan sponge 0 0 0 0 0 0 0 0 0

(continued on next page)
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Table 1 (continued)
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NYC61.1 NYC58.5b NYC58.5 NYC54 NYC51.4 NYC46 NYC43.6 NYC40.5 NYC40
Facies SPF SPF SPF SPF SPF SPF SPF SPF SPF
Age NRB NRB NRB Norian Norian Norian Norian Norian Norian
Non-lithistid demosponge spicule 5 3 1 1 6 7 6 3 0
Lithistid demosponge spicule 3 3 4 0 0 0 3 18 94
Hexactinellid spicule 0 0 1 0 0 3 3 0 0
Bryozoan 0 0 0 0 0 0 0 0 0
Brachiopod 0 0 0 0 0 0 0 0 0
Gastropod 0 0 0 1 0 0 0 0 0
Gastropod internal mold 0 0 0 13 19 15 1 8 0
Bivalve 0 0 0 1 0 1 0 0 0
Bivalve fragment 0 2 0 1 2 5 5 0 0
Bivalve internal mold 0 0 0 0 0 2 0 0 0
Cephalopod hooklet 0 0 0 0 0 0 0 0 0
Ammonoid 0 0 0 0 0 0 0 0 0
Ostracod 1 5 0 2 9 17 23 0 0
Echinoderm spine 2 0 14 8 18 3 3 6 0
Echinoderm stereom 89 87 77 71 41 41 53 62 6
Conodont 0 0 0 0 0 0 0 0 0
Denticle 0 0 0 0 1 0 0 0 0
Scale 0 0 0 0 0 0 0 0 0
Scale fragment 0 0 0 0 3 1 0 0 0
Bone fragment 0 0 0 0 0 0 0 1 0
Tooth 0 0 0 1 1 4 1 2 0
Jaw palate fragment 0 0 0 0 0 0 0 0 0
Total microfossils 100 100 100 100 100 100 100 100 100
Richness 5 5 6 10 9 12 10 7 2
NYC35.7 LLDW44.2 LLDW42.3 LLDW36.6 LLDW34.6 LLDW31.3 LD57.8
Facies PLM SPF SPF SPF SPF SPF PLM
Age Norian Norian Norian Norian Norian Norian Norian
Foraminifera 1 0 2 1 0 0 0
Radiolarian 0 0 0 0 0 1 0
Sphinctozoan sponge 0 0 0 0 0 0 0
Non-lithistid demosponge spicule 0 4 12 0 1 0 97
Lithistid demosponge spicule 83 5 0 0 0 0 0
Hexactinellid spicule 0 0 0 0 0 0 0
Bryozoan 0 0 0 0 0 1 0
Brachiopod 0 1 0 0 0 1 0
Gastropod 0 0 0 0 0 1 0
Gastropod internal mold 5 5 27 30 46 4 0
Bivalve 1 1 0 0 0 0 0
Bivalve fragment 0 12 11 0 0 14 0
Bivalve internal mold 0 1 0 0 1 35 0
Cephalopod hooklet 0 0 0 1 0 1 0
Ammonoid 0 1 0 0 0 0 0
Ostracod 0 1 0 0 0 0 0
Echinoderm spine 1 13 16 2 2 1 0
Echinoderm stereom 0 6 22 48 30 0 0
Conodont 0 0 0 0 0 1 0
Denticle 2 5 2 3 2 3 0
Scale 0 0 0 0 0 0 0
Scale fragment 1 19 2 2 0 7 3
Bone fragment 0 23 2 6 8 7 0
Tooth 6 3 4 7 10 23 0
Jaw palate fragment 0 0 0 0 0 0 0
Total microfossils 100 100 100 100 100 100 100
Richness 8 15 10 9 8 14 2

fragments). With the exclusion of singletons, there was also a more
pronounced negative relationship between echinoderm stereom and
vertebrate material (denticles, bones, and scales) (Fig. 5A).

Co-occurrence analysis for the entire dataset using taxonomic
microfossil groups was also run excluding singletons (Fig. 5B). When
considering only taxonomic classifications, vertebrate material and
bivalve material as well as ostracods and hexactinellid sponge spicules
tended to co-occur. Hexactinellid sponge spicules and gastropod mate-
rial tended not to co-occur in samples.

3.4. Mineralogical and taphonomic trends

Several taphonomic remineralization characteristics were observed
among the microfossil residues. Most original-carbonate microfossils
recovered during manual picking had been altered from their original
mineralogy (Table 2). Echinoderm stereom and spines, ostracods, and
bivalve fragments recovered were typically silicified (Fig. 6E, F, O).
Silicification of original carbonate biominerals was also seen in petro-
graphic thin section both for microfossils and macrofossils. Very small,
likely juvenile gastropods and bivalves were preserved as internal molds
rather than with original shell mineralogy (Fig. 6H-K). Internal molds
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Fig. 2. Representative microfossils. A representative image for each taxonomic group (class or order) of microfossils. All scale bars are 200 pm unless otherwise
noted. A) Foraminifera under SEM cf. Ammodiscus, 42.3. B) Radiolaria: cf. Plafkerium, LLDW 31.3. C) Porifera: sphinctozoan sponge fragment NYC, 62.0. D) Porifera:
hexactinellid sponge spicule lattice, MT19.9. E) Porifera: non-lithistid demosponge spicule, metaster morphology, WH 6.5. F) Porifera: lithistid demosponge spicule
featuring robust overgrowths, WH 26.9. G) Bivalvia: bivalve internal mold under SEM, LLDW 31.3. H) Gastropoda: gastropod internal mold, LLDW 34.6. I)
Cephalopoda: cephalopod hooklet under SEM, LLDW 31.3. J) Cephalopoda: juvenile cf. Paracochloceras under SEM, LLDS 44.2. K) Brachiopoda: brachiopod partial
shell and internal mold, LLDW 44.2. L) Bryozoa: trepostome bryozoan under SEM, LLDW 31.3. M) Arthropod: ostracod cf. Cavellinidae, MT 17.5. N) Arthropod:
ostracod under SEM cf. Bairdiidae, MT 17.5. O) Echinodermata: fragment of stereom texture, LLDW 34.6. P) Chordata: conodont S-element, LLDW 31.3. Q) Ver-
tebrata: dermal denticle, WH 16.7. R) Vertebrata: Saurichthys-type tooth, LLDW 31.3. S) Vertebrata: cf. Sphaerodus tooth, WH 2. T) Vertebrata: cf. Sphaerodus tooth

cluster, potential palate, WH 2.

from gastropods and bivalves were often phosphatized (Fig. 6I-K, P),
though bivalve internal molds exhibit this mineralogy more often than
those of gastropods. Foraminifera were likewise typically silicified or, as
in the case of the larger Ammodiscus Reuss, 1862 and Frondicularia
Defrance in d'Orbigny, 1826, preserved as internal molds. Echinoderm
spines were observed to be silicified or phosphatized, though rarely in
the same sample (Fig. 6E-G, O). Originally silicic and phosphatic mi-
crofossils (sponge spicules and vertebrate material, respectively) pri-
marily retained their original mineralogy; however, sponge spicules
frequently showed signs of partial dissolution or sugary overgrowths
(Fig. 6A-D) and in upper Mount Hyatt Member samples MC 5.9 and MC
8 vertebrate material (primarily teeth) was at least partially pyritized
(Fig. 6L-N, Q-R). Pyrite framboids were also observed within the
replacement pyrite in microfossil teeth from sample MC 5.9 (Fig. 6M-N,
R).

3.5. Taxon-specific trends

3.5.1. Poriferan occurrences through time and between facies

Sponge spicules from non-lithistid demosponges, lithistid demo-
sponges, and hexactinellid sponges varied among facies and through
time. While all three identified classifications of sponge spicules can,
and do, co-occur in samples, non-lithistid demosponges and lithistid
demosponge abundance exhibits an inverse relationship (Table 1,
Fig. 7). Samples with common to abundant non-lithistid demosponge
spicules (10-97%) tended to not contain common lithistid spicules
(<10%) (e.g., MT 2.15, WH 6.5, WH 2, LLDW 42.3, LD 57.8). Similarly,
samples with common to abundant lithistid demosponge spicules
(10-94%) tended not to contain lithistid demosponge spicules (<10%)
(e.g.,NYC 35.7, NYC 40, NYC 40.5, NYC 43.6, NYC 65.4, NYC 72.2, NYC
87.6, WH 26.9, WH 32.65). Additionally, when lithistid demosponges
are abundant in a sample, they tend to be hyper-abundant, often
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Fig. 3. Microfossil diversity through time and environments. Diversity calcu-
lations using Shannon's H, Simpson's 1-D, and Pielou's J (evenness) for Norian-
age purple lime mudstone facies samples (LD 57.8, NYC 35.7, WH 2, WH6.5)
and skeletal packstone—floatstone facies (LLDW 31.3, LLDW 34.6, LLDW 36.6,
LLDW 42.3, LLDW 44.2, NYC 40, NYC 40.5, NYC 43.6, NYC 46, NYC 51.4, NYC
54, WH 26.35, WH26.9), Norian-Rhaetian boundary age skeletal packstone—
floatstone facies samples (NYC 58.5, NYC58.5b, NYC 61.1, NYC 62, WH 32.4,
WH32.65), and Rhaetian-age skeletal packstone—floatstone samples (NYC 66.6,
NYC 66.6b, NYC 72.2) and silty lime mudstone-wackestone samples (NYC 87.6,
MT2.15, MT 17.5, MT 19.9, MC 5.9, MC 8). Calculations were carried out in R
using the Vegan package (Oksanen et al., 2020) and 95% confidence intervals
were generated using 1000 iterations using the package Boot (Davison and
Hinkley, 1997; Canty and Ripley, 2021). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

comprising 40% or more of the microfossils in a sample (e.g., NYC 35.7,
NYC 40, NYC 72.2, NYC 87.6, WH 26.9, WH 32.65).

Sponge spicules showed both time- and facies-specific trends. Non-
lithistid demosponge spicules tended to be abundant in the purple
lime mudstone facies (PLM) (WH 2, WH 6.5, LD 57.8) except for New
York Canyon Road samples where lithistid sponges were abundant in the
outer ramp transition facies PLM, the deepest observed facies of the
Gabbs Formation. In the skeletal packstone-floatstone (SPF) and silty
lime mudstone-wackestone (SLMW) facies, non-lithistid demosponge
spicules tend to consistently occur at lower background levels (Table 1,
Fig. 7). Both hexactinellid and lithistid sponge spicules are found in
facies SPF; however, neither spicule type represents a large component
of samples in those facies until the NRB interval, defined by the stron-
tium isotope excursion (SIE) reported in Tackett et al. (2014). This trend
of increasing siliceous sponge spicules continues into the Rhaetian-age
facies SLMW samples (Fig. 7). This trend is best exemplified by sam-
ples from the New York Canyon Road and Windy Hill sections which
cross the NRB (Fig. 7).

3.5.2. Echinoderm occurrences through time and between facies
Echinoderm microfossils also showed time- and facies-specific
trends. Echinoderm microfossils consist of both echinoid spines and
pieces of echinoderm stereom, potentially from echinoids, asteroids, or
crinoids. In hand sample and petrographic thin section, echinoderm
stereom grains can occasionally be recognizable as crinoid columnals;
however, this is rarely possible for the extracted microfossils. Echino-
derm spines are present within liberated microfossil assemblages from
Norian and Rhaetian-age skeletal packstone-floatstone facies (SPF)
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samples in amounts typically <20% and persist in similar amounts
(<15%) in Rhaetian-age facies SLMW samples. In contrast, echinoderm
stereom can be extremely abundant in Norian-age facies SPF assem-
blages and may account for >50% of the microfossils picked in a sample
(Table 1, Fig. 8). By contrast, in Rhaetian-age facies SPF and SLMW
samples, echinoderm stereom never accounts for >46% of a sample and
is increasingly rare up-section (Fig. 8, Table 1). Echinoderm stereom
abundance also shows a slight negative relationship with bone frag-
ments when considering taphotaxa microfossil groups (i.e. echinoderm
stereom and spines separately), but taken together, echinoderm material
shares no relationship with vertebrate material generally (Fig. 5).

3.5.3. Vertebrate occurrences through time and between facies
Vertebrate microfossils, consisting of teeth, scale fragments, bone
fragments, and chondrichthyan denticles, also display time and facies
trends. Teeth from Severnichthys acuminatus (Agassiz, 1843) and cf.
Sphaerodus Agassiz, 1833 were identified as well as denticles
(Fig. 2Q-T). Vertebrate microfossils were observed in acid residues from
all studied facies (SLMW, SPF, and PLM) and from all sample locations;
however, samples from New York Canyon Road had little vertebrate
material of any kind. Vertebrate microfossils, particularly teeth, scale
fragments, and bone fragments were common to abundant in inner ramp
transition facies SLMW (often 30-60%) and were increasingly abundant
up-section. In mid-ramp facies SPF, vertebrate material typically
accounted for 10-20% of the microfossils but could reach as high as 56%
(Table 1). Sample WH 2 in facies PLM also displayed a high abundance
of vertebrate microfossils (73%); however, 53% of the sample was the
same type of cf. Sphaerodus tooth (Fig. 2S-T). Many of these teeth were
still articulated into an oriented cluster, possibly fragments of a dental
palate (Fig. 2T) and potentially indicating proximity to a partially-
articulated actinopterygian fossil. For this reason, WH 2 is not consid-
ered representative of vertebrate material distributed within facies PLM.

4. Discussion
4.1. Facies heterogeneity

The facies model proposed for the Gabbs Formation consists of
simple facies belts, largely owing to the limited exposure of the forma-
tion (Clement and Tackett, 2021); however, modern shallow marine
systems rarely produce such simple patterns. Though broad interpreta-
tion of environments based on the depth profiles can produce large
facies belts, along these belts facies tend to be heterogeneous (Read,
1985). This is often exemplified in basin analysis by combining both
parallel to dip and parallel to strike profiles into more cohesive coastline
facies models. The limited exposure of the Gabbs Formation makes such
nuance difficult, but the variability of microfossil assemblages, both
with time and among localities, aids in the description of facies and their
variability within the facies model.

In the Gabbs Formation, the microfossil assemblages varied greatly
within the skeletal packstone-floatstone (SPF) and silty lime mud-
stone-wackestone (SLMW) facies and among sample localities. Cluster
analysis based on the taxonomic microfossil assemblages showed sample
groupings based on hyper-abundant microfossils which often followed
specific facies and locality patterns (Fig. 4A). For instance, of the sam-
ples that were > 40% stereom, primarily found in the skeletal pack-
stone—floatstone (SPF) facies, samples from New York Canyon Road
tended to group together, implying that the locality is more similar to
itself than other SPF facies samples across the study area and through
time (Fig. 4A). Likewise, silty lime mudstone-wackestone (SLMW) facies
from the Mine Test locality grouped together owing to their abundance
of ostracod microfossils, thus differentiating them from other facies
SLMW samples from Muller Canyon and New York Canyon Road.
Considering the variation within facies, microfossil assemblages could
not be reliably used to describe facies SPF and SLMW.

The outer ramp-transition purple lime mudstone (PLM) facies also
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Fig. 4. Cluster and NMDS analysis of microfossil assemblages. A) Cluster analysis of microfossil samples. Sample names are color-coded by facies and symbols
indicate the stage and dominant microfossil. B. NMDS analysis of microfossil samples labeled according to locality.

showed differences among sample localities but was characterized by an
abundance of lithistid and non-lithistid demosponge spicules. Lithistid
demosponge spicules are highly abundant in facies PLM samples from
New York Canyon Road and non-lithistid demosponge spicules domi-
nate facies PLM samples from Windy Hill and Luning Draw, with the
exception of sample WH 2. In modern settings, both lithistid and non-
lithistid demosponges often occupy a wide range of depths, especially
deeper environments similar to facies PLM (Maldonado et al., 2016;
Alvarez et al., 2017). Their dominance in facies PLM at multiple local-
ities may therefore be seen as typical for this system. Non-lithistid
demosponges remained a steady background component of the assem-
blages in facies SPF, typically comprising 0-12% of the sample. The
resurgence of lithistid demosponge spicules up-section in mid ramp
facies SPF, also previously a minor component, is potentially indicative
of changes in dissolved silica (DSi) availability in shallower environ-
ments rather than taphonomic change as non-lithistid demosponge
spicules from the same samples do not increase. In sample WH 2, over
half of the microfossils were the same type of tooth, implying that the
rock digested for this sample may have contained a partial fish jaw
palate rather than shed teeth of fish and sharks in these environments.

Microfossil assemblages in facies SPF, SLMW, and PLM demonstrate
the presence of environmental heterogeneity across the Upper Triassic
carbonate ramp. These patterns emerge both spatially among measured
sections in all facies and through time in the case of facies SPF in the
New York Canyon Road locality.

4.2. Tracking silica fluctuations from the late Triassic through the early
Jurassic

In the Gabbs Formation, hypersilicified sponge spicules are mainly
limited to the outer ramp transition facies in Norian deposits but become
common in shallower deposits of Rhaetian-age. Silica fluxes in the latest
Triassic are illustrated by an abundance of silica-limited microfossils
across the Norian-Rhaetian boundary (NRB) and widespread silicifica-
tion of original-carbonate microfossils. Dissolved silica (DSi or silicic
acid) in ocean basins may shift as a result of changing rates of basalt
erosion, as basalt erodes more rapidly than typical continental rocks
(Dessert et al., 2003) and yields much higher dissolved silica as a result
(Hartmann et al., 2010). Strontium isotopes are a valuable proxy for
volcanic activity (Korte and Ullmann, 2018), which are recorded with
high fidelity in calcareous biominerals. Here, we consider silica and
strontium isotope fluctuations in the context of biogenic sediments from
the New York Canyon region.

4.2.1. Sponge spicules as an indicator of dissolved silica

In the Early Mesozoic, sponges and radiolarians constituted the
largest demand and sink of DSi prior to the evolution and radiation of
diatoms (Tréguer et al., 1995; Maldonado et al., 2011, 2019). Planktonic
production of biogenic silica, by radiolarians and diatoms, dominates
the modern ocean silicon cycle, accounting for at least five times the
estimated output of biogenic silica from sponges (Tréguer et al., 2021).
The planktonic production and subsequent burial of biogenic silica is the
cause of depleted global DSi concentrations beginning after the evolu-
tion and expansion of diatoms in the Cretaceous-Paleogene (Maldonado
et al., 2011). Sponges have higher DSi saturation requirements than
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Fig. 5. Co-occurrences of microfossils. A) Co-occurrence of microfossils
grouped by taxonomic and taphonomic characteristics (taphotaxa). B) Co-
occurrence of microfossils grouped by taxonomy.

diatoms for biomineralization, making modern sponges a smaller silicon
sink in DSi-depleted shallow-water environments, and remain a signif-
icant silicon reservoir in deep aphotic environments that exhibit higher
DSi than in shallow marine environments (Maldonado et al., 2011,
2019; Uriz et al., 2003). Without this modern depletion in DSi and
competition from diatoms, sponges were likely a primary driver of the
ocean silica cycle in the Early Mesozoic (Tréguer et al., 1995, Maldonado
et al., 2011, 2019).

Hyper-silicifying sponges, such as hexactinellids, still show a pref-
erence in modern oceans for environments with higher DSi
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concentrations (Maldonado et al., 2016; Alvarez et al., 2017), despite
modern sponges' ability to grow and fix silica in DSi-depleted waters
(Uriz et al., 2003; Maldonado et al., 2019; Tréguer et al., 2021). Hex-
actinellid sponges create rigid, hypersilicified lattice skeletons and are
most often found in modern cool, non-turbid, deeper-water environ-
ments, likely due to higher DSi concentrations and requirements for
feeding strategies (Uriz et al., 2003; Leys et al., 2007). In these envi-
ronments, hexactinellid sponge grounds and bioherms constitute major
biogenic silica reservoirs and contribute to the recycling of silicon
through DSi released from shallowly buried spicules (Maldonado et al.,
2019, 2021; Tréguer et al., 2021), and possibly support new sponge
populations with locally increased DSi (Maldonado et al., 2021). Mod-
ern hexactinellid sponges are also rarely found in shallow water (<20 m)
in Antarctica, Southern New Zealand, submarine caves in the Mediter-
ranean, and coastal areas of the North Pacific (Leys et al., 2007) where
surface (<50 m depth) concentration of DSi are elevated (Cermeno et al.,
2015). This indicates that while hexactinellid sponges can and do
occupy shallower marine environments, they thrive at elevated DSi
levels, and in large numbers may be a useful proxy for higher DSi con-
centrations in ancient shallow marine settings. Thus, the presence and
abundance of intact spicules from dense hyper-silicifying sponges, such
as hexactinellid sponges and lithistid demosponges, may represent an
influential sink of biogenic silica and both a source and proxy indicator
of increased DSi in the Triassic and Jurassic.

4.2.2. Silicification as an indicator of dissolved silica

The silicification observed in petrographic thin sections and liber-
ated microfossils extracted from samples suggests high pore water
mobility of DSi through the NRB interval, as defined by the strontium
isotope excursion (SIE). Silicification of carbonate material typically
requires fluids that are silica-saturated and slightly acidic as well as a
susceptible ultrastructure within the carbonate fossil and can be accel-
erated by the decay of organic matter (Butts, 2014). The partial silici-
fication of the echinoderm and bivalve material is granular chalcedony,
and in echinoderm stereom it preserves detailed structure indicating
that silicification likely occurred in shallowly buried sediments during
early diagenesis. Delicate silicified rims that likely surrounded calcite
fossils, also found in the acid residues of the samples, support early
silicification as these may form during the decay of organic matter
(Butts, 2014). A convenient candidate source for pore water silica during
early diagenesis was the sponge spicules in surrounding sediments,
owing to the rapid rate of dissolution for biogenic silica compared to
quartz (Van Cappellen et al., 2002; Butts and Briggs, 2011; Quéguiner,
2016) and the nearly ubiquitous presence of sponge spicules in samples.
While multiple sources of localized silicification can influence fossil
preservation, such as nearby hydrothermal activity, stratigraphic con-
trol was observed on silicification in and above beds rich in lithistid and
non-lithistid sponge spicules in facies SPF, which suggests a relationship
(Table 2). The stratigrahic control of silicification also implies that
silicification was not due to later diagenesis that may have impacted the
entire Gabbs Formation. The evidence for early silicification and pres-
ence of intact sponge spicules indicates that sponge spicules may have
been sufficiently abundant to saturate pore waters without being
entirely dissolved. In this way, the silicification of microfossils in the
Gabbs Formation may provide a proxy for tracking the pore water DSi
availability through the NRB.

4.2.3. Implications for the silica cycle through the Norian-Rhaetian
boundary

The microfossil assemblages of the Gabbs Formation show a marked
increase in hypersilicified sponge spicules in mid-ramp environments
across the NRB, reminiscent of sponge communities of the Lower
Jurassic (Ritterbush et al., 2014, 2016). Recent work by Ritterbush et al.
(2014, 2016) and Clement et al. (2020) has established that the New
York Canyon area experienced elevated DSi levels in the Lower Jurassic
(Hettangian-Sinemurian); the primary evidence for which includes the
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Table 2
Taphonomy of microfossil assemblages.
SC PhC PyC C MC MNC MPh S Ph PyPh PhO
MC8 28 0 3 0 0 0 0 5 63 1 0
MC5.9 9 8 4 0 0 0 18 1 36 24 0
MT19.9 54 1 0 0 0 0 0 20 25 0 0
MT17.5 63 4 0 0 0 0 0 3 30 0 0
MT2.15 78 0 0 0 0 0 0 21 1 0 0
NYC87.6 0 0 0 0 0 0 0 100 0 0 0
NYC72.2 19 0 0 0 0 0 0 81 0 0 0
NYC66.6b 77 0 0 0 0 0 0 14 9 0 0
NYC66.6 47 0 0 1 0 4 0 48 0 0 0
WH32.65 9 1 0 0 0 1 0 85 4 0 0
WH32.4 48 6 0 0 0 16 9 12 9 0 0
WH26.9 29 2 0 0 0 11 1 46 11 0 0
WH26.35 53 1 0 0 0 33 1 1 11 0 0
WH16.7 65 2 0 0 0 19 2 1 11 0 0
WH6.5 2 1 0 0 0 0 1 87 9 0 0
WH2 0 2 0 0 0 0 0 24 74 0 0
NYC65.4 58 0 0 0 0 0 0 40 2 0 0
NYC62 63 15 0 0 0 0 0 22 0 0 0
NYC61.1 92 0 0 0 0 0 0 8 0 0 0
NYC58.5b 94 0 0 0 0 0 0 6 0 0 0
NYC58.5 94 0 0 0 0 0 0 6 0 0 0
NYC54 85 0 0 0 0 13 0 1 1 0 0
NYC51.4 67 3 0 0 0 17 2 6 5 0 0
NYC46 64 3 0 0 0 12 6 10 5 0 0
NYC43.6 84 2 0 0 0 1 0 12 1 0 0
NYC40.5 60 7 0 1 0 4 4 21 3 0 0
NYC40 6 0 0 0 0 0 0 94 0 0 0
NYC35.7 4 0 0 0 0 0 5 84 7 0 0
LLDW44.2 22 13 0 0 0 1 5 9 50 0 0
LLDW42.3 31 21 0 0 0 8 18 12 10 0 0
LLDW36.6 51 0 0 0 0 30 0 0 18 0 1
LLDW34.6 31 0 0 1 1 42 4 1 20 0 0
LLDW31.3 16 0 0 0 0 1 40 1 41 0 1
LD57.8 0 0 0 0 0 0 0 97 3 0 0

Table 2. Taphonomy of microfossil assemblages. Taphonomic categories: SC- silicified originally carbonate, PhC- phosphatized originally carbonate, PyC- pyritized
originally carbonate, C- original or remineralized carbonate, MC- internal mold of carbonate, MNC- internal mold of non-carbonate, MPh- internal mold of phosphate,
S- original silica, Ph- original phosphate (apatite), PyPh- pyritized originally phosphate, PhO- phosphatized originally organic or chitin.

proliferation of a sponge ramp over the uppermost Triassic carbonate-
dominated ramp (Ritterbush et al., 2014, 2016), and the observation
of iron-clay ooids as a condensation feature in otherwise carbonate rocks
(Ritterbush et al., 2016; Clement et al., 2020). Through the sampling of
microfossil assemblages, which detects the presence of both biogenic
silica sponge spicules and secondary silicification, similar evidence for
elevated DSi was uncovered for strata across the NRB.

The poriferan spicule record through the NRB exhibits increased
abundance of hexactinellid and lithistid sponge spicules indicating
ample availability of water column DSi. The increase in hypersilicified
spicules from the NRB and early Rhaetian occurs in mid-ramp to inner
ramp transition environments, represented by facies SPF (skeletal
packstone-floatstone) and SLMW (silty lime mudstone-wackestone)
respectively. The record of sponge spicules is best exemplified in the
New York Canyon Road measured section where 87Sr/%0sr records can
be used to accurately identify the stratigraphic location of the NRB
(Tackett et al., 2014). Below the NRB at New York Canyon Road, lith-
istid demosponge spicules are the dominant microfossil in the deepest
environments, represented by facies PLM; however, in mid-ramp facies
(SPF) prior to the NRB hypersilicified lithistid demosponge and hex-
actinellid sponge spicules are rare to absent (Fig. 7A), though non-
lithistid demosponges are present. This observation is consistent with
the interpretation that in the Norian only deeper environments con-
tained the DSi needed to sustain larger sponge communities. Across the
NRB in mid-ramp environments there is an increase in both hexactinellid
and lithistid demosponge spicules at New York Canyon Road (Fig. 7A).
This trend continues into the early Rhaetian where hypersilicified
spicules often account for >30% of a microfossil sample. The resurgence
of sponge material in New York Canyon Road samples is echoed in the
Windy Hill samples where all sponge spicules are rare to absent in facies
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SPF during the Norian, followed by the sudden appearance of lithistid
demosponge spicules at the NRB (Fig. 7B). The sudden appearance of
abundant lithistid demosponge and hexactinellid sponge spicules in
mid-ramp facies SPF at the NRB indicates that DSi became sufficiently
elevated in shallower environments to sustain greater silicon demands of
hyper-silicifying sponges. While not as marked of a shift in DSi as
observed from development of a glass ramp in the Early Jurassic (Rit-
terbush et al., 2014, 2016), the appearance of abundant hypersilicified
sponge spicules across the NRB and in lower Rhaetian sediments indi-
cate fluctuations in bottom water DSi increasing throughout the Late
Triassic.

Silicification of carbonate microfossils is most common in mid-ramp
facies SPF during the late Norian and through the NRB. Silicification
likely occurred early during shallow burial owing to the partial
replacement of bivalve shell material by very fine-grained chalcedony
and the detailed partial replacement of stereom. The source of pore
water DSi in the upper Norian mid-ramp deposits was likely from sponge
spicules. Sponge spicules are thermodynamically susceptible to disso-
lution during early burial, and early dissolution may have emphasized
the rarity of sponge spicules in Norian mid-ramp samples. The relative
abundance of non-lithistid demosponge spicules remained consistent
into the early Rhaetian (Fig. 7), indicating that while early dissolution
may have impacted the spicule record, the signal of increased hyper-
silicified spicules across the NRB is real and potentially even reduced.
The silicification of calcite remained common across the NRB in facies
SPF as hyper-silicifying sponges appeared in mid-ramp environments
indicating a higher availability of DSi in the water column as well as
pore water (Fig. 9). Silicified calcite is also present in the early Rhaetian,
though it accounts for less of the microfossil assemblage than in the
Norian. Rhaetian silicification indicates pore water DSi availability was
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Fig. 6. Microfossil taphonomy. A) Delicate lithistid demosponge spicule, NYC 35.7. B) Robust lithistid demosponge spicule, WH 26.9. C) Isolated hexactinellid
spicule fragment, NYC 46. D) Overgrown hexactinellid spicule lattice, NYC 62. E) Silicified echinoderm spine, NYC 51.4. F) Silicified echinoderm spire under SEM,
WH 26.35. G) Phosphatized echinoderm spine, LLDW 44.2. H) Silicified gastropod internal mold, LLDW 34.6. I) Phosphatized gastropod internal mold, LLDW 31.3. J)
Phosphatized bivalve internal mold, LLDW 31.3. K) Phosphatized bivalveinternal mold under SEM, LLDW 31.3. L) cf. Gyrolepis tooth showing partial dissolution of
apatite and pyrite replacement, MC 5.9. M) cf. Gyrolepis tooth under SEM showing partial dissolution of original apatite, pyrite replacement, and pyrite framboids
pictured in (N), MC 5.9. N) Pyrite framboids (Fr) in dissolved sections of M, MC 5.9. O) EDS analysis for box 1 indicated in F, WH 26.35. P) EDS analysis for box 2
indicated in K, LLDW 31.3. Q) EDS analysis for box 3 indicated in M, MC 5.9. R) EDS analysis for box 4 indicated in M, MC 5.9.

likely maintained; however, a decrease in carbonate taxa may contribute
to the decline in silicified carbonate microfossils in facies SLMW.

The increased availability of DSi in the latest Rhaetian and through
the Early Jurassic is likely related to the weathering of basalt deposits
from major tectonic rifting events also proposed to have induced global
warming and ocean acidification (CAMP volcanism) given the influence
of continental weathering on the global silica cycle, the concurrent
decrease in the strontium isotope ratios, and the unique suite of diage-
netic and paleontological associated features (Tréguer et al., 1995;
Greene et al., 2012; Palfy and Kocsis, 2014; Ritterbush et al., 2014,
2016; Korte et al., 2019); however, some proxies for volcanic activity
suggest an earlier phase for hydrothermal or basaltic input to marine
systems across the NRB (Zaffani et al., 2017). Large injections of CO5
from CAMP volcanism are tracked by negative 5'3C excursions as well as
the results of silicate weathering of the deposits themselves (Greene
et al., 2012; Schaller et al., 2012; Bachan and Payne, 2016; Korte et al.,
2019). Zaffani et al. (2017) and Rigo et al. (2020) recognize similar
carbon cycle perturbations during the late Norian through the Rhaetian,
interpreted as emplacements of earlier large igneous provinces (LIP).
This interpretation is supported by strontium isotope records. Weath-
ering of basalt also releases non-radiogenic %°Sr resulting in lower
875r/%6Sr seawater values that can be seen across the NRB as well as the
TJB (in association with CAMP volcanism) (Korte et al., 2003; McArthur
et al., 2012; Callegaro et al., 2012; Lindstrom et al., 2021). The
weathering of silicate minerals in hydrothermal or basaltic deposits,
associated with 87Sr/®sr, from earlier late Norian and Rhaetian-age
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LIPs may therefore have also supplied the NRB with increased DSi
availability concurrent with the observed increase in mid-ramp hyper-
silicified sponge spicules.

This study establishes the presence and opportunism of hyper-
silicifying sponges in the mid-ramp facies of the Upper Triassic car-
bonate ramp prior to their main proliferation in the Lower Jurassic
(Ritterbush et al., 2014, 2016). Whole sponges are not commonly found
in macrofossil studies of the Upper Triassic deposits and have largely
gone unreported as a component of the benthic community in the Gabbs
Formation (Laws, 1978, 1982; Tackett and Bottjer, 2016), and can be
difficult to discern in petrographic thin section analysis due to rarity or
silicification. Their presence is easily detectable, however, through
buffered acid extraction microfossil surveys. The rare but persistent
presence of non-lithistid demosponges in the outer ramp to inner-ramp
transition facies of the Upper Triassic carbonate ramp is expected as
demosponges often inhabit shallower and less silica-rich environments
than hyper-silicifying sponges (Maldonado et al., 1999). Finding spic-
ules of hyper-silicifying sponges (lithistid demosponges and hex-
actinellid sponges) in these environments that coincide with the
negative strontium isotope excursion at the NRB demonstrate the ten-
dency toward opportunism in these groups to rapidly move into shal-
lower facies during periods of elevated DSi. This feature of the sponge
community in the New York Canyon area is best exemplified by the
proliferation of a sponge-dominated glass ramp in the Lower Jurassic
described by Ritterbush et al. (2014, 2016) where elevated DSi and the
collapse of the carbonate benthos allowed the sponge community to
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Fig. 8. Echinoderm material proportions through time. Counts are based on
assemblages from localities Lower Luning Draw West, New York Canyon Road,
Windy Hill, Mine Test, and Muller Canyon.

flourish.

4.3. Tracking shifts in redox conditions during the latest Triassic with
taphonomic characteristics

The microfossil survey of the Gabbs formation shows variability in
the preservation style of several taxonomic groups of microfossils, most
notably echinoderms, molluscan internal molds, and vertebrate groups.
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While some fluctuation in taphonomy is most likely due to slight
geochemical changes coinciding with minor condensation at flooding
surfaces (Kidwell, 1989; Follmi, 2016), we conclude that some broad
trends across sample locations and through time are more suggestive of
changes in benthic redox conditions across the carbonate ramp
environment.

4.3.1. Evidence for acidification prior to the Triassic-Jurassic boundary in
the New York Canyon region

The changes in microfossil assemblages and preservation across the
NRB have important implications for how the TJB up-section is inter-
preted. Environmental upheavals including warming and acidification
are likely to have intensified toward the end of the Triassic Period,
contributing to the mass extinction, but some recent studies suggest that
marine environments may have been deteriorating nearly continuously
from the NRB through to the end of the Triassic (Zaffani et al., 2017,
2018; Rigo et al., 2020; Schoepfer et al., 2022). Multiple global localities
for the TJB, including New York Canyon, exhibit a negative stable car-
bon isotope excursion (CIE) that is considered to be associated with a
large injection of CO, and acidifying conditions immediately prior to the
boundary (Greene et al., 2012; Korte et al., 2019). New York Canyon
represents an important example of a persistent carbonate deposition on
a mixed carbonate-siliciclastic ramp from the Norian through the TJB
(Ritterbush et al., 2016; Clement and Tackett, 2021). The well-defined
facies succession leading up to this extinction in the New York Canyon
region presents an excellent opportunity to characterize environmental
shifts in early Rhaetian environments as well.

In the Gabbs Formation of the New York Canyon region, the facies
and stratigraphic analysis in Clement and Tackett (2021) showed that
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the loss of carbonate facies up-section from the Mount Hyatt Member to
the Muller Canyon Member is a poor proxy for the onset of acidification
indicated by the stratigraphically higher, mass extinction-associated
negative CIE. The facies transition from the silty lime mud-
stone-wackestone (SLMW) facies to the calcareous siltstone (CSt) facies
is gradual and begins as low as 35 m below the extinction interval and
the final loss of carbonate facies, implying that the calcareous siltstone
beds that contain the extinction interval itself (as well as the TJB)
represent a predictable facies shift, not a result of carbonate non-
deposition owing to acidifying conditions (Clement and Tackett,
2021). Therefore, better fossil or geochemical evidence must be used to
identify the onset of acidification.

Geochemical evidence of acidification immediately prior to the
negative CIE associated with the extinction interval is well-documented
by Larina et al. (2021) through a precursor negative CIE followed by
increased percent goethite coupled with an increase in the ratio of
mercury to total organic carbon and a progressive decrease in macro-
fossil abundance up to three meters below the extinction interval. While
these data suggest the effects of acidifying conditions in beds of the
calcareous siltstone facies (CSt) in the lower Muller Canyon Member,
after the loss of fully-carbonate facies, it does not give an indication of
the conditions during most of the Rhaetian and the potential earliest
onset of acidification. Likewise, 613C0rg values reported in Rigo et al.
(2020) for the Mount Hyatt Member show a negative CIE at the NRB, a
distinct isotopic event from the CIE that is interpreted to mark the onset
of the end-Triassic mass extinction interval. This newly-recognized
negative CIE at the NRB has not previously been considered in the
context of associated geochemical or ecological changes; however,
biosediment abundance and taphonomic patters across the NRB may
reveal links to environmental changes. Thus, the Rhaetian Stage may
have hosted a series of environmental shifts that shifted the carbon pool
and contributed to the high degree of faunal turnover between the
Triassic and Jurassic and requires a higher-resolution geochemical and
paleontological investigation to characterize seafloor redox conditions
during an interval of paleoecological change (Tackett and Bottjer, 2016;
Laws, 1978, 1982) leading up to a mass extinction.

4.3.2. The role of dysoxia and acidification in phosphatization and
pyritization

The differential preservation of microfossil assemblages between the
lower and upper Mount Hyatt Member provides a unique opportunity to
track more subtle changes in redox conditions via the preservation of
phosphate and pyrite not easily captured by macrofossil or bulk litho-
logic samples. Both phosphatization and pyritization of fossils can
indicate altered redox and pH conditions in pore waters (Briggs et al.,
1993; Sawlowicz, 1993; Briggs and Wilby, 1996; Wignall and Newton,
1998; Briggs, 2003; Schoonen, 2004; Dornbos, 2011), and both are
observed to systematically increase in the upper Mount Hyatt Member of
the Gabbs Formation. Phosphate-preserving environments are typically
characterized by low sedimentation and high primary productivity,
providing an influx of organic material and near-neutral sediment pore
waters (Follmi, 1996; Dornbos, 2011), resulting in the common occur-
rence of originally phosphate and phosphatized fossils in distal facies
and condensed sections, such as on flooding surfaces (Catuneanu, 2006;
Follmi, 2016). A slight reduction in pore water pH to around 7 de-
stabilizes calcium carbonate and allows for the precipitation of phos-
phate from saturated pore water often in dysoxic conditions (Briggs
et al., 1993; Briggs and Wilby, 1996; Briggs, 2003; Dornbos, 2011).
Though not a direct indication of acidification or dysoxia at the
sediment-water interface, an abundance of phosphatized organic (e.g.,
coprolites and chiton) or calcium carbonate fossils indicate lowered pH
conditions and potentially lower oxygenation within sedimentary pore
waters (Briggs et al., 1993; Briggs and Wilby, 1996; Briggs, 2003;
Dornbos, 2011; Gueriau et al., 2020). When coupled with other in-
dicators, such as a decline of other remineralized carbonate fossils and
pyritization of fossils, phosphatization of microfossils outside of distal or
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condensed deposits could be a useful indication of lowered pH in the
Mount Hyatt Member facies.

The pyritization of phosphatic fossils indicates an even narrower
range of depositional redox conditions than that of phosphatized organic
and carbonate fossils. The precipitation of sedimentary pyrite requires
reducing, and often anoxic, conditions as well as a source of dissolved
sulfide and ferrous iron (Sawlowicz, 1993; Wilkin et al., 1996;
Schoonen, 2004). The decay of organic matter on the seafloor and in
shallow sediments consumes oxygen and provides a source of energy for
sulfate reducing bacteria to produce the necessary dissolved sulfide
byproducts and can promote the local pyritization of organic material
(Shawar et al., 2018; Rickard, 2019). Owing to these parameters, sedi-
mentary pyrite is often associated with dysoxic conditions in pore waters
(Sawlowicz, 1993; Wignall and Newton, 1998; Schoonen, 2004). Pyrite
framboids, spherical aggregates of micron to submicron-sized pyrite
grains (Sawlowicz, 1993), are considered largely syndepositional or
very early diagenetic, their formation limited to below the redox
boundary near the sediment-water interface or within the water column
during euxinic conditions (Wilkin et al., 1996; Wignall and Newton,
1998; Rickard, 2019); therefore, the presence of pyrite framboids has
often been associated with sediment-water interface and even water
column anoxia in the rock record (Wignall and Newton, 1998; Wignall
et al., 2005; Gallego-Torres et al., 2015; Huang et al., 2017, Emmings
et al., 2022; Li et al., 2022; and others). The replacement of originally
phosphatic(apatite) fossils (such as teeth and denticles) with pyrite also
implies dysoxic conditions and a lowered pH, necessary to destabilize
apatite, within the shallow pore waters during early diagenesis (Brett
and Baird, 1986; Guidry and Mackenzie, 2003; Rickard, 2019). The
presence of pyritized, formerly apatite, microfossils (e.g., teeth) and
pyrite framboids in a sample therefore indicates likely shallow pore
water dysoxia and low pH that may have extended to the sediment-
water interface.

Given the geochemical conditions of their formation, associations of
phosphatized, pyritized, and silicified microfossils along with un-altered
microfossils in a sample may be used as a proxy for redox conditions at
or near the sediment water interface. Samples containing minor phos-
phatized carbonate microfossils and coprolites accompanied by abun-
dant silicified carbonate microfossils would indicate normally
oxygenated conditions with minor phosphatization occurring in the
sediments below the redox boundary during early burial and diagenesis
(Butts, 2014; Gueriau et al., 2020). This combination of microfossils is
the case for most samples in this study from facies SPF and SLMW in the
Mount Hyatt Member (Table 2, Fig. 9) indicating that the redox
boundary was below the sediment-water interface. By contrast, samples
dominated by phosphatized and originally phosphatic microfossils with
fewer silicified carbonate microfossils indicate a change in redox con-
ditions to favor extensive phosphatization and phosphate preservation
resulting from a shallowing of the redox boundary and pore water
dysoxia (Briggs et al., 1993; Briggs and Wilby, 1996; Briggs, 2003). This
may be the result of low sedimentation rates and condensation associ-
ated with flooding surfaces or the development of dysoxic conditions at
the seafloor (Catuneanu, 2006; Follmi, 2016; Dattilo et al., 2019;
Freeman et al., 2019). These samples are most commonly seen in outer
ramp facies PLM and in lower Mount Hyatt Member mid-ramp facies SPF
(e.g., WH 2, LLDW 31.1, LLDW 42.3, LLDW 44.2) (Table 2). Samples
displaying primarily original phosphate with potential dissolution fea-
tures, phosphatized, and pyritized microfossils would then represent
further changes in redox conditions including low oxygen and reduced
pH at or near the sediment-water interface (Sawlowicz, 1993; Wignall
and Newton, 1998; Schoonen, 2004). This combination is only seen in
samples of facies SLMW from the uppermost Mount Hyatt Member (MC
5.9 and MC 8). In samples containing pyrite framboids (e.g., MC 5.9),
conditions may have become euxinic at the seafloor (Wilkin et al., 1996;
Wignall and Newton, 1998; Rickard, 2019). With this combination of
facies analysis and microfossil preservation analysis, it may be possible
to track oxygenation and the early onset of acidification through more of
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the Gabbs Formation.

4.3.3. Taphonomic patterns and tracking shifts in redox conditions

The observed progression of microfossil preservation from common
silicification, to common original phosphate and phosphatization, and
finally to pyritization within the Mount Hyatt Member of the Gabbs
Formation provides a potential fossil proxy for the onset of acidifying
conditions prior to the end-Triassic extinction event. By considering the
associations of each preservation style in a sample, both what is present
and what type of microfossils are being preserved, it is possible to
distinguish baseline seafloor conditions from altered redox states in the
pore water and near the sediment-water interface. Phosphatized mi-
crofossils and organic material (e.g., coprolites and chitin) found in as-
sociation with abundant original silica and silicified microfossils [which
do not indicate significant changes in pore water oxygenation or pH
(Butts, 2014)] are likely the result of authigenic mineral growth during
low sedimentation that is predicted in deeper-water facies and on
flooding surfaces (Catuneanu, 2006; Follmi, 2016). This is the case for
phosphatized carbonate macrofossils and coprolites from facies PLM in
the Nun Mine Member and phosphatized carbonate and moldic micro-
fossils in the lower samples of facies SPF in the lower Mount Hyatt
Member (LLDW 31.1, LLDW 42.3, LLDW 44.2). Likewise, the occasional
occurrence of phosphatized microfossils in many samples from the
Mount Hyatt Member in the Windy Hill, Lower Luning Draw West, and
New York Canyon Road measured sections (Table 2) can be attributed to
the tendency of many fossiliferous macrofossil samples, the sediments
from which were used in this study, to be located near the tops of beds
often on flooding surfaces. Freeman et al. (2019) and Dattilo et al.
(2019) proposed a similar method of condensation to explain accumu-
lations of small phosphatic internal molds in the Ordovician carbonates
of the Cincinnati Arch without exceptional geochemical circumstances.
However, the microfossil assemblages from the youngest samples from
the Mount Hyatt Member (MC 5.9 and MC 8), though also containing an
abundance of apatite and phosphatized fossils, do not resemble the
condensed samples. Samples MC 5.9 and MC 8 display fewer silicified or
phosphatized carbonate and original silica microfossils (Table 2). These
types of microfossils are common in older likely condensed samples with
abundant phosphatic microfossils, indicating the presence and relative
abundance of these organisms in the environment. The rarity of silicified
and phosphatized carbonate and original silica fossils in these youngest
samples may indicate a decline of these organisms not only a tapho-
nomic bias from condensation.

The Muller Canyon sample association of primarily original phos-
phate (apatite) and phosphatized microfossils is indicative of altered
redox conditions during burial or early diagenesis. The assemblages in
MC 5.9 and MC 8, likely the youngest microfossil samples, are domi-
nated by originally phosphate and phosphatized microfossils, as well as
common phosphatized coprolites. Some fragmentary bivalve microfos-
sils remain silicified, but other originally carbonate fossils, such as
echinoderm material, are very rare and/or phosphatized. This associa-
tion implies a decrease in carbonate microfossil silicification which may
be a result of early dissolution in the low pH pore water necessary to
produce abundant phosphatization. In addition to the prevalence of
phosphatic microfossils, pyritization of originally apatite fossils is seen
commonly in samples MC 5.9 and MC 8. This dominance of phosphatic
microfossils is not observed in older samples from facies SLMW and
suggests that changes in the pore water geochemistry influenced early
diagenesis.

The further pyritization of originally phosphate (apatite) microfos-
sils, partial dissolution of apatite and phosphatized microfossils, and the
presence of pyrite framboids in sample MC 5.9 indicates a significant
shift in the redox boundary and is likely an early indication of more
widespread acidifying conditions (Fig. 9). Brassy pyritization of micro-
fossil teeth from sample MC 5.9) can be seen under magnification and
was confirmed by SEM EDS analysis (Fig. 6L-M, Q-R). This is often
associated with the partial dissolution of both originally phosphatic
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microfossils (Fig. 6L) and phosphatized microfossils (including copro-
lites) giving the fossils a rough texture and making detailed identifica-
tion difficult. Dissolution features on apatite and phosphatized
microfossils can also be seen on a micron scale in SEM images (Fig. 6).
The solubility of phosphate increases significantly as pH is lowered into
acidic values (Oxmann et al., 2010; Oxmann and Schwendenmann,
2014) while pyrite deposition remains unaffected. Pyrite framboids
found in the replaced areas of teeth in MC 5.9, one of the youngest
samples, indicates the onset of acidifying conditions not experienced by
older SLMW or deeper-water samples. In addition, pyrite framboids
signal that pore water conditions were extreme for the inner-shelf
transition, facies SLMW, to experience without a significant flooding
surface or stratigraphic boundary, which is not indicated by a change in
lithology or visible surface in the measured section. Therefore, the
presence of pyrite framboids may be a sign of earlier periods of acidi-
fying and anoxic conditions during the Rhaetian.

The taphonomy of microfossils in the upper Mount Hyatt Member
are better proxies for shifting geochemical conditions than changes in
lithology or macrofossil assemblages. Clement and Tackett (2021)
demonstrated that the disappearance of carbonate facies in the Gabbs
Formation, sometimes considered an indicator of acidification in global
reviews (Greene et al., 2012), is related to a gradual facies change that
begins well below the documented negative CIE coinciding with the
mass extinction interval (Guex et al., 2004; Thibodeau et al., 2016;
Larina et al., 2021). Macrofossil assemblages also undergo a change in
the upper Mount Hyatt Member (Laws, 1978, 1982), and above the NRB,
as measured by Tackett et al. (2014). Above the NRB, as indicated by the
SIE, fossiliferous beds become more rare, likely owing, in part, to the
progressive shallowing of carbonate dominated mid-ramp environments
(facies SPF) to mixed carbonate-siliciclastic inner-ramp transition en-
vironments (facies SLMW) (Clement and Tackett, 2021). A further
decline in macrofossils, potentially related to redox fluctuations in the
Rhaetian, is therefore difficult to detect in the more sparsely fossiliferous
facies SLMW without extreme sampling effort. It is only in the differ-
ential preservation of the microfossil samples, within this established
stratigraphic framework that changes in the redox conditions are
detected (Fig. 9). The acidifying conditions indicated by the dissolving
phosphate and pyrite framboids of sample MC 5.9 are unlikely to have
persisted until the negative CIE at the end of the Rhaetian (marking the
end-Triassic extinction interval, but it is evidence for early pulses of
acidification through the Rhaetian similar to the precursor excursion
documented by Larina et al. (2021).

4.4. Decline of stationary calcareous epifaunal taxa through the
Norian—-Rhaetian boundary

Previous work has addressed paleoecological changes in the
macrofossil assemblage up to the NRB. Patterns of paleoecological
change in the late Norian were primarily reported from shelly fauna
such as brachiopods and molluscs. Tackett and Bottjer (2016) found a
decline in stationary epifaunal taxa in lower Norian deposits of Italy and
Nevada and a coincident increase in mobile infaunal taxa in upper
Norian deposits approaching the NRB, as indicated by the strontium
isotope excursion (SIE), in the Luning and Gabbs formations of Nevada.
This is a similar pattern to the Tethyan realm represented in the
Lombardian Alps of northern Italy, where mobile infauna eventually
dominated over stationary epifauna, though the overall transition is
more gradual (Tackett and Bottjer, 2012). These findings are in agree-
ment with other lower Norian findings of predominately stationary
epifauna from the Wallowa Terrane of eastern Oregon (Newton et al.,
1987) and the reduction of stationary epifaunal reefs in the Rhaetian of
Japan (Peybernes et al., 2016) as well as the higher extinction rates
found for sessile groups than mobile taxa in the Rhaetian (Kiessling
et al., 2007). Likewise, paleoecological work immediately prior to the
TJB in the Gabbs Formation from Larina et al. (2021) found more di-
versity among mobile infaunal taxa despite high abundance of a few
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stationary epifaunal taxa. These previous results imply that the low di-
versity and abundance of stationary epifaunal macroinvertebrates was
maintained across the NRB, and that diversity remained low up to the
TJB.

This study suggests that the decline of stationary epifauna is also
detectable for echinoderm taxa using microfossil assemblages. Two
types of echinoderm microfossils were recovered from sample residues,
echinoderm stereom and spines (Fig. 20; 6E-G). Echinoderm stereom is
ubiquitous to echinoderm taxa including crinoids, echinoids, and as-
teroids, and may therefore represent mobile or immobile epifaunal
echinoderm taxa; however, echinoderm spines are typically attributed
to urchins, which are considered fully motile. Echinoderm stereom
fragments were particularly abundant in facies SPF (up to 89% of the
biosediment assemblages) and were also found in facies SLMW. Like-
wise, echinoderm spines were found in both facies SPF and SLMW,
though at lower more consistent values (0-18%). Echinoderm stereom
decreased through the NRB in facies SPF, and into the Rhaetian in facies
SLMW, while the proportion of echinoderm spines found in samples
remained relatively constant (Fig. 8). The declining abundance of
echinoderm stereom and persistent proportion of echinoderm spines
implies that the contribution of echinoderm stereom from mobile urchin
taxa likely remained a consistent input to the biosedimentary assem-
blages. The decrease in non-spine echinoderm stereom is therefore un-
likely due to a decrease in all echinoderms and may instead be attributed
to the relative decline of stationary epifaunal echinoderms (e.g., cri-
noids) as other known biosedimentary producers in these environments
(Clement and Tackett, 2021). While crinoid stereom is certainly present
in samples of facies SPF and the hashy skeletal packstone facies (not
considered in this study) based on the presence of central canal (Clement
and Tackett, 2021 Fig. 3E), the vast majority of non-spine stereom
fragments is not identifiable to an echinoderm family, so further inter-
pretation of these trends would be speculative.

The present study highlights the role of microfossils in paleobiolog-
ical and paleocological reconstructions. Some taxa reported herein
represent microscopic taxa, such as radiolarians, foraminiferans, and
ostracods, but the most abundant taxa observed were disaggregated
biogenic sediments of macroscopic life, including poriferans, bivalves,
gastropods, vertebrates, and echinoderms. In this way, analysis of the
largest size fraction of sediments (>250 pm) allows for an enhanced
understanding of the biodiversity of larger taxa in fossil samples. The
future addition of smaller size fractions will doubtlessly increase the
representation of microscopic taxa and help provide the most complete
representation of benthic marine diversity, paleoecology, and
taphonomy. The addition of microfossil assemblages produces a dual
record of life in the system that has important quantitative caveats, but
nevertheless increases known diversity and exhibits shifts in abundance
and diversity as shaped by environmental factors.

4.5. Causal agents across the Norian—Rhaetian boundary

A combination of geochemical, paleobiological, and diagenetic shifts
are observed across the NRB in the Gabbs Formation, including a
negative strontium isotope excursion, a negative carbon isotope excur-
sion, a proliferation of silica-limited taxa, and silicification of carbonate
microfossils (Fig. 9). The global nature of the strontium isotope excur-
sion (Kovacs et al., 2020) and carbon isotope excursion (Rigo et al.,
2020) suggest that the driving event must have been substantial. The
sudden appearance of hyper-silicifying sponges in shallow marine en-
vironments across the NRB and in the lower Rhaetian deposits suggests
an increased input of dissolved silica (DSi), which is not likely to be
sourced from continental weathering as indicated by the synchronous
negative strontium isotope excursion. Likewise, Central Atlantic
magmatic province (CAMP) volcanism is unlikely to be the cause of the
observed changes, as radiogenic dates of lava flows and sills postdate the
NRB by several million years (Schaltegger et al., 2008; Schoene et al.,
2010; Davies et al., 2017). Other workers have suggested that the
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strontium isotope excursion observed across the NRB could be attributed
instead to the weathering of unradiogenic carbonates or the formation of
tectonic basins hindering the flow of radiogenic continental material
into the oceans (Kovacs et al., 2020). Neither of these alternative sce-
narios alone account for the coincident increase in DSi indicated in this
study, nor the negative CIE and marine extinctions noted by Rigo et al.,
2020; however, hydrothermal vent degassing can source both isotopi-
cally light strontium and dissolved silica (Korte et al., 2003).

The proliferation of hypersilicified sponges, the long residence time
of strontium (>1 million years), the global CIE, and significant marine
extinctions (Rigo et al., 2020) suggest that an increase in hydrothermal
venting would be a necessary component to this suite of sedimentary
features. Of the multiple hypotheses for the NRB extinctions, enhanced
hydrothermal vent activity would explain the suite of characters
observed in the Gabbs Formation, however this feature would also be
expected to be observed in multiple localities, requiring further bio-
sedimentary research in addition to standard isotopic measurements.

5. Conclusions

Microfossil assemblages from carbonate deposits in the Gabbs For-
mation exhibited paleoenvironmental affinities that shifted within and
above the strontium isotope excursion (SIE), consistent with increased
hydrothermal or volcanic input to marine waters close to the Nor-
ian-Rhaetian boundary (NRB). Silica-limited sponge taxa became more
abundant in the SIE stratigraphic interval, and common echinoderm
stereom fragments became rarer. This combination of faunal, sedimen-
tological, and geochemical features is consistent with deteriorating
conditions in the region in the latest Norian and persistent throughout
much of the Rhaetian Stage.

Microfossils across the NRB and into the middle Rhaetian in New
York Canyon reflect a geochemical cascade that affected the living
community and subsequent diagenesis of its constituent biominerals.
Spicules from lithistid demosponges and hexactinellid sponges support
an abundance of water column dissolved silica (DSi), which destabilized
in the near subsurface and silicified many originally carbonate grains.
Increasingly acidic and anoxic pore water conditions are indicated by
phosphatized microfossils and phosphatic microfossils with pyrite
replacement. Together these diagenetic features indicate a slowly
degrading shallow marine environment throughout much of the Rhae-
tian interval, culminating in the end-Triassic mass extinction.

While the causes for the global faunal turnover across the NRB are
not entirely clear, the combination of abundant silica-limited marine
organisms in shallow marine systems, a negative SIE, and a negative CIE
provides a unique event fingerprint. Increased hydrothermal venting or
subaqueous basalt emplacement would provide a source of isotopically
light strontium and carbon, as well as a source of dissolved silica. An
early rifting phase of Central Atlantic magmatic province (CAMP) would
be consistent with step-wise environmental degradation observed dur-
ing the short, volatile Rhaetian Stage, and this has important implica-
tions for our understanding of environmental shifts related to intervals
of increased temperature and ocean acidification like that of the latest
Triassic and in the present day.

Microfossil assemblages, when tied to specific facies and strati-
graphic context, can serve as geochemical proxies for a wide range of
conditions and shifts. In New York Canyon, the suite of geochemically-
informative microfossils suggest that the strontium isotope excursion
coincided with increased dissolved silica concentrations followed by
increasingly anoxic and reducing conditions approaching the end-
Triassic mass extinction interval. A microfossil assemblage approach
has enormous potential for paleoenvironmental reconstruction, in
particular during enigmatic intervals involving some combination of
warming, acidification, and redox shifts.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.palaeo.2024.112034.

Table 1. Microfossil assemblages identified by taxonomic group and
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taphonomic condition. Sample names indicate the locality and the
stratigraphic position of the sample in meters from the measured sec-
tions in Clement and Tackett (2021) (e.g., sample NYC 35.7 is from the
New York Canyon Road locality at meter 35.7). Locality names: WH-
Windy Hill, MT- Mine Test, LLDW- Lower Luning Draw West, LD- Luning
Draw, NYC- New York Canyon Road, MC- Muller Canyon.
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