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Microbialites undergo a well – documented resurgence following the Permian – Triassic mass extinction. This
comeback has been attributed to several causes, including the emptying of Early Triassic ecosystems by the
severity of the extinction, a decline in burrowing activity and intensity, and the unusual chemistry of Early
Triassic oceans. A laterally – continuous stromatolite horizon found within the Lower Triassic Virgin Limestone
was examined at the Blue Diamond, NV U.S.A. locality in order to determine the factors that led to growth of the
stromatolites, and by extension, the environmental conditions that led to the formation of widespread micro
bialites in the aftermath of the Permian-Triassic mass extinction. The Virgin Limestone at the study locality
consists of ~6 m – thick cycles of shale and siltstone that pass upwards into bioturbated lime mudstone, and are
capped by oolitic packstone or grainstone. Each ~6 m – thick cycle represents a rapid sea level rise that led to the
deposition of fine – grained clastics below storm wave base, followed by deposition of coarsening – upwards
carbonates that were deposited in progressively shallower environments. Analysis of redox-sensitive trace metals
(U. V and Mo) from the shale and siltstone interbeds indicate that the fine – grained clastics were deposited under
dysoxic waters, however, extensive bioturbation and macrofossils from the carbonate units indicates better
aeration of shallower settings. The stromatolites occur within a single, laterally extensive horizon, and 4 distinct
stromatolite morphologies are observed along a 3 km long transect, including: 1) aggregates of high-relief
hemispherical domes and columnar stromatolites with well-developed laminae that are up to 0.75 m thick; 2)
lozenge-shaped aggregates of intergrown columnar stromatolites with dimpled top surfaces; 3) isolated hemi
spheroids; and, 4) meandering ridges of intergrown domes that are small, low – relief (usually <7 cm), and have
a clotted fabric. Isolated hemispheroids are found across the entire study area, while the large hemispherical and
columnar aggregates, lozenge-shaped masses and the small intergrown domes are found in the southern, central
and northern portion of the study area, respectively. Analysis of trace metals from shale directly underlying the
stromatolites reveals an intensification of dysoxic conditions that may have initiated mound growth, while the
occurrence of distinct burrows and a sparse fauna within the stromatolites indicates at least partially –
oxygenated conditions as the stromatolites developed on the seafloor. Overall, stromatolite growth was
controlled by a combination rapid calcification of the mounds related to the unusual carbonate chemistry of
Early Triassic oceans, a microbial bloom driven by N – fixing diazotropic cyanobacteria, and possibly inter
mittent dysoxic conditions that limited grazing metazoans. Comparison of Lower Triassic stromatolites from the
Blue Diamond locality to others from the western United States reveals the importance of localized conditions in
initiating microbialite growth and determining the complexity of microbialite ecosystems.

1. Introduction
The Permian – Triassic mass extinction is the largest biotic crisis to
have occurred over the last 541 million years, with an estimated 78% of

marine genera going extinct (Alroy et al., 2008). Recovery from the
extinction was complex, with the distribution of harsh environmental
conditions determining the timing and location of recovery (e.g., Guo
et al., 2015; Luo et al., 2016; Pietsch and Bottjer, 2014; Pietsch et al.,
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2014; Pietsch et al., 2016; Twitchett et al., 2004; Woods et al., 2019).
Lower Triassic rocks frequently contain unusual facies or fabrics, known
as “anachronistic facies”, that were common in Precambrian-aged rocks,
but are rare during the Phanerozoic (Sepkoski Jr. et al., 1991); examples
of Lower Triassic anachronistic facies include microbialites, flat pebble
conglomerates, mud chip facies, abundant thin-bedded limestone facies,
and large seafloor cements (e.g., Pruss et al., 2005; Wignall and
Twitchett, 1999; Woods, 2014; Woods et al., 1999; Zhao et al., 2008).
These distinctive facies are the result of the widespread occurrence of
environmental stresses, biotic factors related to the severity of the
extinction, and actualistic sedimentary processes (Woods, 2014).
The re-emergence of microbialites in Lower Triassic units worldwide
has been attributed to opportunistic expansion into an ecologic vacuum
following the end-Permian mass extinction (Schubert and Bottjer,
1992), a relaxation of metazoan grazing pressures due to the severity of
the extinction (Pruss and Bottjer, 2004), and the unusual carbonate
chemistry of Early Triassic oceans that lead to enhanced precipitation of
calcium carbonate (Kershaw et al., 2007; Woods, 2014; Woods et al.,
2007). Microbialites are especially common immediately following the
Permian – Triassic mass extinction, and are often referred to as Permian
– Triassic boundary microbialites, or PTBMs (Kershaw et al., 2007), and
have been documented throughout the Tethyan realm (e.g., Adachi
et al., 2017; Bagherpour et al., 2017; Baud et al., 1997; Baud et al., 2005;
Ezaki et al., 2003; Ezaki et al., 2008; Galfetti et al., 2008; Groves et al.,
2005; Hips and Haas, 2006; Kershaw et al., 2011; Kershaw et al., 2002;
Kershaw et al., 2007; Kershaw et al., 1999; Lehrmann et al., 2007;
Maaleki-Moghadam et al., 2019; Marcoux and Baud, 1986; Richoz,
2004), and western Panthalassa (e.g., Bagherpour et al., 2017; Fang
et al., 2017; Horacek et al., 2009; Krull et al., 2004; Lehrmann, 1999;
Lehrmann et al., 2003; Sano and Nakashima, 1997; Yang et al., 2019).
PTBMs are unknown from eastern Panthalassa due to a lack of Permian –
Triassic boundary sections, although one proposed example may exist in
the Gerster Formation of west-central Utah (Saltzman and Sedlacek,
2013). Microbialites have been documented throughout the western
United States from rocks deposited later in the Early Triassic, with most
from the latter part of the interval (Smithian - Spathian). These include a
well-studied example from the Virgin Limestone near Lost Cabin
Springs, Nevada (Marenco et al., 2012; Mata and Bottjer, 2011; Pruss
and Bottjer, 2004; Schubert and Bottjer, 1992), as well as examples from
Utah (Brayard et al., 2011; Jeffrey et al., 2019; Olivier et al., 2014;
Olivier et al., 2016; Vennin et al., 2015) and east – central California
(Mary and Woods, 2008). Smithian and Spathian microbialites from the
western United States occur in a variety of forms, and frequently occur in
association with metazoans, including encrusting sponges (Brayard
et al., 2011; Marenco et al., 2012; Vennin et al., 2015).
The current study documents laterally – extensive stromatolites from
the Virgin Limestone at Blue Diamond, Nevada, U.S.A. with the aim of
determining the environmental conditions that led to their growth, as
well as the factors that resulted in lateral differences in stromatolite
morphology. In addition, a broader study of the sedimentary units sur
rounding the stromatolite – bearing interval was also conducted in order
to better understand the distribution of environmental conditions and
stresses in the region during the Early Triassic post – extinction recovery
interval.

member of the Union Wash Formation of east – central California
represent the deep-water analogue of the Virgin Limestone (see Fig. 1B;
Woods et al., 2007). The Virgin Limestone unconformably overlies red
mudstones and sandstones of the Lower Red Member of the Moenkopi
Formation (McKee, 1954), and grades conformably into the overlying
Middle Red Member of the Moenkopi Formation, which consists of red
mudstone and siltstone interbedded with lesser amounts of carbonate
and gypsum (Reif and Slatt, 1979). Ammonoid biostratigraphy and
strontium isotope results reveal that the Virgin Limestone is Spathian in
age, occurring within the Tirolites ammonoid biozone (Marenco et al.,
2012; Poborski, 1954).
The Blue Diamond site is located approximately 20 km west of Las
Vegas, NV, north of Nevada state highway 159 (Fig. 2A). The outcrops of
Virgin Limestone observed for this study are primarily found along the
steep, west – facing escarpment of a north-south trending cuesta. The
lowermost contact of the Virgin Limestone with the Lower Red Member
is fully exposed in a ravine near the south end of the approximately 6-km
long ridge. Bedding along the west – facing exposure is fairly flat-lying,
with a roughly north-south strike and a westward dip varying from 0 to
12 degrees. Virgin Limestone beds are better preserved and exposed at
the southern extent of the ridge; moving northwards along the escarp
ment, faulting, slumping, and erosion has covered large portions of the
sequence. While the stromatolite – containing interval is laterally
continuous, it should be noted that there is evidence of faulting and
slumping, including slickenlines on rocks in place and in float, doubled
and interrupted bedding, as well as large, tumbled, out-of-place blocks
of limestone float that are several meters across.
3. Methods
A laterally – extensive microbialite – bearing horizon within the
Virgin Limestone was examined at the Blue Diamond, NV locality along
an ~3 km – long north – south transect (A-A’), and along a second
transect, ~160 m – long, within an east-west-trending drainage on the
western dip-slope (B-B′ ) (Fig. 2B). The Virgin Limestone was examined
at 3 well – exposed locations along transect A-A’ in order to establish the
depositional setting of the microbialites; these 3 sites are identified from
south to north as Locality 1, 2, and 3. Examples of stromatolites along
both transects were examined and described using terminology pro
posed by Logan et al. (1964) to establish variations in gross morphology
and size. Twenty - one, 19, and 18 thin sections were prepared from
stromatolites exposed at Locality 1, 2, and 3, respectively, in order to
characterize microbial structures, fabric, and matrix.
In order to better establish the overall depositional setting of the
stromatolites and associated carbonates, a detailed stratigraphic section
was measured at Locality 1, where exposure of the Virgin Limestone is
most complete. The stratigraphic section is ~50 m thick, includes the
stromatolite – bearing interval, and ranges from the lower contact of the
Virgin Limestone with the underlying Lower Red Member of the
Moenkopi Formation to a distinctive, ledge – forming crinoidal pack
stone. Hand samples of both carbonate and shale were collected, and
included the preparation of 22 petrographic thin sections and the
removal of 28 shale samples for trace metal analysis, including 4 sam
ples collected immediately beneath a domal stromatolite at 10-cm ver
tical intervals. Trace metal chemistry was not determined for the
carbonate units, where pervasive bioturbation muddled geochemical
signals, however, a qualitative assessment of the degree of benthic
oxygenation during deposition of the carbonate units was determined
using bioturbation intensity and depth, as well as the types of trace
fossils and body fossils found within this lithofacies.
Shales were prepared for analysis of U, V and Mo using the micro
wave digestion method of Ziegler and Murray (2007). Concentrations
were measured using a Perkin – Elmer 7300DV ICP – OES (Inductively
Coupled Plasma Optical Emission Spectrometer) housed in the Depart
ment of Geological Sciences at California State University, Fullerton,
and are presented as enrichment factors (EF), which normalize

2. Geologic background
The Virgin Limestone is a member of the Moenkopi Formation, and is
comprised of interbedded carbonates, sandstones, and shales deposited
in marine environments across a distally – steepened carbonate ramp
that faced Panthalassa to the west (Larson, 1966; Mata and Bottjer,
2011), and passed laterally into vast sabkha facies to the east (Reif and
Slatt, 1979). The marine rocks that comprise the Virgin Limestone and
Union Wash Formation are part of a larger sequence of interbedded
marine facies and terrestrial units that make up the Moenkopi Platform
(Fig. 1A; Woods, 2009); outcrops of the laterally equivalent upper
2
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Fig. 1. A) Paleogeography of the Virgin Limestone and laterally equivalent units, which comprised the larger Moenkopi Platform. The Virgin Limestone at Blue
Diamond, NV is the focus of this study; other Virgin Limestone localities mentioned in the current study include Lost Cabin Springs (LCS) and Muddy Mountains/
Overton (MM/O). B) Chronostratigraphy, biostratigraphy, and general lithologic descriptions of the Virgin Limestone in the southwestern United States.
Figures adapted from Pruss and Bottjer (2004) and Woods (2009). Ammonoid biozones (Tozer, 1994) and conodont biozones (Orchard and Tozer, 1997) from
western Canada. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Location of study area with transects and sample collection points, Blue Diamond, NV. A) General location of the Blue Diamond Site. B) Transect A-A’, shown
in yellow, is about 3 km long and traces the outcrop along a west – facing escarpment. Transect B-B′ (in orange) is about 160 m long, and traces the stromatolitebearing bed in a surface drainage. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

elemental values to aluminum, and compare them to average shale
values from Wedepohl (1971, 1991):
)/( /
)
( /
EFelement X = X Alsample
X Alaverage shale

estimating benthic oxygenation (Algeo and Liu, 2020). All three ele
ments are soluble under oxygenated waters, but become enriched under
denitrifying (V and U) to sulfate reducing (Mo) conditions (Tribovillard
et al., 2006).

Note that in the equation, X = the concentration of the element of
interest (U, V, or Mo). EF values greater than 1 are indicative of
enrichment of a particular element, while values less than 1 indicate
depletion. Enrichment factors of U, V and Mo are commonly employed
as redox proxies (e.g., Algeo and Liu, 2020; Tribovillard et al., 2006),
and are considered to be one of the most robust geochemical means of

4. Results
4.1. Sedimentology
The Virgin Limestone at the Blue Diamond locality consists of
4
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repeating, ~6 m -thick cycles (Fig. 3) of fine-grained clastics (primarily
shale with lesser amounts of siltstone, and rare sandstone; Fig. 4A) that
pass upwards into bioturbated micritic limestone (Fig. 4B, C), and are
frequently capped by oolitic packstone or grainstone (Fig. 4D, E).
Micritic limestone units are typically bioturbated (Fig. 4B), but occa
sionally contain intervals with shallower bioturbation depths and
distinct Planolites burrows (Fig. 4C); oolitic packstones and grainstones
commonly include gastropods and bivalves (Fig. 4D, E). All lithologies
are frequently cross-cut by coarser storm beds that consist of shell hash
and mud chips (Fig. 4F), and may also be hummocky cross – stratified
(Fig. 4G). Overall, the unit shifts from finer – grained and more clastic –
rich, to coarser – grained carbonates towards the top of the measured
interval, which was arbitrarily terminated at a distinctive, cliff – forming
layer of crinoidal packstone comprised of Isocrinus columnals (Fig. 3).

from 5 cm to over 50 cm, and form accumulations that are up to ~0.75
m thick (Fig. 5C). Individual domes vary in their basal radius from 7 to
15 cm, and increase in width vertically until they abut neighboring
mounds. In several outcrops, a very fine-grained, white-grey homoge
nous siltstone is preserved in topographic lows between domes (Fig. 5B).
This siltstone is distinctly different in colour and grain size from the
more resistant tan wackestone that overlies the stromatolite-bearing
unit, and is heavily bioturbated.
Groups of intergrown small domes, with heights of 5 cm or less, form
meandering ridges of microbialite in a drainage at the westernmost
extent of Transect B-B′ . Domes are 4–7 cm in diameter, and the width of
the ridges varies from 3 to 7 cm (Figs. 5D, 7B); the sides of the domes do
not flare outwards above the base of the microbialite. White – grey, very
fine siltstone is present in the spaces between ridges and mounds, and
the microbialite-bearing unit is overlain by tan, highly bioturbated
wackestone. Unlike the hemispherical domes observed along Transect A
– A’, well-formed laminations are not apparent in outcrop or hand
sample.
Flat-topped, lozenge-shaped stromatolite aggregates are found in the
northern portion of Locality 1 (Figs. 5E, 7C). Several examples are
encountered where blocks of the microbialite have fallen from the
outcrop, allowing observation of the three-dimensional form of the
stromatolites (Fig. 7D). The lower portion of each lozenge-shaped stro
matolite consists of vertically stacked hemispheroids that exhibit
continuous, wavy laminae in cross – section (Fig. 7D) and grew into
close-linkage as the radii of adjacent domes widened during growth. The
uppermost part of the bioherm is lozenge – shaped, with a distinctive
dimpled upper surface (Fig. 5F, 7C). The lozenge-shaped stromatolite
aggregates differ from the aggregates of large, well-defined hemi
spheroids found in the southern portion of Locality 1 (Fig. 5A, B), which
are made of cabbage-like domes with a high degree of topographic relief.
The white – grey siltstone overlying the domes and infilling the dimples
on the upper surfaces of the stromatolites is intensely burrowed.

4.2. Bioherm continuity and stromatolite morphology
A survey was conducted over a span of 3 km of exposed Virgin
Limestone in a roughly north-south trending exposure (Transect A – A’),
and along an additional 160 m – long east – west transect (Transect B-B′ )
(Fig. 2) to determine lateral continuity and variability of the stromato
lites along a single stratigraphic horizon. Stromatolites occur as isolated
hemispheroids and patches of laterally linked hemispheroids across the
two transects, and are not contiguous across the stratigraphic horizon in
which they occur. Mounds of aggregated and linked stromatolites vary
in lateral extent from several meters to approximately 15 m across.
Four distinct morphologies are observed along these two transects:
1) isolated hemispherical domes (Fig. 5A); 2) aggregates of hemi
spherical domes and columnar stromatolites (Fig. 5B, C); 3) networks of
intergrown mounds with close lateral linkage (Fig. 5D); and, 4) meterscale, flattened, lozenge-shaped aggregates (Fig. 5E, F). Isolated hemi
spheroids are found at all locations along Transect A-A’. In contrast, the
aggregates of large, well-formed hemispherical and columnar domes are
only observed at Locality 1. Intergrown mounds with close lateral
linkage, often forming low, meandering ridges of microbialite, are well
represented along the southwestern limb of Transect B-B′ and at Locality
3 along the northern part of Transect A-A’. Finally, lozenge-shaped,
flattened forms with dimpled tops are observed at the northern
portion of Locality 1 and Locality 2 along Transect A-A’. The lozenge
shapes are thought to represent the original shape of the stromatolites,
as there is no evidence of exfoliation, such as pieces of stromatolite
material lying nearby; in addition, a distinctive, white – grey siltstone
infills the dimples on the upper surfaces of the lozenge – shaped stro
matolites, and is similar to white – grey siltstone found infilling topo
graphic lows on the upper surfaces of other stromatolites from the study
area, implying that the dimples were present on the original surface. The
lateral distribution of the different stromatolite morphologies along
both transects are shown in Fig. 6.

4.2.2. Stromatolite morphology in the central portion of the study area
(Locality 2)
Numerous fragments of stromatolites are observed in the float at
Locality 2 (Transect A-A’), particularly in surface drainages where large
blocks of rock tumbled from upslope. In situ domes are far less frequent
at Locality 2, however, in a few places individual, isolated, hemispher
ical domes, 10 cm or less in height, are observed (Fig. 8A). The isolated
domes are surrounded by white – grey siltstone that frequently contains
horizontal burrows (Planolites) (Fig. 8A). Additionally, large, displaced
blocks of lozenge – shaped aggregates are also found; these blocks are
extensively weathered, and separate along stromatolite laminae into
irregular layers, 3–6 cm thick. Precise measurement of the overall
thickness of the stromatolite aggregates is not possible, as bottom con
tacts are not exposed, or the blocks are broken; however, these stro
matolites are at minimum 40 cm thick. The most striking difference in
the occurrence of microbialites between Localities A and B is the
decreasing frequency and size of stromatolite domes moving north
wards. Large hemispherical domes with high relief are not observed at
Locality 2; rather, small, low domes and aggregates are found, and the
microbialites are more isolated and located further from each other.

4.2.1. Stromatolite morphology in the southern portion of the study area
(Locality 1 and Transect B-B′ )
Stromatolites exhibit all four morphologies in the southern portion of
the study area, which includes Locality 1, and exposures along Transect
B-B′ . In areas where meter-scale aggregates of columns and stromatolite
domes are absent, a few isolated hemispheroids are still found between
the larger microbialite masses within the tan wackestone unit that
overlies the microbialites (Fig. 5A). These isolated hemispheroids have
well – defined, cm - scale laminae, are generally small, with a maximum
height of 10 cm, and have a variable basal surface area, with the sides of
the domes spreading and bulging laterally as the domes grew over time
and increased in height. Overhanging sides are frequently noted
(Fig. 7A), in contrast to the more straight-sided columnar forms
observed in the large aggregates described below.
Large aggregates of hemispheroids are found only at Locality 1,
along the eastern escarpment (Transect A-A’). Individual domes within
these groups of hemispheroids exhibit distinct laminae, range in height

4.2.3. Stromatolite morphology in the northern portion of the study area
(Locality 3)
Outcrops at Locality 3 are poorly exposed and deeply weathered;
additionally, there are lateral intervals where no stromatolites are
observed, although the distinctive, overlying tan wackestone can be
identified, indicating a lower density of stromatolites. Similar to Locality
2, well-formed domes with high relief are also not observed at Locality 3;
the largest stromatolite is 15 cm tall, and has irregular, wavy lamina
tions (Fig. 8B). Single individual hemispherical domes, 10 cm in height
or less, are most commonly observed. Additionally, low meandering
ridges and domes less than 8 cm in in height are found as fragments in
5
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Fig. 3. Measured stratigraphic section for Locality 1. Geochemical sample names correspond to bed numbers. In cases where more than one geochemical sample or
hand sample was collected from a bed, the samples were assigned a letter or modifier in order to distinguish the sample from others collected from the same bed. (i.e.,
“pink”, “red” and “green” refer to the weathered colour of the shale units). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 4. Much of the lower portion of the Virgin Limestone at the Blue Diamond, NV locality consists of ~6 m – thick cycles of repeating sedimentary units, consisting
of: A) Poorly exposed green or red shale; B) Lime mudstones that are heavily bioturbated (scale bar = 5 cm), or, C) contain distinct Planolites burrows (P) (scale bar =
1 cm); D, E) Oolitic packstones and grainstones that are frequently cross – bedded, and commonly contain shell debris like bivalves (B) or gastropods (G) (scale bar in
C = 1 cm; scale bar in D = 2 cm); and, F) Cross – cutting storm beds with erosive lower contacts (arrows) that contain shell hash and mud chips (M) (scale bar = 1 cm)
and are frequently G) hummocky cross stratified (scale bar = 5 cm). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

the float (Fig. 8C).

Locality 1, which reach thicknesses of up to 0.75 m, are of moderate
thickness at Locality 2 for the lozenge – shaped stromatolites (minimum
40 cm thick), and are thinnest at Locality 3 and the southwestern portion
of Transect B – B′ , where single hemispherical domes are 10 cm in height
or less, and meandering ridges and intergrown domes are 5–7 cm in
height.

4.2.4. Summary of trends in stromatolite size and morphology
The morphology of the stromatolites varies, but, overall, there is a
northwards lateral progression from larger aggregates of stromatolites
in the southernmost portion of the study area (Locality 1) to lozenge –
shaped domes (Locality 2), and intergrown mounds and meandering
ridges (Locality 3). Isolated domes are found across the study area, but
become progressively smaller and sparser towards the north. Stromat
olite accumulations are greatest for the aggregates of large domes at

4.3. Microbial fabrics
Reddish-orange iron staining is apparent on freshly broken or cut
7
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Fig. 5. Stromatolites exhibit four main types of morphologies at the Blue Diamond, NV locality. A) Isolated hemispherical domes with well-defined cm-scale laminae.
This example is located near Locality 1, and shows a spreading habit, as upper layers become wider in diameter than the base of the dome. Scale bar = 10 cm. B, C)
Aggregates of well-developed columnar and hemispherical stromatolites: B) View of the top surface of three hemispherical domes that are part of a larger aggregate
exposed in a block that weathered out of outcrop at Locality 2. Infill is visible between the domes. Scale bar = 10 cm. C) Cross – section view of a columnar and dome
stromatolite aggregate. Note the distinct stromatolitic laminae and the columnar to hemispherical form of individual stromatolite masses. Infill between stromatolites
is the same colour and grain size as the sediments that comprise the stromatolites. Locality 1. Scale bar = 10 cm. D) Laterally-linked, intergrown microbial mounds
exposed on a bedding plane surface. White – grey, fine – grained infill is preserved between the meandering ridges of interconnected medium grey stromatolitic
mounds. Locality 3. Scale bar = 3 cm. E, F) Lozenge-shaped, flat – topped forms with dimpled tops. E) Three lozenge-shaped microbialite masses with overhanging
sides. Scale bar = 20 cm. F) Upper surface of a lozenge – shaped stromatolite with distinctive dimpled top surface. Scale bar = 10 cm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

surfaces from the majority of carbonate samples collected from the Blue
Diamond locality. The iron staining is due to weathering, and enhances
the appearance of macroscopic structures and fabrics, including wavy
laminae, ooids, clotted fabrics, and shell debris. Three representative
polished slabs are shown in Fig. 9, which exemplify the internal struc
tures of the microbial domes observed at Blue Diamond.
Well-formed, continuous laminae are observed in individual hemi
spherical domes (Fig. 9B), large aggregates of hemispherical domes and
columns (Fig. 9C), and the lower, columnar spans of the lozenge –
shaped masses. Continuous, well-formed laminations are not observed
in field outcrops of the intergrown domes and meandering ridges.
Instead, the intergrown domes and meandering ridges typically exhibit a
clotted or featureless structure; discontinuous, wavy layers are noted in

only one sample (Fig. 8B). When cut, these samples have a clotted
appearance and no laminae or burrows are observed (Fig. 9A).
Thin sections were collected from different horizons within indi
vidual stromatolite heads in order to better understand the internal
structure and growth processes of the stromatolites. Representative
photos are presented in Figs. 10, 11, 12, and 13. Fig. 10 shows the
various structures and fabrics from an individual hemispherical dome
(similar to the ones shown in Fig. 5A) from Locality 1 that was prepared
as a large-format, 50 mm by 75 mm thin section. Fig. 11 includes thin
sections from hand samples collected from several locations within a
meter-thick aggregate of hemispherical stromatolites observed at Lo
cality 1 that is similar to the example shown in Figs. 5B & C. Fig. 12
shows a series of thin sections cut from the lower, middle, and upper
8
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Fig. 6. Distribution of the four stromatolite morphologies observed at the Blue Diamond, NV, study locality. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

portions of a small, individual stromatolite dome (approximately 10 cm
across) collected from Locality 2. Fig. 13 shows a series of thin sections
cut from a larger individual hemispherical dome collected from Locality
3.
Petrographic analysis reveals that the stromatolites at all three lo
calities are primarily comprised of micrite with pockets of coarser ma
terial, including bivalve shells, echinoderm fragments, ooids, and
pellets, as well as a few instances of ostracods, gastropods, foraminifera,
and an orthocone nautiloid (see Figs. 10D & E, 11B–D, 12B & C, and
13B). Accumulations of wavy, filamentous shell material are found in
thin sections from all three localities (three collected from Locality 1,
two from Locality 2, and three from Locality 3), and occur along the
lower surfaces of the microbialites (Figs. 10B, 12A), as internal layers
(Fig. 10D, F, 12A), or as encrustations along the outermost surfaces of
stromatolite domes (Fig. 10F, 13C). Micritic portions of the stromatolites
may exhibit subtle laminations (Figs. 11A, 13A), clotted textures
(Fig. 13), or are featureless (Fig. 10B, 11B, C). Faint laminae are most
common in stromatolites from Locality 1, and in the cores of stromat
olite domes and columns from Locality 2 and 3. Outer portions of stro
matolites from Locality 2 and 3 are more likely to be made up of
featureless or clotted micrite. Otherwise, shell debris and ooids are more
commonly found in stromatolites from the northern portion of the study
area.

of the shale units exposed at Locality 1, including 4 samples (31a – 31d)
from shale with intact bedding beneath a well-developed hemispherical
dome at Locality 1 (Fig. 14). V enrichment factors are typically around 1
or less (average EF = 1.15 ± 0.55) for the fine – grained clastic units,
with the exception of the shales found near the base of the Virgin
Limestone. U tends to be more enriched across the section, with a
prominent peak for sample 4 (30.50). Mo EFs are below the detection
limit of the ICP – OES across the section, except for sample 4, where Mo
EFs reach a value of 54.57. The four shale samples collected beneath the
large stromatolite dome are comparable in U, V and Mo EFs to the
general baseline seen throughout the section (Fig. 14), with V EFs near 1
(average value across the 4 samples = 0.96 ± 0.7), while U EFs undergo
a notable increase over the 4 samples from 1.17–7.22.
5. Discussion
Stromatolites and surrounding sedimentary rocks of the Virgin
Limestone at the Blue Diamond locality allow determination of the
environmental conditions that were present in the area during a portion
of the Early Triassic recovery interval, as well as the conditions that led
to stromatolite genesis and growth. These facies also allow for the
comparison of local environmental conditions with shelf-wide drivers
that affected the recovery of reef ecosystems in shallow shelf settings
and led to the development of multiple microbialite bioherms across the
southwestern U.S. during the Early Triassic (Mary and Woods, 2008;
Pruss and Bottjer, 2004; Schubert and Bottjer, 1992).

4.4. Paleoxygenation proxies
Paleoxygenation proxies (U, V and Mo) were collected from several
9
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Fig. 7. Stromatolites from Locality 1. A) Isolated hemispheroid with well-defined cm-scale laminae and a spreading habit, where the upper layers become wider in
diameter than the base of the dome. Scale bar = 10 cm. B) Example of intergrown small microbialite domes that form meandering ridges. White – grey siltstone infill
(arrow) is preserved between the medium grey stromatolitic mounds and ridges. Bedding plane surface; scale bar = 2 cm. C) Top and D) cross-sectional faces of a
stromatolite bioherm exposed in a block in the northern part of Locality 1. C) Upper surface of the bioherm consists of stromatolite aggregates with a lozenge shape
and the distinctive dimpled top surface common for this morphology. Relief is low compared to the hemispherical domes shown in Fig. 5A and B. Scale bar = 10 cm.
D) shows C) in cross – section view, where stromatolitic laminae are clearly defined by weathering. The two different portions of the stromatolite represent different
growth phases of the stromatolite: growth began as vertically – stacked hemispheroids that later spread laterally and coalesced to form the lozenge – shaped dome at
the top of the stromatolite bioherm. The arrow on the scale card is pointing upwards towards the top of the bioherm, as the block is lying on its side. Scale bar =
10 cm.

5.1. Depositional setting

carbonate ramp setting.
A repeating pattern of lithologies, ~6 m thick, is established over the
next 43.5 m of Virgin Limestone at Locality 1. Packages typically start
with low-energy, deeper water shales or siltstones deposited below
storm – wave base, as indicated by a lack of coarse – grained interbeds
(Fig. 4A). Deposition of the fine – grained clastics likely occurred under
dysoxic conditions based on V EFs around 1, U EFs around 2, and Mo
values < 1 (Fig. 14; Tribovillard et al., 2006), as well as the laminated,
unfossiliferous nature of the shales. The overlying lime mudstone beds
are intensely bioturbated (Fig. 4B), indicating an improvement in
benthic oxygenation as sea levels rose. However, transient periods of
dysoxia periodically occurred during deposition of the lime mudstones,
as indicated by intervals with shallower bioturbation depths that
contain distinct Planolites burrows (Fig. 4D; Savrda, 2007). The lime
mudstones are occasionally cut by beds of mm-scale shelly debris that
were deposited by high energy storm events. The uppermost oolitic
packstone and grainstone units of the coarsening-upward sequences
typically contain shell debris and peloids within lenses or cross-bedded
storm beds, and may also contain flat pebble conglomerates, oolitic
packstones, and ripplemarks indicative of episodic high – energy water
movement in a well – aerated setting. Additionally, large (3 to 5 cm)
bivalve shells (identified as Bakevellia spp. by Larson, 1966) oriented
convex up are found at the top of bioclastic packstone units observed at
9, 14.5, and 26 m. The density of the shell assemblages and the preferred
orientation of the shells suggest reworking and winnowing by currents

Regional studies indicate that the Virgin Limestone was deposited in
a middle to inner ramp environment (Marzolf, 1993; Pruss et al., 2005;
Schubert and Bottjer, 1995; Shorb, 1983). Study of outcrops of the
Virgin Limestone at the Blue Diamond site reveal depositional envi
ronments at depths ranging from below mean storm wave base to
shallow subtidal settings under the influence of wave action and
currents.
This study focuses on the lowermost 50 m of the Virgin Limestone at
the Blue Diamond locality, starting from the lower contact with the
Lower Red Member of the Moenkopi Formation. The lowermost 6.5 m of
the Virgin Limestone at Locality 1 represents a shift from silty, tidal flat
mudstones of the Lower Red Member (Reif and Slatt, 1979) to carbon
ates and shales of the Virgin Limestone, and indicates the beginning of
an overall period of transgression (McKee, 1954). Fine-grained deposits
and thin bedding reveal that this transitional interval was deposited in a
quiet lagoon setting with low wave energy, while the absence of burrows
and body fossils point to a stressed environment. Measurement of redox
– related trace elements from this interval (Fig. 14; samples 1–5) indi
cate the development of dysoxic/anoxic conditions within the lagoonal
facies (V and U values around 1 and Mo values < 1; Tribovillard et al.,
2006), that may have become euxinic (sample 4; V, U, and Mo values >
1; Tribovillard et al., 2006). The remainder of the Virgin Limestone
examined for this study was deposited in an unrestricted middle to inner
10
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Fig. 8. Stromatolites from Locality 2 and 3. A) Plan view of an isolated stromatolite dome (S) and burrowed white – grey siltstone that surrounds the domes, and
contains distinct Planolites burrows (P). B, C): Stromatolites from Locality 3. B) Intergrown stromatolite mounds showing irregular, discontinuous, wavy laminae.
Scale bar = 2 cm. C) Plan view of meandering ridges formed by intergrown domes. Note white – grey siltstone infilling. Scale bar = 2 cm.

within a shallow subtidal environment. Rapid deepening due to a rela
tive rise in sea level led to deposition of shale over the coarse – grained
carbonates found near the top of each package. Similar shale – limestone
cycles have been noted in the Virgin Limestone at the nearby Lost Cabin
Springs locality (Larson and Lane, 1964) as well as elsewhere in the
Virgin Limestone (Poborski, 1954; Shorb, 1983), and indicate regular
fluctuations in sea level that may be climatic in nature or explained by
local tectonic events associated with the initiation of eastward subduc
tion beneath the North American Plate (Dickinson, 2006) that led to
periodic deepening and/or increases in the delivery of detrital silts and
clays to the area.

stromatolites, including along near-vertical sides (Fig. 13C). Layers of
filamentous shells on the outer surfaces of some stromatolites indicates
encrustation after the main phase of microbialite growth, while internal
layers suggests either intervals of slower stromatolite growth or periods
of favorable environmental conditions that allowed encrustation of the
mounds. Recrystallization of the shell material prevents definitive
identification of the shell material, but possible options include phylloid
algae or cementing bivalves. Phylloid algae have been shown to exhibit
encrusting behavior (Wray, 1964), but are uncommon after the Paleo
zoic. However, Wignall and Twitchett (2002) document Archae
olithophyllum within the Griesbachian Wordie Creek Formation of
Greenland, where it is found binding and encrusting detrital clasts.
Cementing bivalves have been documented from shallower facies of the
Virgin Limestone at the Muddy Mountains/Overton, Nevada locality
(Fig. 1A) (Pruss et al., 2007), where Placunoposis built small bioherms up
to 20 cm high and 1 m across, while Liostrea has been found encrusting
Lower Triassic ammonoids from Greenland, Pakistan (Salt Range), and
India (Spiti) (Hautmann et al., 2017). In addition, Brayard et al. (2011)
document thin – shelled bivalves in association with Smithian – aged
stromatolites from central Utah. Macroscopic bivalve shells have not
been seen in association with the stromatolites, however, which pre
cludes assignment of the filamentous shell material to cementing
bivalves.
The stromatolites exhibit a distinct north – south trend with regards
to size, morphology, and density. The stromatolites observed along
transect B-B′ and at Locality 3 are smaller compared to the ~0.75 m –
thick accumulations at Locality 1, reaching only 5 to 7 cm in height, do
not have continuous laminae (Fig. 9A), and frequently occur as isolated
bodies. The lower topographic relief of the domes and ridges suggest
that the microbial mats found along transect B-B′ and Locality 3 grew
more slowly, or were subjected to more intense grazing during growth,

5.2. Stromatolite buildups and lateral trends
The stromatolites found within the Virgin Limestone at the Blue
Diamond, NV locality occur within a single stratigraphic horizon that
stretches over 3 km in a N – S direction. The microbial mats initially
accumulated on mud that was not yet fully lithified; several stromato
lites contain mud that was pinched up into the core of the stromatolite
from below (Fig. 10A, C). Displacement of mud and deformation of the
microbial mats was the result of sediment loading or liquefaction during
the early growth phase of the stromatolites. The mud that directly un
derlies the stromatolites was deposited in a deep subtidal environment
located below storm wave base as indicated by the fine – grained and
finely bedded nature of the shale. The stromatolites also formed at
depth, as no dessication or erosional structures are noted, and high
doming is observed for the stromatolites at Locality 1.
The stromatolites commonly rest on accumulations of wavy, fila
mentous shell material (Fig. 12A). Similar accumulations are also are
frequently found as layers within the stromatolites (Fig. 12A), and oc
casionally occur as encrustations on the outermost surface of the
11
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Fig. 9. Polished slabs that exhibit the three fabrics observed within stromatolitic domes at the Blue Diamond Site. A) Clotted fabric from a slab prepared from
interconnected stromatolitic mounds that form meandering ridges. Locality 1. B) A small single dome from Locality 1 showing a mud core (yellow arrow) that has
been pinched upwards. Note the stromatolitic laminations of uneven thickness surrounding the mud core. C) A large hemispherical dome from Locality 1 with
irregular, wavy laminae. Fingering is apparent in the outer parts of the stromatolite (yellow arrows). Scale is the same for all 3 photographs. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Petrography of an individual small stromatolite dome with a muddy core, Locality 1. A) Photograph of the billet used to make the large format (50 × 70
mm) thin section from the individual dome. B) Layers of filamenous shell material (F) encrust the fine-grained mud matrix at the center of the dome. C) This photo is
centered on the neck of the pinched-up core of mud. Filamentous shells (F) are present as an encrusting layer on the edges of the mud core. Narrowing and
deformation of the core indicates that the muddy substrate was not yet lithified as the stromatolite dome grew. D) Filamenous shells (F) and a transverse section of an
orthocone nautiloid (O) found within the micritic stromatolite matrix near the core of the dome. E) Pellet – filled burrow within the stromatolitic matrix. Note the
microgastropod in the center of the burrow. F) The uppermost surface of the stromatolite dome is covered by a layer of encrusting filamentous shells (F); elsewhere,
the exterior surface of the stromatolite is eroded, as seen in the photo of the billet A).

which prevented the formation of larger, well-developed hemispherical
and columnar structures like those observed at Locality 1 to the south.
Grazing activity may be also be supported by the clotted texture of these
stromatolites, although microbially – mediated lithification has been
shown to result in a similar texture (e.g., Riding and Tomás, 2006).
Shell debris and ooids are found in pockets within the stromatolites
across the study area (see Figs. 10D & E, 11B–D, 12B & C, and 13B), but
make up a progressively smaller portion of the stromatolites from north
to south. The presence of coarse – grained material suggests that the
environment was subjected to occasional high energy storms that im
ported shelly debris and ooids from shallower facies during active
accumulation of the stromatolite laminae. Pockets within the stromat
olites that contain pellets are the result of burrowing by deposit feeders

(Pratt, 1982), and provide evidence of metazoan grazing during growth
of the microbialite (e.g., Fig. 10E).
Burrowing is also observed in the distinctive, white – grey siltstone
that infills topographic lows between the stromatolites, as well as in the
tan wackestone that overlies the stromatolite – bearing interval. Overall,
there is a north – south trend in bioturbation intensity of the sediments
that overlies and infills the spaces between the stromatolites, from more
disturbed to the north to less disturbed to the south. The most intensive
bioturbation occurs along transect B-B′ and at Locality 3, at the north
ernmost portion of transect A-A’, where meandering ridges and inter
grown domes are the most common stromatolite morphology.
Bioturbation of the mudstone overlying the large hemispherical and
columnar domes found at Locality 1 is notably absent or subdued, while
13
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Fig. 11. Petrographic thin sections prepared from four samples collected from an aggregate of stromatolite domes at Locality 1. A) The lowermost portion of a
stromatolite dome is comprised of fairly homogenous micrite, but some laminae can be recognized. B) The middle portion of the stromatolitic dome is comprised of
featureless micrite (S) with pockets of shell debris and pellets. Pocket is outlined by the dashed line. C) Micrite is homogenous with scattered shell hash and pockets of
pellets in the outer portions of the dome. D) Wackestone overlying the stromatolites is comprised of homogenous micrite with pockets of shell debris, including an
ostracod (O) and bivalve shells.
Fig. 12. Petrographic thin sections prepared from
three zones of an individual hemispherical dome
collected at Locality 2. A) The lowermost part of a
dome rests on top of an accumulation of filamenous
shells (F - base). Note the presence of a second layer
of filamentous shells higher in the thin section (F)
that encrusted the outer surface of the stromatolite as
it grew, and was later subsumed by the growing
stromatolite. B) The middle portion of a dome con
tains large pockets of allochems, including bivalve
shells, ooids, and pellets, that are surrounded by the
stromatolite (S). C) A thin section was prepared from
the uppermost portion of the dome. The matrix is
homogenous micrite that contains a few small
pockets of ooids.
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Fig. 13. Petrographic thin sections prepared from
three zones of an intergrown stromatolitic mass. A)
The lowermost part of the stromatolitic mass is
comprised of clotted micrite with faint stromatolitic
laminae. B) A thin section prepared from the middle
portion of the stromatolitic mass reveals that the
stromatolite (S) is comprised of homogenous micrite
with pockets of bivalve shells (B). C) The stromatolite
has a more clotted texture towards the outmost edge,
which is partially encrusted by filamenous shell ma
terial (F).

Fig. 14. Paleoxygenation proxy data (U, V and Mo
enrichment factors) collected from shale horizons
within the Virgin Limestone at the Blue Diamond, NV
locality (for stratigraphic locations of samples, see
Fig. 3). Note that samples 1–5 are from the lowermost
6.5 m of the Virgin Limestone, and samples 31 a –
d are from shales underlying the stromatolites. Dys
oxic to anoxic conditions are signified by U and V
EFs > 1 and Mo <1, while euxinic conditions are
implied by U, V and Mo EFs > 1 (Tribovillard et al.,
2006). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)

the burrowing intensity of the mudstone that overlies the flat-topped,
lozenge-shaped forms observed at Locality 2 falls between that of Lo
cality 1 and 3.
The distinct north – south trend in stromatolite size (smaller mounds
to the north, larger mounds to the south), frequency (stromatolites are
more likely to be isolated and located further from each other in the
northern portion of the study area), morphology (larger aggregates of
stromatolites to the south, intergrown mounds and meandering ridges to
the north, and lozenge – shaped domes in - between), and bioturbation
intensity of the overlying mudstones (becoming more heavily bio
turbated towards the north) indicates a lateral gradient in the environ
mental conditions that controlled stromatolite growth. The south – north
trend in the distribution of allochems (more allochems to the north,
fewer to the south) implies a gently – sloping bottom that deepened
towards the south.

5.3. Stromatolite initiation and growth
While the portion of the Virgin Limestone examined at the Blue
Diamond locality consists of repeating sedimentary cycles, stromatolites
only occur within a single stratigraphic interval. This suggests that the
microbialites developed as the result of environmental conditions that
were not associated with the other sedimentary cycles. The Virgin
Limestone was deposited within a carbonate ramp that passed laterally
into vast tidal flats and sabkhas to the east (Reif and Slatt, 1979).
Therefore, restriction of portions of the Virgin Limestone and the
development of stromatolites in a hypersaline setting similar to that of
Shark Bay, Australia (e.g., Playford and Cockbain, 1976) seems possible.
However, the Blue Diamond locality was deposited far from the shore
line (Fig. 1A), and it is unlikely that the area would have become
restricted immediately following the deposition of the deep water shales
15
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that underlie the stromatolites. Other possible drivers of stromatolite
initiation and development include several factors related to the unusual
nature of Early Triassic oceans: 1) dampening of bioturbation via dys
oxic conditions; 2) an increase in rates of calcification as the result of the
unusual chemistry of Early Triassic oceans; and, 3) a microbial car
bonate bloom due to shifts in available nutrients.
Oceanic stratification and de‑oxygenation of deep water masses are
implicated in the complex recovery of marine ecosystems following the
Permian – Triassic mass extinction (e.g., Isozaki, 1997; Knoll et al.,
1996; Wignall and Twitchett, 1996). Deeper water masses encroached
onto the continental shelf at the Blue Diamond locality as sea levels
periodically rose and shale units were deposited, however, the shallow
to middle shelf environment at the Blue Diamond locality was not
generally oxygen – limited.
Geochemical data collected from shales across the entire measured
stratigraphic section at Locality 1 indicates that finer – grained clastics
were typically deposited under dysoxic conditions, and the same ap
pears true for the shales underlying the stromatolites. The four shale
samples collected from immediately below the stromatolite dome
(samples 31a – d) reveal that V and Mo values are comparable to the
general baseline seen throughout the section (Fig. 14), with V EFs near 1
(average value across the 4 samples = 0.96 ± 0.7) and Mo < 1. U EFs
undergo a notable increase over the 4 samples from 1.17 to 7.22, indi
cating that increasingly dysoxic conditions may have initiated growth of
the microbialites. Differences in V and U trends can be explained by the
behavior of each element under reduced benthic oxygenation: V
enrichment requires an organic phase in order to be concentrated in the
sediments, while U concentration is independent of organic content
(Algeo and Liu, 2020).
The geochemical data is only representative of Locality 1 because
poor exposure at Locality 2 and Locality 3 prevented the collection of
shales for geochemical analysis at those localities. It is not possible,
therefore, to evaluate the lateral extent of the dysoxic waters that are
inferred to have initiated stromatolite growth at Locality 1.
Incursions of anoxic deep waters onto the continental shelves also
appear to have facilitated the precipitation of calcium carbonate, lead
ing to the widespread occurrence of microbialites and other anachro
nistic facies in Lower Triassic rocks (e.g., Grotzinger and Knoll, 1995;
Riding and Liang, 2005; Woods, 2009; Woods, 2013; Woods, 2014;
Woods et al., 2007). Woods et al. (1999) attribute the formation of large
inorganically-precipitated seafloor cements within the Union Wash
Formation to deep, anoxic, carbonate – saturated waters mixing with
surface waters along the shelf edge during the Early Triassic. Alkaline
waters are also considered to be a driver in the resurgence of anachro
nistic facies by causing widespread carbonate precipitation within shelf
environments during the Early Triassic (e.g., Pruss et al., 2005; Woods,
2009, 2014). Anachronistic facies at the Blue Diamond, NV locality
include mud chip horizons, flat pebble conglomerates, and possibly
ooids, and it would be expected that rapid precipitation of calcium
carbonate cements aided in the development of the stromatolites. Rapid
cementation of the stromatolites may have also prevented deep bur
rowing into the microbialites and destruction by grazing organisms
(Jeffrey et al., 2019; Pratt, 1982; Riding, 2011).
Sun et al. (2019) propose that Lower Triassic stromatolite accumu
lations are related to the development of an ammonium ocean, whereby
oceanic anoxia led to widespread denitrification of the oceans, leading
NH+
4 to become the primary form of nutrient nitrogen in the oceans. This
shift led to severe nitrogen limitation for most marine organisms, while
N – fixing diazotrophic cyanobacteria thrived, including those that built
stromatolites and other microbialites (Sun et al., 2019). Spikes in NH+
4
input to shallow environments, perhaps via upwelling, are proposed to
have led to the deposition of widespread microbialite bioherms (Sun
et al., 2019), while ambient NH+
4 contents may have led to an overall
increase in microbial carbonate found throughout Lower Triassic rocks
(sensoWoods, 2013).
Initiation of stromatolite growth occurred when sea levels rose and

dysoxic conditions intensified. Deeper, anoxic waters were alkaline and
may have been rich in NH+
4 , which encouraged the precipitation of
microbially – mediated carbonate. Growth periodically slowed or
paused based on accumulations of filamentous shells within the stro
matolites. Lateral differences in stromatolite size, density, and
morphology may be the result of lateral differences in calcification rates,
transient dysoxic conditions that limited grazing pressures, or lateral
variations in NH+
4 availability across the shelf. The presence of simple,
pellet – filled burrows within the stromatolites suggest that grazing and
deposit feeding occurred during growth (Pratt, 1982), and indicate that
environmental conditions allowed for a mixed community where
metazoans were present, but not to the degree where metazoans out
competed growing bacterial mats.
5.4. Blue Diamond stromatolites in the context of Early Triassic recovery
and environmental conditions
Analysis of the stromatolites from Blue Diamond helps to further
characterize the Early Triassic, post-extinction environment in which
the Virgin Limestone was deposited. Observation and interpretation of
Lower Triassic outcrops across the southwestern United States provides
detail to an increasingly complex recovery model, shedding light on
both the temporal and spatial distribution of environmental stress along
the shelf during the post-extinction recovery interval. While studies of
Lower Triassic carbonates from the western United States generally
document a resurgence of microbial reefs and lowered metazoan di
versity (e.g., Fraiser and Bottjer, 2007; Jeffrey et al., 2019; Pruss et al.,
2006; Schubert and Bottjer, 1995), complex reef-building communities
may have recovered more quickly in some areas than previously thought
(Brayard et al., 2011; Marenco et al., 2012; Vennin et al., 2015). Upper
Smithian – aged stromatolites made up of sponges embedded in
microbialite reefs have been documented from the central part of Utah
(Mineral Mountains and Pahvant Range sections), along with younger,
Spathian – aged microbial – sponge reefs that include bivalves, gastro
pods, brachiopods, and serpulids (Brayard et al., 2011; Vennin et al.,
2015). The emergence of more complex consortia within 1 million years
after the extinction event indicates that environmental conditions may
not have been uniformly harsh across the western margin of North
America. Similarly, Marenco et al. (2012) describe mixed microbialite
and sponge reefs within the Virgin Limestone at the nearby Lost Cabin
Springs, NV locality (Fig. 1A). Sponges make up 20%–30% of the reef
mounds, and grew on top of and between stromatolite mounds, and were
also encrusted by stromatolites (Marenco et al., 2012). Burrowed
laminae as well as fragmentary fossils of bivalves, gastropods, ostracods,
and echinoderms worked into the microbial mounds also provide evi
dence of a contemporary community of metazoans (Marenco et al.,
2012).
The stromatolites from the Blue Diamond, NV locality are most
similar to Smithian – aged stromatolites examined by Jeffrey et al.
(2019) from southern Utah: the fauna are sparse at both localities, and
limited to gastropods, bivalves, ostracods and echinoderm ossicles; rare
foraminifera and a nautiloid are also found at the Blue Diamond locality.
The stromatolites from southern Utah examined by Jeffrey et al. (2019)
and the current study do not contain sponges, which differs from other
studies of Smithian – aged stromatolites from the Mineral Mountains and
Pahvant Range localities of Utah examined by Brayard et al. (2011) and
Vennin et al. (2015), and Spathian – aged stromatolites from the Mineral
Mountains locality (Vennin et al., 2015), and the nearby Lost Cabin
Springs, Nevada locality of the Virgin Limestone (Marenco et al., 2012).
It is unknown why sponges are found in association with stromatolites at
some localities and not others, but this does suggest some difference in
the environmental conditions that led to growth of the stromatolites that
are associated with sponges and those that are not. Distinct burrows are
found within the stromatolites at the Blue Diamond locality, in addition
to stromatolites from the Lost Cabin Springs, Nevada locality (Marenco
et al., 2012) and southern Utah examined by Jeffrey et al. (2019).
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Marenco et al. (2012) and Jeffrey et al. (2019) attribute the presence of
burrows within the stromatolites to be the result of oxygenated waters
that supported grazers, while rapid growth of the stromatolites as the
result of enhanced calcification is proposed to have prevented grazing
from completely destroying the stromatolites (Jeffrey et al., 2019). The
presence of a simple fauna and distinct burrows within the Blue Dia
mond stromatolites argues for similar conditions during stromatolite
growth, although the steadily increasing U EFs from the shale immedi
ately underlying the mound suggests that dysoxic waters that were
alkaline and perhaps NH+
4 − enriched, helped initiate mound growth.
Contradictory timing of the biotic recovery, as well as varying in
terpretations of the conditions that led to the rise of anachronistic facies
during the Early Triassic, highlights the importance of determining the
environmental conditions that led to stromatolite growth and compar
ison of microbialites across larger regions. Differences in microbialite
occurrences and complexity across the southwestern United States
indicate that localized conditions played a significant role in facilitating
microbialite growth. Geochemical data such as those presented in this
study, as well as in Marenco et al. (2012) suggest that while there may
have been short-lived oxygen depletion within shallower parts of the
shelf during deposition of the Virgin Limestone, depositional conditions
were typically not anoxic like those observed in the deeper water Union
Wash Formation outcrops (Woods, 2009; Woods et al., 2019). This
suggests that interpretations of the timing and mechanism of recovery
following the Permian – Triassic mass extinction should be applied on a
case-by-case basis given the specifics of setting.

allowed the stromatolites to grow at rates that outpaced grazing activity,
a microbial bloom driven by excess NH+
4 , and transient dysoxia.
The results of this study suggest that Lower Triassic stromatolites can
be considered to be indicators of environmental stress, but should not be
attributed to periods of reduced benthic oxygenation without careful
analysis of surrounding facies to determine environmental conditions
before, during and after deposition of the stromatolites. The variation in
morphology, magnitude, and frequency of microbialite forms empha
sizes the need to evaluate sites on an individual basis to understand the
mechanics of recovery during the Early Triassic. Relatively small dis
tances, a matter of 3 km in this study, encompass environments with
enough variance to foster the growth of large cabbage domes with wellformed laminae at one end of the transect, or to allow only the devel
opment of small microbialites with disrupted laminae at the other end of
the transect. It is therefore vital to collect data from a wide variety of
sites across the southwestern United States in order to better understand
the complex interrelationship between environmental stressors and
ecosystem recovery.

5.5. Stromatolites as paleoenvironmental indicators
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While dysoxic conditions appear to have led to the initiation of
stromatolite growth at Blue Diamond, and may have caused lateral
differences in bioturbation intensity of the overlying sediments, stro
matolites should not be used as an indicator of dysoxia by themselves,
but are one possible outcome of environmental stress, which could
include reduced benthic oxygenation. Stromatolites are complex com
munities of micro-organisms (e.g., Baumgartner et al., 2006, 2009; Goh
et al., 2009; Papineau et al., 2005) that contain different types of bac
teria using different metabolic pathways. Sulfate reduction is one of the
main drivers of carbonate precipitation in microbial mats (e.g., Baum
gartner et al., 2006; Visscher et al., 2000; Visscher et al., 1998), and will
diagenetically overprint earlier geochemical signatures that track envi
ronmental conditions. Therefore, when considering the depositional
conditions that led to stromatolite growth, the paleoecology of the
stromatolites provides the most accurate information about oxygenation
levels during mound formation. Microbialite – metazoan mounds, such
as those documented by Brayard et al. (2011) or Marenco et al. (2012)
provide the most unambiguous interpretation of deposition of micro
bialites under oxygenated conditions. It may be tempting to ascribe
microbialites that lack metazoans to deposition under stressed, and
possibly dysoxic conditions, but such an interpretation should also
include an analysis of surrounding sediments in order to provide envi
ronmental context by determining conditions immediately preceding
and following microbialite genesis.
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