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ARTICLE INFO ABSTRACT

Cambrian-Ordovician sponge-microbial mounds in the Great Basin of the western USA reveal reef structure and
composition immediately prior to the Great Ordovician Biodiversification Event (GOBE). Here we describe li-
thistid sponge-microbial reefs from the upper Cambrian (Furongian, Stage 10) strata of the Arrow Canyon Range,
Nevada. The reefs are mound-like structures up to 1 to 2m high and a few meters wide that consist of an
unidentified thin-walled, bowl-shaped anthaspidellid sponge, columnar microstromatolite fabric, and the cal-
cified microbe Angusticellularia. The reefs formed in low-energy, subtidal environments in which lime mud filled
spongocoels and inter-reef spaces around undisturbed, in place, thin-walled sponges. The reefs colonized stable
substrates provided by oolitic and bioclastic grainstone shoals. The mutually attached lithistid sponges form the
main framework of the reefs. These thin-walled and bowl-shaped lithistids most likely were adapted to low-
energy environments. Spaces beneath the overhanging sponge walls were filled by microbial carbonates. These
include pendent micro-dendritic Angusticellularia attached to dermal sponge surfaces and upward-growing
masses of microstromatolites. After death the lithistid spongocoels were mainly filled by micritic sediment that
hosted soft-bodied burrowing organisms and keratose-like sponges. These lithistid sponge-microbial reefs, to-
gether with an earlier example of late Cambrian (Paibian) dendrolite-lithistid reefs in the same area, characterize
skeletal-microbial reefs immediately prior to the GOBE.
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1. Introduction tabulate and rugose corals, and bryozoans began to dominate reef

ecosystems. The middle to late Cambrian has therefore been regarded

The early Paleozoic was a time of significant transition between
microbial-dominant and metazoan-dominant reefs (Fagerstrom, 1987;
Wood, 1999; Rowland and Shapiro, 2002; James and Wood, 2010; Lee
et al., 2015; Riding et al., 2019). Archaeocyaths were the earliest ske-
letal reef builders of the Phanerozoic to flourish globally, forming ar-
chaeocyath-microbial reefs (James and Debrenne, 1980; Rowland and
Gangloff, 1988; Rowland, 2001; Rowland and Shapiro, 2002; Gandin
and Debrenne, 2010). It has been postulated that microbes dominated
reef ecosystems after archaeocyath extinction in the late early Cam-
brian (Fagerstrom, 1987; Zhuravlev, 1996; Rowland and Shapiro, 2002)
until the rise of the lithistid sponge Archaeoscyphia, the probable sponge
Calathium, stromatoporoid-like pulchrilaminids and other sponge and
sponge-like organisms that formed reefs with microbes in the Early
Ordovician (Webby, 2002; Adachi et al., 2011). This phase of reef
building diminished in the late Middle Ordovician as stromatoporoids,

* Corresponding author.
E-mail address: jeonghyunlee@cnu.ac.kr (J.-H. Lee).

https://doi.org/10.1016/j.palaeo.2019.02.003

as the longest metazoan “reef gap” of the Phanerozoic (Sheehan, 1985;
Zhuravlev, 1996; Rowland and Shapiro, 2002; Kiessling, 2009). Studies
during the past 20 years, however, recognized lithistid sponge-micro-
bial reefs in middle to upper Cambrian strata worldwide, closing this
gap (Lee et al., 2016a; Lee and Riding, 2018).

Compared with both archaeocyath-microbial reefs of the early
Cambrian and Archaeoscyphia-Calathium-microbial reefs of the Early
Ordovician, records of middle to late Cambrian reefs are scarce. Only
about ten examples have been reported, and less than half of these have
been studied in sedimentological and paleoecological detail (Kruse and
Zhuravlev, 2008; Kruse and Reitner, 2014; Adachi et al., 2015; Hong
et al., 2016; Lee et al., 2016a). Every new example can therefore assist
understanding of the evolutionary pattern of middle to late Cambrian
reefs. In this study, we describe lithistid sponge-microbial reefs from the
upper Cambrian (Stage 10) succession of Nevada, USA, reported by
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Fig. 1. Locality map, southern Nevada. The Arrow Canyon Range (36°39’48”N, 114°53’39”W) is located about 60 km NNE of Las Vegas. The white box indicates the

locality studied, which is illustrated in Fig. 4A.

Mrozek et al. (2003). These are the youngest Cambrian examples of
reefs of this type yet known, and therefore they provide valuable in-
formation about the timing and character of the transition from Cam-
brian lithistid-microbial reefs to Early Ordovician lithistid-microbial-
calathiid reefs.

2. Geological setting and methods

Lithistid sponge-microbial reefs occur discontinuously on the wes-
tern slopes of the Arrow Canyon Range in Clark County, Nevada, USA
(Fig. 1). The reef-bearing horizons occur in the middle of a dolomitized
succession as patches of well-preserved carbonates up to 15 m thick and
50 m wide (Figs. 2, 3). Although the shape and extent of the original
reefs is uncertain due to uneven dolomitization, reef-like textures
within the dolostone suggest that they formed a series of mounds >
50 m wide, or possibly even a single continuous biostrome, extending
laterally for > 8 km. Revised lithostratigraphic and biostratigraphic
classifications of the upper Cambrian and Lower Ordovician in eastern
Nevada, including the Arrow Canyon Range, suggest that the reef-
bearing strata described here belong to the Red Tops Member of the
Notch Peak Formation and, based on the occurrence of Eoconodontus
notchpeakensis from the reef unit, to the E. notchpeakensis Subzone of the
Eoconodontus Zone (Figs. 2, 3) (Dattilo et al., 2004, 2011).

The sponge-microbial reefs in the Arrow Canyon Range correlate
with two microbial reefs in the Red Tops Member of the Notch Peak
Formation of Utah and in coeval strata in Colorado (Miller et al., 2003).
The Arrow Canyon Range reefs described here occur slightly above the
base of the Eoconodontus notchpeakensis Subzone of the Eoconodontus
Zone (Mrozek et al., 2003; Dattilo et al., 2004). This horizon correlates
with the lower reef in western Utah (Fig. 2) and indicates its age as
Stage 10 of the uppermost Cambrian (Peng et al., 2012; Miller et al.,
2015). The Nevada and Utah reefs also correlate biostratigraphically
with the Clinetop Stromatolite Bed at the top of the Dotsero Formation
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Fig. 2. Stratigraphic relationships for the Notch Peak Formation in western
Utah, USA and the Arrow Canyon Range. Thin gray shaded intervals indicate
stratigraphic levels of stromatolitic reefs. The Lawson Cove Stromatolite Bed in
the middle of the Lava Dam Member is widespread in western Utah.

Modified after Miller et al. (2003, fig. 3).
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Fig. 3. Sedimentological log of Cambrian-Ordovician strata in the area studied in the Arrow Canyon Range. The lithistid sponge-rich interval occurs in the interval

between 68 and 70 m, and belongs to the lower part of the Eoconodontus notchpeakensis Subzone.
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in western Colorado (Myrow et al., 2003).

In the Ibex area of western Millard County, Utah, Miller et al. (2003)
described in detail nine sections that include some or all of the Red Tops
Member. Some of those sections have neither reef, some have either the
lower or the upper reef shown on Fig. 2, but no section has reefs at both
levels. A comparable microbial reef, the Lawson Cove Stromatolite Bed
(Miller et al., 2003), occurs in the middle of the Lava Dam Member in
western Utah (Fig. 2). The Lawson Cove Stromatolite Bed is widespread
in western Utah and has been identified in the Delamar Mountains,
~75 km north of the Arrow Canyon Range. A stromatolite bed occurs at
this stratigraphic level in central Texas in the San Saba Member of the
Wilberns Formation (Ahr, 1971; Miller, 1992). Among the reefs that
Miller et al. (2003) described, as well as those in Texas, sponges have
been reported only from the thin stromatolitic reef in the Arrow Canyon
Range that is the subject of this article, and locally in the Clinetop Bed
(possibly Wilbernicyathus; Johns et al., 2007). Further study of the other
reefs along strike from the measured traverses might reveal such fossils.

This study is based on samples collected by Mrozek et al. (2003) and
by J.-H. Lee in 2015. Samples were serially slabbed and thin sectioned
to provide several sets of slabs and thin sections to display three-di-
mensional structures of the reef fabric and the sponges, respectively.

3. Results
3.1. Reef description

The Arrow Canyon Range lithistid sponge-microbial reefs are
mound-like structures about 1 to 2m high and few meters wide, with
undulose domal upper surfaces (Fig. 4B). Each mound consists of sev-
eral smaller mounds that merge together, separated by irregular lateral
boundaries. The mounds overlie grainstone with recrystallized ooids
and fragments of trilobites, gastropods, and echinoderms and are
sharply overlain by grainstone. Partly dolomitized and bioturbated lime
mudstone-wackestone occupies mound interspaces. The reefs consist of
three main components: an unidentified bowl-shaped lithistid sponge,
microstromatolite, and the calcified microbe Angusticellularia (Fig. 5).
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Accessory fabrics and components, such as burrows, keratose-like
sponges and fossil fragments are also recognized.

3.2. Lithistid sponges

The lithistid sponges observed are mostly about 5 cm wide and 3 cm
high, with the largest examples up to 14cm wide and 10 cm high
(Fig. 5). They mainly have upward-widening bowl shapes, with oscula
opening upward, suggesting in situ preservation. Fragmented or
downward facing examples have not been observed. The lithistid
sponge walls are a few millimeters thick, extremely thin relative to their
size (Fig. 6). Wall thickness usually thins upward. Ladder-like spicule
networks suggest that these sponges belong to the Family Anthaspi-
dellidae, but their internal structures (e.g., trab arrangements and ca-
nals) and their external morphologies differ from other Cambrian an-
thaspidellid genera such as Rankenella, Gallatinospongia, and
Wilbernicyathus (cf. Shapiro and Rigby, 2004; Johns et al., 2007; Kruse
and Zhuravlev, 2008; Kruse and Reitner, 2014; Lee et al., 2016c), and
detailed taxonomic analysis is required to elucidate their evolutionary
significance (Fig. 7C, D).

The most common reef component is lithistid sponge which, if intra-
spongocoel sediment is included, occupies about half of the surface of
the reef outcrops (Figs. 5, 6, 7). Sponges are usually closely packed
within a few centimeters of one another. In some cases, mutually at-
tached examples of lithistid sponges are observed (Figs. 6, 7B, E). A
single example of a sponge apparently attached to the wall of another
sponge is observed in transverse serial section (Fig. 7B), but it might
represent branching of a single sponge. In longitudinal section, sponge
walls meet perpendicularly and are clearly demarcated from each other
(Fig. 7A, E). Spongocoels were partly encrusted by thin micro-
stromatolite layers, filled by lime mudstone and then bioturbated
(Figs. 6, 7A). Fossil fragments, including hexatines (6-pointed spicules)
and numerous small branched pores that closely resemble remains of
keratose-like sponge (cf. Luo and Reitner, 2014) occur within these lime
mudstone fills (Fig. 7F).

Fig. 4. Outcrop photograph of the Arrow Canyon Range localities. (A) General view of the outcrop from the west. Red dots indicate location of reef localities. (B) Reef
mounds marked with yellow dotted line (36°39’48”N, 114°53’39”W). (C) Close up of basal reef mound. Pencil for scale is 14.5 cm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Outcrop view of the lithistid sponge-microbial reef. (A) Several upward-widening bowl-shaped sponges are packed together, with pendent dark-colored
Angusticellularia attached at their dermal surfaces. (B) Closely packed sponges (arrows). (C) An example of spongocoel filled with bioclastic wackestone. (D) Pendent
Angusticellularia attached below sponges. (E) An example of lithistid sponge growing on oolitic-bioclastic grainstone.

3.3. Microstromatolites

Microstromatolites outside the lithistid sponges have a dark-gray
chaotic texture in outcrop. They are a close second in terms of im-
portance as reef components, occupying an approximately similar area
to that of lithistids. Under the microscope, microstromatolites are
characterized by convex-upward, thin, alternating laminae of lighter-
and darker-colored micrite (Fig. 8). They usually form small columnar
to bulbous morphologies, 1-3 mm wide and ~5 mm high. They mostly

grew subvertically. Thin layers of microstromatolites occupy the bases
of spongocoels, following the gastral surface of the sponges (Fig. 8D).
The internal fabrics of microstromatolites are often poorly preserved
and appear to be microscopically clotted (cf. Lee et al., 2016b)
(Fig. 8C). No calcimicrobes have been observed within micro-
stromatolites. Some keratose-like sponges occur between micro-
stromatolites.
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Fig. 6. (A) Slab and (B) interpretive sketch of the lithistid sponge-microbial reef.

3.4. Angusticellularia

The calcified microbe Angusticellularia characteristically forms dark,
irregular masses of micrite with an irregularly dendritic fabric (Riding
and Voronova, 1982; Riding, 1991). Angusticellularia within Arrow
Canyon Range reefs mostly consists of a dark reddish opaque hematite-
like mineral (Fig. 9). Individual Angusticellularia shrubs are typically
less than a few millimiters in size and mainly occur pendent on dermal
sponge surfaces (Figs. 5, 6, 9A). They are a relatively minor component,

occupying approximately 5 to 10% of the reef surface. Microscopically,
some Angusticellularia occur between microstromatolite and follow the
outlines of columnar microstromatolites (Fig. 9B). In such cases, their
growth direction is uncertain.

3.5. Reef architecture and construction

Overall, these Arrow Canyon Range lithistid sponge-microbial reefs
developed under low-energy conditions where lime mud was a common
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Fig. 7. Photomicrograph of sponges. (A) Several closely-packed lithistid sponges. For general view, see Fig. 6B. (B) A thin section cut parallel to the bedding, showing
a thin donut-shaped transverse cut of a bowl-shaped sponge in the center and another sponge attached on the wall of the bow-shaped sponge. (C) Close-up of sponge,
showing ladder-like anthaspidellid-type spicule network. (D) Close-up of (B). (E) Margins of lithistid sponges demarcated by other lithistid sponges. (F) Keratose-like

sponge within spongocoel of a lithistid sponge, occurring with a burrow.

allochthonous component of the deposits and sponges could be pre-
served in situ without fragmentation. Reef growth initiated on oolitic
and bioclastic grainstone shoals that appear to have provided stable
substrates for the initial growth of the reef-building organisms (Fig. 5E).
The overall pattern of facies change, from grainstone below, through
bioturbated wackestone, and to grainstone above the reef mounds
suggests two possibilities. First, that Arrow Canyon Range reef growth
was localized by the presence of coarse bioclastic/ooid substrates.
Second, that there may also have been a reduction in water energy
during reef growth. The thin walled sponges and abundant lime mud
filling the spongocoels and occupying intermound space support the

257

view that these sponge-microbial reefs took advantage of both coarse
substrates and a reduction in water-energy. The thin walls of these li-
thistid sponges could reflect a low-energy environment (Palumbi,
1986). They mainly grew upward, with an upward-widening growth
pattern. Such a pattern is not observed in Cambrian-Ordovician li-
thistid-microbial reefs in high-energy, shallow subtidal environments in
which thicker-walled conical lithistids mainly grew in sub-horizontal to
downward directions (Table 1) (Kruse and Zhuravlev, 2008; Lee et al.,
2016a). The Arrow Canyon Range lithistid sponges therefore could
have inhabited a relatively low-energy environment compared with
most other described Cambrian examples.
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Fig. 8. Photomicrograph of microstromatolite. (A) General view of microstromatolite, showing columnar to bulbous shape. (B) Details of microstromatolite in (A).
(C) Poorly preserved examples of microstromatolites showing microscopically clotted fabric. (D) Examples of thin-layered microstromatolite growing on gastral

surface of a lithistid sponge.

The dominant presence of allochthonous sediment and the rarity of
microstromatolites within the spongocoels suggest that the living
sponges and their effective water filtering activity inhibited internal
encrustation by microstromatolites (Fig. 10A). Microstromatolites only
encrusted gastral surfaces of the sponges during the short interval be-
tween the death of the sponge and deposition of the infilling wack-
estone (Fig. 10B). On the other hand, external spaces beneath the
sponges were open while the sponges were still alive, as shown by the
presence of downward-growing encrusting Angusticellularia (Fig. 10B).

Lithistid sponges were therefore the major framework-builders of these
Arrow Canyon Range reefs. The spaces beneath the sponges were fa-
vorable for microbial growth, in this case Angusticellularia and upward-
growing columnar microstromatolites. In view of their overall volume
and thickness, Angusticellularia crusts seem unlikely to have sig-
nificantly stabilized the framework. In contrast, the volumetrically
more abundant microstromatolites that filled the empty spaces are
likely to have provided substantial strength and rigidity to the reef
structure (Fig. 10C). After death, the lithistid spongocoels were mainly

Fig. 9. Photomicrograph of Angusticellularia (A) attached below a lithistid sponge and (B) between microstromatolites.
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Fig. 10. Proposed model of Arrow Canyon Range lithistid sponge-microbial reef
development. (A) Thin, bowl-shaped lithistid sponges grew mutually attached
on grainy sediment, locally leaving empty spaces below. (B) Microstromatolites
filled most of the space below the lithistid sponges. Angusticellularia attached on
the dermal surfaces of the sponges and on the microstromatolites. (C) After
death, the spongocoels were partly coated by microstromatolites and then

largely infilled by skeletal wackestone which was commonly burrowed. Some

keratose-like sponges also grew within the spongocoel sediment. (D) New

sponges grew above the dead sponges as the reef accreted.
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filled by micritic sediment that hosted soft-bodied burrowing organisms
(Fig. 10C, D). Allomicrite also filled inter-mound spaces, together with
transported spicules and other disarticulated bioclasts. However, ker-
atose-like sponges observed within spongocoels likely grew in situ,
because their delicate fabrics would have easily been destroyed if they
were transported.

4. Discussion
4.1. Implications for Cambrian reef evolution

Since the initial report of Cambrian reef-building lithistids from the
lowermost Furongian of Iran by Hamdi et al. (1995), similar sponges
have been recognized from a number of localities worldwide during the
past twenty years (Table 1). The Arrow Canyon Range lithistid sponge-
microbial reefs described here are the youngest of their kind, along with
minor occurrence of possible Wilbernicyathus from the Clinetop Stro-
matolite Bed in Colorado (Johns et al., 2007). Many of these lithistid
sponges are small and cone-shaped with thick walls. They are mutually
attached and constructed sponge-dominated reef frameworks (Table 1).
An exception is the explanate sponges covering stromatolites in the
upper Drumian of Australia (Kruse and Reitner, 2014). Rankenella
zhangxianensis from the upper Wuliuan-Drumian of China (Lee et al.,
2016a) and R. hamdii from lowermost Furongian of Iran (Kruse and
Zhuravlev, 2008) formed in shallow subtidal environments surrounded
by bioclastic packstone to grainstone and were able to form strong reef
frameworks by mutual attachment. Small cup-shaped Gallatinospongia
conica (Okulitch and Bell, 1955) from lowermost Furongian of the Great
Basin, USA is enclosed within dendrolite and grew on a shallow subtidal
ramp with numerous tidal channels filled with oolite (Shapiro and
Rigby, 2004). The Jiangshanian-Stage 10 Wilbernicyathus donegani from
Texas, USA has a conical to cylindrical shape with thick walls and is
surrounded by eocrinoid grainstone to siltstone (Johns et al., 2007).

The Arrow Canyon Range reefs are basically dominated by sponge
frameworks that are unlikely to have been strong enough to resist high-
energy conditions similar to those in which most other Cambrian li-
thistid sponge frameworks appear to have developed. They also differ
from Early Ordovician lithistid sponge-microbial reefs dominated by
the conical lithistid Archaeoscyphia, which rather resemble other
Cambrian lithistid-microbial reefs (Church, 1991, 2017; Adachi et al.,
2009, 2011; Hong et al., 2014, 2015; Li et al., 2015, 2017), as well as
from those early Cambrian archaeocyath-microbial reefs in which
conical archaeocyaths formed wave-resistant frameworks in high-en-
ergy shallow subtidal environments (Gandin and Debrenne, 2010).
Arrow Canyon Range reefs therefore represent a distinctive type of li-
thistid sponge-microbial reef that developed in the latter part of the
Cambrian. Therefore, it is possible that by the late Cambrian lithistids
had developed various shapes in different environments. They initially
developed heavily silicified, thick-walled cones able to withstand high-
energy shallow subtidal conditions, but subsequently they developed
thin-walled, bowl-shaped structures such as those in the Arrow Canyon
Range described here. Early Ordovician reef-building anthaspidellids
subsequently developed transverse ridge-and-trough ornamentation in
addition to thick-walled cones, which would have been helpful to
withstand high-energy waves (Church, 2017). However, more examples
with detailed sedimentological background are required to explore
these interpretations.

4.2. Late Cambrian to Early Ordovician reef evolution in the Great Basin

The Great Basin provides a laboratory to examine
Cambrian—-Ordovician changes in reef-building during and immediately
before the initial stage of the Great Ordovician Biodiversification Event
(GOBE) (Fig. 11). Shapiro and Rigby (2004) described a lithistid sponge
(Gallatinospongia)-dendrolite mound in the upper Cambrian (basal
Paibian Stage; Furongian Series) of Nevada and California. More
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recently, Coulson and Brand (2016) reported abundant keratose-like
sponges within ‘stromatolites’ from the Jiangshanian-Stage 10 succes-
sion (upper Hellnmaria Member) of western Utah. These macro-
scopically resemble dolomitized ‘maceriate thrombolites’ from coeval
successions throughout the Great Basin (Shapiro and Awramik, 2006)
and are almost identical to some sponge-microbial reefs from North
China (Lee et al., 2014). The Arrow Canyon Range reefs described here,
which are slightly younger than the Hellnmaria Member, are lithistid-
microbial in composition. The Lower Ordovician succession of this re-
gion also contains several reef-bearing horizons in the Fillmore For-
mation (Tremadocian-middle Floian) and Wah Wah Limestone (upper
Floian). Several of these have been named after early workers, suc-
cessively Miller's, Hintze's, Church's, Calathium, and Wyatt's reefs (see
Miller et al., 2012) (Fig. 11). Miller's reef (lower Fillmore Formation;
Stairsian Stage, mid-Tremadocian) is characterized by columnar stro-
matolites with a few lithistid sponges, which mostly occur within in-
tercolumnar sediments, with some attached on the stromatolites (Miller
et al., 2012, fig. 128). Hintze's reef (lower Fillmore Formation; Stairsian
Stage, mid-Tremadocian) is mainly thrombolite with many lithistid
sponges (Miller et al., 2012, fig. 131). In the mid-Fillmore Formation,
Church's reef (mid-Tulean Stage, near the Tremadocian-Floian
boundary), consists of massive micrite with sparse Calathium and rare
anthaspidellid sponges (Church, 1991). ‘Calathium’ reef in the upper
Fillmore Formation (Blackhillsian Stage, mid-late Floian) is, as its name
indicates, dominated by Calathium (Church, 1974, 1991). The late
Floian (upper Blackhillsian Stage) Wah Wah Limestone contains Wyatt's
reef, consisting primarily of microbial micrite with some bioclastic
debris of sponges, echinoderms, and other fossils (Wyatt, 1979).

These examples of changes in reef development in the Great Basin
are consistent with the view that microbial carbonates were gradually
supplemented by animals, such as lithistid sponges, attached echino-
derms, and calathiids, during the early stage or prelude to the GOBE
(Webby, 2002), and that these changes are likely to have been mediated
by marine oxygenation as Cambrian ‘greenhouse’ conditions amelio-
rated (see references in Lee and Riding, 2018). At the same time,
however, these Arrow Canyon examples appear to be typical of the Late
Cambrian and do not show any obvious features suggesting inception of
the GOBE. In the Great Basin, therefore, it appears that the main change
in reef composition occurred in the mid-Tremadocian, though the
change was gradual. In South China, mid-late Cambrian reefs appear to
be microbial-dominant reefs (Adachi et al., 2014) and - so far as we are
aware — have not been reported to contain lithistids. In contrast, in
South China, the marked change in reef composition appears to have
occurred abruptly in the mid-Tremadocian and Floian when lithistid-
microbial-calathiid reefs appeared, together with a variety of novel
skeletal reef builders, including bryozoans, pelmatozoans, Pulchrilamina
and stromatoporoids (Adachi et al., 2011; Li et al., 2017). However, in
western Argentina, new components, such as the coralomorph Am-
sassia, are reported in the lowermost Tremadocian (Carrera et al.,
2017). It therefore appears that, globally, the main change in reef de-
velopment during this period occurred within the Tremadocian as new
skeletal reef builders augmented lithistids, but that there were sig-
nificant regional variations in evolutionary patterns (Webby, 2002).
These timings do not preclude the likelihood that, overall, the GOBE
could have commenced in the late Cambrian (Servais et al., 2016), but
so far as reef evolution was concerned noticeable developments may
not have occurred until within the Tremadocian. These were the pre-
lude to more abrupt and profound changes in reef construction that
occurred in the late Darriwilian (Kroger et al., 2017; Lee and Riding,
2018).

5. Conclusions
1. Lithistid sponge-microbial reefs from the Arrow Canyon Range,

Nevada, represent a distinctive type of late Cambrian metazoan-
microbial reef, consisting of thin-walled, bowl-shaped sponges
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Fig. 11. Successive change of metazoan-bearing

reef type in the southern Great Basin from the

Furongian to the Early Ordovician (black) and

v V comparable Cambrian reefs in the other parts of
the world (gray). 1. Lithistid sponge?
(Orlinocyathus)-Epiphyton reef, Dedebulak

Formation, Kyrgyzstan (Teslenko et al., 1983).

V 2. Lithistid sponge Rankenella zhangxianensis-

V VVU V Epiphyton-Cambroctoconus reef, Zhangxia For-

Mesoclot . -
V Lithistid sponge V Calathium ‘ Stromatolite & (thrombolite,v Maceriate reef ~ sponges (Church, 1974, 1991). 14. ‘Calathium

dendrolite)

forming frameworks, with columnar microstromatolites growing
beneath them and pendant, Angusticellularia attached to their sides.
They formed under low-energy conditions surrounded by lime mud,
whereas most Cambrian-Ordovician lithistid-microbial reefs com-
monly appear to have developed in higher-energy shallow subtidal
environments.

2. The sequence of metazoan-bearing reefs in the Great Basin does not
show any very significant change in reef composition across the
Cambrian—Ordovician boundary, apart from the gradual introduc-
tion of Calathium. This appears to be consistent with several other
areas, including South China, where the main change from micro-
bial-dominant reefs to lithistid-microbial-calathiid reefs together
with several novel skeletal reef builders occurred within the Early
Ordovician, marking the inception of the GOBE so far as it affected
reef evolution.

Acknowledgments

We are grateful to two anonymous reviewers, and to Guest Editor
Christian Rasmussen and Editor Thomas Algeo, for very helpful com-
ments and suggestions that enabled us to improve the final version of
this article. JHL was supported by grants from the National Research
Foundation of Korea (2016R1C1B1012104 and 2018R1A4A1059956)
and the Chungnam National University. Miller's research was funded by
grants from Missouri State University. This study is a contribution to
IGCP Project 653 ‘The Onset of the Great Ordovician Biodiversity

mation, Shandong Province, China (Lee et al.,

2016a). 3. Siliceous sponge (possible anthaspi-

dellid)-Epiphyton reef, Daegi Formation, Tae-
V V baeksan Basin, Korea (Hong et al., 2012, 2016).

4.  Angulocellularia-Taninia-lithistid ~ sponge
(Rankenella mors) reef, Ranken Limestone
(Georgina Basin), Australia (Kruse and Reitner,
2014). 5. Lithistid sponge Gallatinospongia
within dendrolite mound, Bonanza King For-
mation (Shapiro and Rigby, 2004). 6. Lithistid
sponge Rankenella hamdii-Girvanella reef, Deh-
Molla Formation, Iran (Hamdi et al., 1995;
Kruse and Zhuravlev, 2008). 7. ‘Maceriate’ reefs
with keratose-like sponges and microbes
(Coulson and Brand, 2016). 8. Lithistid sponge
Wilbernicyathus-Girvanella-Tarthinia reef, Wil-
berns Formation, Texas (Johns et al., 2007). 9.
Reefs constructed by large, thin, bowl-shaped
lithistid sponges with microstromatolites and
subordinate Angusticellularia in the Red Tops
Member, Notch Peak Formation, Nevada (this
study). 10. Girvanella-Tarthinia-lithistid sponge
(possibly Wilbernicyathus) reef, Dotsero Forma-
tion, Colorado (Johns et al., 2007). 11. Miller's
reef mainly consisting of stromatolites with
minor lithistid sponges (Miller et al., 2012). 12.
Hintze's reef with abundant lithistid sponges
within thrombolites (Miller et al., 2012). 13.
Church's reef with some Calathium and lithistid

reef with abundant Calathium (Church, 1974).
15. Wyatt's reef with minor skeletal debris of
sponges (Wyatt, 1979).

Event’.

References

Adachi, N., Ezaki, Y., Liu, J., Cao, J., 2009. Early Ordovician reef construction in Anhui

Province, South China: a geobiological transition from microbial- to metazoan-
dominant reefs. Sediment. Geol. 220, 1-11. https://doi.org/10.1016/j.sedgeo.2009.
05.012.

Adachi, N., Ezaki, Y., Liu, J., 2011. Early Ordovician shift in reef construction from mi-

crobial to metazoan reefs. PALAIOS 26, 106-114. https://doi.org/10.2110/palo.
2010.p10-097r.

Adachi, N., Nakai, T., Ezaki, Y., Liu, J., 2014. Late Early Cambrian archaeocyath reefs in

Hubei Province, South China: modes of construction during their period of demise.
Facies 60, 703-717. https://doi.org/10.1007/510347-013-0376-y.

Adachi, N., Kotani, A., Ezaki, Y., Liu, J., 2015. Cambrian Series 3 lithistid sponge-mi-

crobial reefs in Shandong Province, North China: reef development after the dis-
appearance of archaeocyaths. Lethaia 48, 405-416. https://doi.org/10.1111/let.
12118.

Ahr, W.M., 1971. Paleoenvironment, algal structures, and fossil algae in the Upper

Cambrian of central Texas. J. Sediment. Petrol. 41, 205-216. https://doi.org/10.
1306/74d72225-2b21-11d7-8648000102c1865d.

Carrera, M.G., Astini, R.A., Gomez, F.J., 2017. A lowermost Ordovician tabulate-like

coralomorph from the Precordillera of western Argentina: a main component of a
reef-framework consortium. J. Paleontol. 91, 73-85. https://doi.org/10.1017/jpa.
2016.145.

Church, S.B., 1974. Lower Ordovician patch reefs in western Utah. Brigham Young Univ.

Geol. Stud. 21, 41-62.

Church, S.B., 1991. A new Lower Ordovician species of Calathium, and skeletal structures

of western Utah calathids. J. Paleontol. 65, 602-610. https://doi.org/10.1017/
50022336000030699.

Church, S.B., 2017. Efficient ornamentation in Ordovician anthaspidellid sponges.

Paleontol. Contrib. 18, 1-8.

Coulson, K.P., Brand, L.R., 2016. Lithistid sponge-microbial reef-building communities


https://doi.org/10.1016/j.sedgeo.2009.05.012
https://doi.org/10.1016/j.sedgeo.2009.05.012
https://doi.org/10.2110/palo.2010.p10-097r
https://doi.org/10.2110/palo.2010.p10-097r
https://doi.org/10.1007/s10347-013-0376-y
https://doi.org/10.1111/let.12118
https://doi.org/10.1111/let.12118
https://doi.org/10.1306/74d72225-2b21-11d7-8648000102c1865d
https://doi.org/10.1306/74d72225-2b21-11d7-8648000102c1865d
https://doi.org/10.1017/jpa.2016.145
https://doi.org/10.1017/jpa.2016.145
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0035
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0035
https://doi.org/10.1017/S0022336000030699
https://doi.org/10.1017/S0022336000030699
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0045
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0045

J.-H. Lee, et al.

construct laminated, Upper Cambrian (Furongian) ‘stromatolites’. PALAIOS 31,
358-370. https://doi.org/10.2110/palo.2016.029.

Dattilo, B.F., Hlohowskyj, S., Ripperdan, R.L., Miller, J.F., Shapiro, R.S., 2004.
Stratigraphic setting of an Upper Cambrian metazoan reef between the Nopah
Formation to Goodwin Formation transition in southern Nevada. Geol. Soc. Am.
Abstr. Programs 36, 368.

Dattilo, B.F., Miller, J.F., Freeman, R.L., Ripperdan, R.L., 2011. Stratigraphic setting of an
Upper Cambrian metazoan reef between the Nopah Formation to Goodwin Formation
transition in southern Nevada. Geol. Soc. Am. Abstr. Programs 43, 375.

Fagerstrom, J.A., 1987. The Evolution of Reef Communities. John Wiley and Sons, New
York (600 pp.).

Gandin, A., Debrenne, F., 2010. Distribution of the archaeocyath-calcimicrobial biocon-
structions on the Early Cambrian shelves. Palacoworld 19, 222-241. https://doi.org/
10.1016/j.palwor.2010.09.010.

Hamdi, B., Rozanov, A.Y., Zhuravlev, A.Y., 1995. Latest Middle Cambrian metazoan reef
from northern Iran. Geol. Mag. 132, 367-373. https://doi.org/10.1017/
S0016756800021439.

Hong, J., Cho, S.-H., Choh, S.-J., Woo, J., Lee, D.-J., 2012. Middle Cambrian siliceous
sponge-calcimicrobe buildups (Daegi Formation, Korea): metazoan buildup con-
stituents in the aftermath of the Early Cambrian extinction event. Sediment. Geol.
253-254, 47-57. https://doi.org/10.1016/j.sedge0.2012.01.011.

Hong, J., Choh, S.-J., Lee, D.-J., 2014. Tales from the crypt: early adaptation of crypto-
biontic sessile metazoans. PALAIOS 29, 95-100. https://doi.org/10.2110/palo.2014.
076.

Hong, J., Choh, S.-J., Lee, D.-J., 2015. Untangling intricate microbial-sponge frame-
works: the contributions of sponges to Early Ordovician reefs. Sediment. Geol. 318,
75-84. https://doi.org/10.1016/j.sedge0.2015.01.003.

Hong, J., Lee, J.-H., Choh, S.-J., Lee, D.-J., 2016. Cambrian Series 3 carbonate platform of
Korea dominated by microbial-sponge reefs. Sediment. Geol. 341, 58-69. https://doi.
org/10.1016/j.sedgeo.2016.04.012.

James, N.P., Debrenne, F., 1980. Lower Cambrian bioherms: pioneer reefs of the
Phanerozoic. Acta Palaeontol. Pol. 25, 655-668.

James, N.P., Wood, R., 2010. Reefs. In: James, N.P., Dalrymple, R.W. (Eds.), Facies
Models 4. Geological Association of Canada, St. John's, pp. 421-447.

Johns, R.A., Dattilo, B.F., Spincer, B., 2007. Neotype and redescription of the Upper
Cambrian anthaspidellid sponge, Wilbernicyathus donegani Wilson, 1950. J. Paleontol.
81, 435-444. https://doi.org/10.1666,/05028.1.

Kiessling, W., 2009. Geologic and biologic controls on the evolution of reefs. Annu. Rev.
Ecol. Evol. Syst. 40, 173-192. https://doi.org/10.1146/annurev.ecolsys.110308.
120251.

Kroger, B., Desrochers, A., Ernst, A., 2017. The reengineering of reef habitats during the
Great Ordovician Biodiversification Event. PALAIOS 32, 584-599. https://doi.org/
10.2110/palo.2017.017.

Kruse, P.D., Reitner, J.R., 2014. Northern Australian microbial-metazoan reefs after the
mid-Cambrian mass extinction. Assoc. Australas. Paleontol. Mem. 45, 31-53.

Kruse, P.D., Zhuravlev, A.Y., 2008. Middle-Late Cambrian Rankenella-Girvanella reefs of
the Mila Formation, northern Iran. Can. J. Earth Sci. 45, 619-639. https://doi.org/
10.1139/e08-016.

Lee, J.-H., Riding, R., 2018. Marine oxygenation, lithistid sponges, and the early history
of Paleozoic skeletal reefs. Earth Sci. Rev. 181, 98-121. https://doi.org/10.1016/j.
earscirev.2018.04.003.

Lee, J.-H., Chen, J., Choh, S.-J., Lee, D.-J., Han, Z., Chough, S.K., 2014. Furongian (late
Cambrian) sponge-microbial maze-like reefs in the North China Platform. PALAIOS
29, 27-37. https://doi.org/10.2110/palo.2013.050.

Lee, J.-H., Chen, J., Chough, S.K., 2015. The middle-late Cambrian reef transition and
related geological events: a review and new view. Earth Sci. Rev. 145, 66-84. https://
doi.org/10.1016/j.earscirev.2015.03.002.

Lee, J.-H., Hong, J., Choh, S.-J., Lee, D.-J., Woo, J., Riding, R., 2016a. Early recovery of
sponge framework reefs after Cambrian archaeocyath extinction: Zhangxia
Formation (early Cambrian Series 3), Shandong, North China. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 457, 269-276. https://doi.org/10.1016/j.palaco.2016.
06.018.

Lee, J.-H., Kim, B.-J., Liang, K., Park, T.-Y., Choh, S.-J., Lee, D.-J., Woo, J., 2016b.
Cambrian reefs in the western North China Platform, Wuhai, Inner Mongolia. Acta
Geol. Sin. 90, 1946-1954. https://doi.org/10.1111/1755-6724.13014.

Lee, J.-H., Woo, J., Lee, D.-J., 2016c. The earliest reef-building anthaspidellid sponge
Rankenella zhangxianensis n. sp. from the Zhangxia Formation (Cambrian Series 3),
Shandong Province, China. J. Paleontol. 90, 1-9. https://doi.org/10.1017/jpa.
2015.53.

Li, Q., Li, Y., Wang, J., Kiessling, W., 2015. Early Ordovician lithistid sponge-Calathium
reefs on the Yangtze Platform and their paleoceanographic implications.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 425, 84-96. https://doi.org/10.1016/j.
palaeo.2015.02.034.

Li, Q., Li, Y., Kiessling, W., 2017. The oldest labechiid stromatoporoids from intraskeletal
crypts in lithistid sponge-Calathium reefs. Lethaia 50, 140-148. https://doi.org/10.
1111/let.12182.

Luo, C., Reitner, J., 2014. First report of fossil “keratose” demosponges in Phanerozoic
carbonates: preservation and 3-D reconstruction. Naturwissenschaften 101, 467-477.

262

Palaeogeography, Palaeoclimatology, Palaeoecology 520 (2019) 251-262

https://doi.org/10.1007/s00114-014-1176-0.

Miller, J.F., 1992. The Lange Ranch eustatic event: A regressive-transgressive couplet
near the base of the Ordovician System. In: Webby, B.D., Laurie, J.R. (Eds.), Global
Perspectives on Ordovician Geology. Balkema, Rotterdam, pp. 395-407.

Miller, J.F., Evans, K.R., Loch, J.D., Ethington, R.L., Stitt, J.H., Holmer, L., Popov, L.E.,
2003. Stratigraphy of the Sauk III Interval (Cambrian-Ordovician) in the Ibex Area,
Western Millard County, Utah and Central Texas. Brigham Young Univ. Geol. Stud.
47, 23-118.

Miller, J.F., Evans, K.R., Dattilo, B.F., 2012. The Great American Carbonate Bank in the
miogeocline of western central Utah: tectonic influences on sedimentation. In: Derby,
J.R., Fritz, R.D., Longacre, S.A., Morgan, W.A., Sternbach, C.A. (Eds.), The Great
American Carbonate Bank: The Geology and Economic Resources of the Cambrian-
Ordovician Sauk Megasequence of Laurentia. AAPG Memoir, vol. 98. AAPG, pp.
769-854. https://doi.org/10.1306/13331516M983498.

Miller, J.F., Ripperdan, R.L., Loch, J.D., Freeman, R.L., Evans, K.R., Taylor, J.F., Tolbart,
Z.C., 2015. Proposed GSSP for the base of Cambrian Stage 10 at the lowest occurrence
of Eoconodontus notchpeakensis in the House Range, Utah, USA. Ann. Paleontol. 101,
199-211. https://doi.org/10.1016/j.annpal.2015.04.008.

Mrozek, S., Dattilo, B.F., Hicks, M., Miller, J.F., 2003. Metazoan reefs from the Upper
Cambrian of the Arrow Canyon Range, Clark County, Nevada. Geol. Soc. Am. Abstr.
Programs 35, 500.

Myrow, P.M., Taylor, J.F., Miller, J.F., Ethington, R.L., Ripperdan, R.L., Allen, J., 2003.
Fallen arches: dispelling myths concerning Cambrian and Ordovician paleogeography
of the Rocky Mountain region. Geol. Soc. Am. Bull. 115, 695-713. https://doi.org/
10.1130/0016-7606(2003)115 < 0695:FADMCC > 2.0.CO;2.

Okulitch, V.J., Bell, W.G., 1955. Gallatinospongia, a new siliceous sponge from the Upper
Cambrian of Wyoming. J. Paleontol. 29, 460-461.

Palumbi, S.R., 1986. How body plans limit acclimation: responses of a demosponge to
wave force. Ecology 67, 208-214. https://doi.org/10.2307/1938520.

Peng, S., Babcock, L.E., Cooper, R.A., 2012. The Cambrian Period. In: Gradstein, F.M.,
0gg, J.G., Schmitz, M., Ogg, G. (Eds.), The Geologic Time Scale 2012. Elsevier, pp.
437-488. https://doi.org/10.1016/b978-0-444-59425-9.00019-6.

Riding, R., 1991. Calcified cyanobacteria. In: Riding, R. (Ed.), Calcareous Algae and
Stromatolites. Springer-Verlag, Berlin, pp. 55-87.

Riding, R., Voronova, L., 1982. Recent freshwater oscillatoriacean analogue of the Lower
Palaeozoic calcareous alga Angulocellularia. Lethaia 15, 105-114.

Riding, R., Liang, L., Lee, J.-H., Virgone, A., 2019. Influence of dissolved oxygen on se-
cular patterns of marine microbial carbonate abundance during the past 490 Myr.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 514, 135-143.

Rowland, S.M., 2001. Archaeocyaths—a history of phylogenetic interpretation. J.
Paleontol. 75, 1065-1078. https://doi.org/10.1666,/0022-3360(2001)
075<1065:AAHOPI > 2.0.CO;2.

Rowland, S.M., Gangloff, R.A., 1988. Structure and paleoecology of Lower Cambrian
reefs. PALAIOS 3, 111-135. https://doi.org/10.2307/3514525.

Rowland, S.M., Shapiro, R.S., 2002. Reef patterns and environmental influences in the
Cambrian and earliest Ordovician. In: Kiessling, W., Fliigel, E., Golonka, J. (Eds.),
Phanerozoic Reef Patterns. SEPM Special Publication, vol. 72. SEPM, Tulsa, pp.
95-128. https://doi.org/10.2110/pec.02.72.0095.

Servais, T., Perrier, V., Danelian, T., Klug, C., Martin, R., Munnecke, A., Nowak, H.,
Niitzel, A., Vandenbroucke, T.R.A., Williams, M., Rasmussen, C.M.@., 2016. The
onset of the ‘Ordovician Plankton Revolution’ in the late Cambrian. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 458, 12-28. https://doi.org/10.1016/j.palaeo.2015.11.
003.

Shapiro, R.S., Awramik, S.M., 2006. Favosamaceria cooperi new group and form: a widely
dispersed, time-restricted thrombolite. J. Paleontol. 80, 411-422. https://doi.org/10.
1666,/0022-3360(2006)80[411:FCNGAF]2.0.CO;2.

Shapiro, R.S., Rigby, J.K., 2004. First occurrence of an in situ anthaspidellid sponge in a
dendrolite mound (Upper Cambrian; Great Basin, USA). J. Paleontol. 78, 645-650.
https://doi.org/10.1666,/0022-3360(2004)078 < 0645:FOOAIS >2.0.CO;2.

Sheehan, P.M., 1985. Reefs are not so different—they follow the evolutionary pattern of
level-bottom communities. Geology 13, 46-49. https://doi.org/10.1130/0091-
7613(1985)13 <46:ransdf > 2.0.co0;2.

Teslenko, I.L., Mambetov, A.M., Zhuravleva, [.T., Myagkova, Y.I., Meshkova, N.P., 1983.
The Dedebulak bioherm belt and the history of its development. Trudy Instituta
Geologii i Geofiziki, Sibirskoye Otdeleniye, Akademiya Nauk SSSR 569, 124-138 (in
Russian).

Webby, B.D., 2002. Patterns of Ordovician reef development. In: Kiessling, W., Fliigel, E.,
Golonka, J. (Eds.), Phanerozoic Reef Patterns. SEPM Special Publication, vol. 72.
SEPM, Tulsa, pp. 129-179. https://doi.org/10.2110/pec.02.72.0129.

Wood, R., 1999. Reef Evolution. Oxford University Press, Oxford (414 pp.).

Wyatt, D.J., 1979. Carbonate mud mounds from the Lower Ordovician Wah Wah
Limestone of the Ibex area, western Millard County, western Utah. Brigham Young
Univ. Geol. Stud. 26, 101-114.

Zhuravlev, A.Y., 1996. Reef ecosystem recovery after the Early Cambrian extinction. In:
Hart, M.B. (Ed.), Biotic Recovery From Mass Extinction Events. Geological Society of
London Special Publications, vol. 102. Geological Society of London, Oxford, pp.
79-96. https://doi.org/10.1144/GSL.SP.1996.001.01.06.


https://doi.org/10.2110/palo.2016.029
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0055
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0055
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0055
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0055
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0060
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0060
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0060
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0065
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0065
https://doi.org/10.1016/j.palwor.2010.09.010
https://doi.org/10.1016/j.palwor.2010.09.010
https://doi.org/10.1017/S0016756800021439
https://doi.org/10.1017/S0016756800021439
https://doi.org/10.1016/j.sedgeo.2012.01.011
https://doi.org/10.2110/palo.2014.076
https://doi.org/10.2110/palo.2014.076
https://doi.org/10.1016/j.sedgeo.2015.01.003
https://doi.org/10.1016/j.sedgeo.2016.04.012
https://doi.org/10.1016/j.sedgeo.2016.04.012
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0100
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0100
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0105
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0105
https://doi.org/10.1666/05028.1
https://doi.org/10.1146/annurev.ecolsys.110308.120251
https://doi.org/10.1146/annurev.ecolsys.110308.120251
https://doi.org/10.2110/palo.2017.017
https://doi.org/10.2110/palo.2017.017
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0125
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0125
https://doi.org/10.1139/e08-016
https://doi.org/10.1139/e08-016
https://doi.org/10.1016/j.earscirev.2018.04.003
https://doi.org/10.1016/j.earscirev.2018.04.003
https://doi.org/10.2110/palo.2013.050
https://doi.org/10.1016/j.earscirev.2015.03.002
https://doi.org/10.1016/j.earscirev.2015.03.002
https://doi.org/10.1016/j.palaeo.2016.06.018
https://doi.org/10.1016/j.palaeo.2016.06.018
https://doi.org/10.1111/1755-6724.13014
https://doi.org/10.1017/jpa.2015.53
https://doi.org/10.1017/jpa.2015.53
https://doi.org/10.1016/j.palaeo.2015.02.034
https://doi.org/10.1016/j.palaeo.2015.02.034
https://doi.org/10.1111/let.12182
https://doi.org/10.1111/let.12182
https://doi.org/10.1007/s00114-014-1176-0
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0180
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0180
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0180
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0185
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0185
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0185
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0185
https://doi.org/10.1306/13331516M983498
https://doi.org/10.1016/j.annpal.2015.04.008
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0200
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0200
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0200
https://doi.org/10.1130/0016-7606(2003)115<0695:FADMCC>2.0.CO;2
https://doi.org/10.1130/0016-7606(2003)115<0695:FADMCC>2.0.CO;2
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0210
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0210
https://doi.org/10.2307/1938520
https://doi.org/10.1016/b978-0-444-59425-9.00019-6
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0225
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0225
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0230
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0230
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf6000
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf6000
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf6000
https://doi.org/10.1666/0022-3360(2001)075<1065:AAHOPI>2.0.CO;2
https://doi.org/10.1666/0022-3360(2001)075<1065:AAHOPI>2.0.CO;2
https://doi.org/10.2307/3514525
https://doi.org/10.2110/pec.02.72.0095
https://doi.org/10.1016/j.palaeo.2015.11.003
https://doi.org/10.1016/j.palaeo.2015.11.003
https://doi.org/10.1666/0022-3360(2006)80[411:FCNGAF]2.0.CO;2
https://doi.org/10.1666/0022-3360(2006)80[411:FCNGAF]2.0.CO;2
https://doi.org/10.1666/0022-3360(2004)078<0645:FOOAIS>2.0.CO;2
https://doi.org/10.1130/0091-7613(1985)13<46:ransdf>2.0.co;2
https://doi.org/10.1130/0091-7613(1985)13<46:ransdf>2.0.co;2
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0270
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0270
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0270
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0270
https://doi.org/10.2110/pec.02.72.0129
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0280
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0285
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0285
http://refhub.elsevier.com/S0031-0182(18)30742-9/rf0285
https://doi.org/10.1144/GSL.SP.1996.001.01.06

	Lithistid sponge-microbial reefs, Nevada, USA: Filling the late Cambrian ‘reef gap’
	Introduction
	Geological setting and methods
	Results
	Reef description
	Lithistid sponges
	Microstromatolites
	Angusticellularia
	Reef architecture and construction

	Discussion
	Implications for Cambrian reef evolution
	Late Cambrian to Early Ordovician reef evolution in the Great Basin

	Conclusions
	Acknowledgments
	References




