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ABSTRACT
The term refuge describes, in both ecology and paleoecology, an ecosystem that acts as a 

sanctuary during times of environmental stress. This study tests the concept by examining the 
fate of a single community that lived ~50 k.y. after the end-Permian mass extinction (EPME). 
An assemblage of trace fossils, bivalves, and echinoids, living on a microbial mat in a slope 
environment, is preserved on a single bedding plane in the Shangsi section, south China. The 
microbial community was vital to the success of the refuge, acting as a stable substrate, food 
source, and oxygen supply. Shallow-water microbial communities have been interpreted as 
refugia, but this deeper site may have been critical to organisms with temperature sensitivi-
ties. Published paleotemperature calculations suggest sublethal surface temperatures of 34 °C 
at Shangsi. A species of cidaroid echinoid likely migrated to cooler deep waters to optimize 
development, suggesting that the success of this shallow-water clade is attributable to such 
refugia, when survival was most precarious after the EPME. The ecosystem was short lived, 
depending on low productivity and slow sedimentation. When conditions became suboptimal 
due to ash input and increasing productivity, the ecosystem quickly collapsed, allowing for 
colonization by opportunistic taxa including Claraia and microconchids. Elsewhere the ecosys-
tem may have remained unchanged. Earliest Triassic refugia may have been restricted to these 
ephemeral environmental settings until organisms adapted to continuing harsh conditions.

INTRODUCTION
The end-Permian mass extinction (EPME) is 

the largest extinction event in Earth’s history and 
marks the transition from the Paleozoic to the 
Modern evolutionary fauna. Although the over-
all cause continues to be a source of debate, the 
EPME is strongly associated with temperature 
change, ocean acidification, and anoxia (Shen 
and Bowring, 2014; Joachimski et al., 2012; Bot-
tjer et al., 2008; Wignall and Twitchett, 1996). 
This event serves as an important case study for 
the synergistic effects that these environmen-
tal stressors impose on marine ecosystems. The 
development of marine refugia is one of the con-
sequences of these stressors.

The term refuge describes an ecosystem that 
acts as a sanctuary for organisms during times 
of environmental stress (Kauffman and Erwin, 
1995). The traditional archetype for a marine 
refuge is an oceanic island with a small isolated 
ecosystem that contains a significant population 
of Lazarus taxa, which disappear from the fossil 
record before returning unchanged millions of 
years later. Numerous Early Triassic refugia or 
habitable zones have been described from vari-
ous paleogeographic locations and depositional 
settings (Song et al., 2014; Forel et al., 2013; 
Beatty et al., 2008; Twitchett et al., 2004), but 
few were in deep water.

A bedding surface in the Shangsi section, 
south China (Fig. 1), provides a snapshot of 
an oligophotic upper slope seafloor with a 

substantial echinoid population, deposited dur-
ing the earliest Triassic (Hindeodus parvus zone). 
Full-body echinoid specimens are rare because 
echinoids exhibit poor preservation potential and 
nearly went extinct during the EPME (Twitch-
ett and Oji, 2005). Our specimens, comparable 
to Eotiaris sp., were radially flattened with the 
aboral surface exposed, suggesting that they were 
buried rapidly and in situ. The discovery of these 
echinoids increases known species from the early 
Griesbachian to two (the other is Miocidaris pak-
istanensis; Kummel and Teichert, 1973).

Oxygen concentrations, temperature, and 
food availability are three important fac-
tors controlling modern echinoid distribution 
(Byrne et al., 2009). Geochemical redox prox-
ies indicate suboxic conditions during deposi-
tion at Shangsi (Xiang et al., 2016), offering 
sufficient oxygen concentrations for echinoid 
survival. Paleotemperatures calculated from oxy-
gen isotopes of conodont apatite at Shangsi indi-
cate a rapid increase in surface temperatures to 
34 °C (Joachimski et al., 2012; Chen et al., 2016), 
which would considerably impair the develop-
ment of most modern echinoids (Byrne et al., 
2009). Nearly all Early Triassic cidaroid echi-
noids are found within shallow marine depos-
its (Twitchett and Oji, 2005). We hypothesize 
that echinoids sought refuge within the cooler, 
deeper slope setting at Shangsi near the limits 
of the photic zone, where microbial mats acted 
as a stable substrate and sustainable food source, 

allowing the seafloor to meet all basic environ-
mental requirements of a refuge as predicted by 
Song et al. (2014). However, this ecosystem was 
short lived. We therefore explore the conditions 
that allowed for habitation within this refuge, and 
test the validity of the original refugia concept.

GEOLOGIC SETTING
The Shangsi section is located near Guang-

yuan, Sichuan Province, China. It was depos-
ited at estimated water depths of 150–200 m, 
in an upper slope environment adjacent to a 
tropical or subtropical intracratonic platform 
on the south China microcontinent (Xiang et 
al., 2016), within the Paleotethys Ocean (Fig. 1). 
We investigated the upper 1.45 m of the upper 
Permian Talung Formation, a resistant, siliceous 
carbonate mudstone to wackestone. The base of 
our studied interval is a bedding plane in bed 
22 at 98.7 m, with an abundant pelagic fauna 
dominated by ammonoids and nautiloids. We 
also investigated the lower 2.6 m of the Feixi-
anguan Formation, composed primarily of reces-
sive, yellow-green–weathering calcareous shale 
and argillaceous mudstone, as well as occasional 
ash beds and thin microbialite units. The forma-
tion contact is at 100.15 m, with the EPME at 
100–100.2 m and the Permian-Triassic bound-
ary (PTB) tentatively set in bed 28a at 100.3 m 
(Fig. 2A), although previous studies have sug-
gested a higher level (Nicoll et al., 2002). The 
focus of this study is a bedding plane (top of 
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Figure 1. Paleogeographic map showing 
Shangsi (32.31926°N; 105.45440°E) section 
(China) and other localities. Closed red stars 
indicate Griesbachian echinoids; open stars 
are younger. 1—Wadi Wasit block, Oman (late 
Griesbachian); 2—Salt Range, Pakistan (early 
Griesbachian); 3—late Griesbachian Dinwoody 
Formation, Spathian Virgin Limestone Member, 
western United States; 4—Ladinian of north-
east British Columbia, Canada.
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bed 28d) at 102.7 m within the H. parvus zone 
(see the Biostratigraphy section in the GSA Data 
Repository1). This interpolates to ca. 251.89 Ma, 

~10 k.y. into the Triassic and ~50 k.y. after the ini-
tial extinction, based on an age of 251.941 ± 0.037 
Ma for the extinction (Burgess et al., 2014).

METHODS

Field Collection
The well-exposed bedding surface allowed us 

to employ the quadrat method (Fig. 2B), com-
monly used in modern ecologic studies, to deter-
mine organism abundance and distribution. Eight 
separate 1 m2 quadrats were drawn directly on 
the bedding surface with chalk. Quadrats were 
spaced across ~80 m2 surface of the bedding 
plane, at least 5 m apart to avoid bias. The num-
ber, position, and size of fossil taxa visible in 
each quadrat were recorded and photographed 
(Fig. 2B).

Geochemistry
Geochemical samples (n = 10) were analyzed 

for trace elements and stable isotopes. Trace 
elements were measured in powdered samples 
using a Niton XL3t handheld X-ray fluorescence 
analyzer. Organic carbon and nitrogen were ana-
lyzed on a Thermo Finnigan Delta V isotope 

1 GSA Data Repository item 2017199, biostra-
tigraphy, paleontology methods and photos, age and 
lithology photos (Figs. DR1–DR6), and geochemistry 
methods and data (Table DR1), is available online at 
http:// www.geosociety.org /datarepository /2017/ or on 
request from editing@geosociety.org.

ratio mass spectrometer (IRMS) connected to an 
Elementar Cube elemental analyzer. Carbonate 
isotopes were determined on a Thermo Finni-
gan Delta V IRMS with Gasbench peripheral. 
Detailed laboratory methods and all data are 
reported in Table DR1 in the Data Repository.

RESULTS AND DISCUSSION
Unlike other paleontologic, geochronologic, 

and geochemical studies on the PTB interval at 
Shangsi (Riccardi et al., 2007; Jiang et al., 2011; 
Shen et al., 2011; Xiang et al., 2016), our work 
focused on a single bedding plane and the few 
immediately overlying centimeters of strata. In 
contrast to most paleoecologic studies, there is 
negligible time averaging in our bedding-plane 
sample, meaning that this ancient ecosystem is 
studied at an ecologic time scale. We describe 
a fossil-rich surface, and the geochemistry both 
below and above that surface, to understand 
environmental changes affecting this short-lived 
community. Such surfaces are likely common in 
lower Triassic rocks, but have either been missed 
or incorporated within larger trenched samples. 
We contend that such surfaces are vital to under-
standing earliest stages of recovery from Earth’s 
greatest extinction.

Paleontology and Geochemistry of 
Echinoid-Dominated Bed

Bed 28d consists of a calcimicrobial limestone 
~20 cm thick. The calcimicrobial mats show a 
wavy laminated texture separated by thin films of 
iron oxide–rich micrite. Ostracods, bivalves, and 
sponge spicules occur at low abundances within 

the microbial mat. Euhedral pyrite occurs along 
the bed surface, penetrating the top few layers 
of microbial mats. Fossil taxa exposed along the 
upper surface of bed 28d (Fig. 2) include one 
cidaroid echinoid species, one ammonoid spe-
cies, five bivalve species, and one type of dom-
nichnia trace fossil. The population density and 
distribution of these taxa show an average of one 
echinoid, one trace fossil, and eight bivalves per 
square meter (see the Data Repository). Only two 
ammonoids were found within the eight quadrats.

Although the diversity of taxa is low, the 
population density of cidaroid echinoids is high 
given the earliest Triassic age. The echinoids are 
restricted to this bedding plane at this site, sug-
gesting the development of a simple, but effec-
tive, refuge. Microbial mats provided a firm 
substrate for echinoid grazing and are known 
to serve as a food source (Forel et al., 2013), 
meeting the minimal necessary conditions for 
a sustainable ecosystem.

The presence of microbial mats suggests that 
sufficient light reached the seafloor to support 
photosynthesis. Shangsi was likely at the limit 
or deeper than the normal base of the photic 
zone. However, light may have penetrated deep 
into the water column during the earliest Trias-
sic, due to the regional collapse in marine pro-
ductivity (Algeo et al., 2013; Shen et al., 2015) 
and associated decrease in turbidity. The gener-
ally low total organic carbon (TOC; <0.1%) and 
phosphorous (P; undetectable) contents suggest 
an extremely low productivity regime. The low 
nitrogen isotope values observed here (<0.5‰) 
and across south China (Luo et al., 2011) reflect 
a regime in which cyanobacterial N-fixers had an 
ecologic advantage, which may reflect nitrogen-
limitation (Grasby et al., 2016).

The photosynthetic fractionation effect (Δ13C) 
observed in carbon isotopes from the echinoid 
bed is ~25‰ (Fig. DR6), lower than the typical 
value for marine photosynthesis. Our results are 
consistent with those of Riccardi et al. (2007), 
who interpreted these intervals as representing 
an ecologic contribution of phototrophic sulfur 
bacteria, in response to upward excursions of 
euxinic deep waters. However, other geochemi-
cal redox proxies (Mo and U; Fig. 3) indicate 
potential suboxia, but not euxinia in this interval. 
If the low Δ13C observed in this bed indicates the 
presence of green sulfur bacteria, they may have 
lived as part of the seafloor microbial mat com-
munity rather than as plankton. Diagenetic pyrite 
indicates sulfide in the sediment pore water, and 
upward diffusion of sulfide to the sediment water 
interface may have provided green sulfur bacte-
ria with sufficient reductant to survive even in 
an oxic to suboxic water column.

Paleontology and Geochemistry of the 
Overlying Bed

A number of geochemical indicators suggest 
that Claraia (Fig. 2G) proliferated in response 
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Figure 2. Outcrop, lithology, and fossils from study site in China (2 cm scale bar in C–G). A: 
Outcrop with position of end-Permian mass extinction (EPME), bed 28d surface and bed 29a. 
B: Mapped bedding plane with 1 m2 quadrats. C: Microbialite laminae and fenestral fabric in 
upper bed 28d. D: Cylindrichnus? Cross section. E, F: Cidaroid echinoids from bed 28d. G: 
Claraia wangi from bed 29a; microconchids attached.
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to a sudden ecologic disturbance. The ratio of 
thorium to scandium (Fig. 3), an indicator of 
provenance in marine sediments, becomes rap-
idly elevated, suggesting a sudden influx of more 
felsic material. Because this transition appears 
sudden rather than gradual, it likely reflects a 
rhyolitic ash fall. In addition to triggering an 
influx of terrestrial clastic material, this ash fall 
may have stimulated marine productivity, as has 
been observed elsewhere in south China (Shen 
et al., 2012). TOC is elevated in this horizon, 
with two samples yielding values of >1.5% TOC. 
This is significantly higher than the carbon con-
tent seen elsewhere in the section, including the 
latest pre-extinction Permian (Xiang et al., 2016). 
Small enrichments in Mo and U (Fig. 3; <12 
ppm) suggest that bottom-water conditions may 
have been slightly more reducing in this interval 
and P content increases to values >1000 ppm. 
Phosphorous exhibits less preservation potential 
under reducing conditions, so this positive cor-
relation suggests that elevated P and TOC values 
reflect high primary productivity (Schoepfer et 
al., 2015).

The calculated photosynthetic fractionation 
effect (Δ13C) increases by 4‰, which may reflect 
the development of a productivity regime domi-
nated by a more normal community of aerobic 
and photosynthetic phytoplankton in the water 
column, rather than sulfide-oxidizing or partially 
chemosynthetic microbial mats. Increased water-
column productivity and clastic input would 
have the combined effect of increasing turbid-
ity and shading-out benthic photosynthesizers 
at upper slope water depths, while promoting a 

community dominated by epibenthic suspension 
feeders (e.g., Claraia).

CONCLUSIONS
Refugia during the Permian-Triassic extinc-

tion have often been envisioned as oases of biodi-
versity that escaped the worst effects of the end-
Permian event, or persisted in a narrow habitable 
zone or refuge within the otherwise lethal Early 
Triassic world (Twitchett et al., 2004; Beatty et 
al., 2008; Song et al., 2014). This model does 

not seem to apply to Shangsi, where the envi-
ronment allowed for the immediate short-term 
survival of echinoids and other biota during the 
first ~50 k.y. after extinction, but underwent a 
rapid, catastrophic disruption, while remaining 
in the refuge zone (sensu Song et al., 2014). This 
stress appears to have been temporary and local 
to regional in extent, in the form of a volcanic 
eruption and associated turbidity. The assem-
blage failed to recover, and was instead replaced 
by a depauperate assemblage of opportunistic 
taxa (Fig. 4B).

If the earliest Triassic world is envisioned 
as a shifting patchwork of temporary refugia, 
then the ability to migrate or disperse over wide 
areas would increase the probability of survival 
in a favorable environment. Migration must be 
envisioned in both the horizontal and vertical 
dimensions, with an organism’s tolerance for 
low-light and high-pressure conditions allow-
ing it to respond to surface temperature stress 
by moving into deeper water. While modern 
planktic echinoid larvae generally act as pas-
sive particles, it has been suggested that they 
may be able to alter their vertical distribution in 
response to different environmental cues such 
as surface temperature, food availability, and 
predation (Burdett-Coutts and Metaxas, 2004). 
The thermal tolerance of modern subtropical 
and tropical planktic echinoid larvae varies 
from the mid-20s °C to mid-30s °C (Song et al., 
2014). While surface temperatures were in the 
mid-30s °C (Joachimski et al., 2012), model-
ing results for the earliest Triassic Paleotethys 
Ocean suggest that temperatures at 150–200 m 
water depth may have been 5–10 °C cooler than 
the surface ocean (Winguth et al., 2015). Echi-
noids likely colonized the bed 28d surface via 
the dispersal of resilient planktic larvae, with 
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Figure 3. Stratigraphic trends in provenance, productivity, and redox proxies. TOC—total organic 
carbon; EPME—end-Permian mass extinction; PTB—Permian-Triassic boundary. Filled circles 
indicate all triplicate X-ray fluorescence measurements above the automated limit of detection 
(LOD) threshold; hollow circles indicate some measurements >LOD; hollow squares indicate 
all measurements <LOD. Yellow highlighted interval is the echinoid-dominated assemblage 
(bed 28d). Blue highlighted interval corresponds to the Claraia-dominated assemblage (bed 
29a). Note the expanded scale above 102.5 m.

Figure 4. Schematic model. A: Bed28d (the echinoid-dominated assemblage with low produc-
tivity and clear water). B: Bed29a (Claraia-dominated assemblage, ash and high-productivity 
shade community).
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those settling in cooler water sites having more 
optimal conditions for development.

Echinoid material is rare in the Griesbachian 
and more common by the Spathian (Schubert 
and Bottjer, 1995). Individual echinoid spines 
have been found in wackestone in the upper 
Griesbachian Dinwoody Formation of western 
North America (Rodland and Bottjer, 2001), sug-
gesting an environment below wave base. Echi-
noids are also known from the eastern Tethys, 
including the shallow-water Wadi Wasit block 
in Oman (Fig. 1), with a diverse fauna (Twitchett 
et al., 2004) including echinoid spines during 
the late Griesbachian (Isarcicella isarcica Zone). 
This suggests, either that temperature stress was 
not the only factor limiting the distribution of 
echinoids, or that equatorial echinoid popula-
tions adapted during the H. parvus Zone to the 
point where temperature no longer was a limit-
ing factor. The only other known early Griesba-
chian cidaroid, from the Salt Range of Pakistan, 
occurs in association with holdover Permian 
taxa (Kummel and Teichert, 1973) at a higher 
latitude where surface temperatures would be 
cooler (Fig. 1).

Our results demonstrate that species were 
able to precariously cling to life in ephemeral 
refugia immediately following the EPME. Such 
ephemeral refugia may have been the character-
istic environments in which marine life initially 
recovered from Earth’s greatest extinction, chal-
lenging the concept of refugia as isolated, long-
lived, and undiscovered oases of biodiversity.
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