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G E O L O G Y

Tectonic trigger to the first major extinction of the 
Phanerozoic: The early Cambrian Sinsk event
Paul M. Myrow1*, John W. Goodge2,3, Glenn A. Brock4, Marissa J. Betts5, Tae-Yoon S. Park6,7,  
Nigel C. Hughes8, Robert R. Gaines9

The Cambrian explosion, one of the most consequential biological revolutions in Earth history, occurred in two 
phases separated by the Sinsk event, the first major extinction of the Phanerozoic. Trilobite fossil data show that 
Series 2 strata in the Ross Orogen, Antarctica, and Delamerian Orogen, Australia, record nearly identical and syn-
chronous tectono-sedimentary shifts marking the Sinsk event. These resulted from an abrupt pulse of contrac-
tional supracrustal deformation on both continents during the Pararaia janeae trilobite Zone. The Sinsk event 
extinction was triggered by initial Ross/Delamerian supracrustal contraction along the edge of Gondwana, which 
caused a cascading series of geodynamic, paleoenvironmental, and biotic changes, including (i) loss of shallow 
marine carbonate habitats along the Gondwanan margin; (ii) tectonic transformation to extensional tectonics 
within the Gondwanan interior; (iii) extrusion of the Kalkarindji large igneous province; (iv) release of large vol-
umes of volcanic gasses; and (v) rapid climatic change, including incursions of marine anoxic waters and collapse 
of shallow marine ecosystems.

INTRODUCTION
The Cambrian explosion, which records the rapid radiation of most 
animal phyla, took place in two phases, separated by the first major 
extinction of the Phanerozoic, the early Stage 4 Sinsk event (1–3). This 
event included extinction or near extinction of many characteristic 
early Cambrian clades such as archaeocyathids and hyoliths, and a 
subsequent radiation of less affected brachiopods and trilobites, as 
well as changes in body sizes in various groups (4). The global increase 
in the abundance of unbioturbated black shale and a shift from cou-
pled to uncoupled carbon and sulfur isotopic records all indicate that 
a decline in global oceanic oxygen levels played a major role in the 
extinction (1–3). However, the causes of these environmental and bi-
otic changes remain poorly understood.

The Sinsk event followed a long phase of Neoproterozoic to early 
Paleozoic global tectonic reorganization, including breakup of the su-
percontinent Rodinia and reassembly of most cratonic masses into 
Gondwana (5). Collisional suturing during the East African and 
Kuunga orogenies culminated in amalgamation of East Gondwana 
(modern Africa, Antarctica, Australia, and India) during the Cam-
brian (6). Gondwana supercontinent assembly included suturing 
along the East African–Antarctic Orogen, broadly fusing East (Indo-
Antarctica) and West (Africa) Gondwana between ~600 and 540 Ma 
(7–10). This, in turn, triggered geodynamic reorganization of the 
peri-Gondwanan realm, including a shift to widespread development 
of nascent convergent plate margins (10–12) and continental-margin 
arc magmatism that drove climatic warming that was conducive to 
evolutionary diversification (13, 14).

In Antarctica, this global tectonic reorganization primarily includ-
ed the transition from a passive margin to an Andean-type conver-
gent plate margin along the proto-Pacific edge of the East Antarctic 
craton. There, onset of subduction by ~590 million years ago (Ma) led to 
the Ross Orogeny, a protracted cycle of latest Neoproterozoic to Or-
dovician magmatism, metamorphism, deformation, and syn-tectonic 
erosion and sedimentation that culminated between ~525 and 490 Ma 
(Fig. 1) (15). The Cambrian Ross orogenic activity is well-documented 
in the central Transantarctic Mountains (16–18). The Delamerian 
Orogen in South Australia, situated along strike to the north on the 
Rodinian and Gondwanan margins, shows a similar tectonic history, 
including well-dated igneous and metamorphic events from ~515 to 
490 Ma (19–21).

Here, we present data from trilobites that constrain the timing and 
nature of Ross Orogenic supracrustal deformation and its erosional 
and depositional response. These are compared with faunal data from 
an age-equivalent record from Kangaroo Island, South Australia, to 
reveal remarkable similarities in the sedimentary signal and a near-
synchronous, Cambrian mid–Series 2 timing of supracrustal events in 
these two orogens, despite differences in paleogeographic position, 
timing of the onset of subduction-related magmatism, and structural 
styles (foreland versus forearc deformation).

These supracrustal plate-margin events were synchronous within 
geochronologic and biostratigraphic constraints, with a correspond-
ing transition from compressional to extensional tectonics within the 
interior of post-assembly Gondwana, suggesting a causal linkage. 
Coupled drowning of shale basins along active plate margins and 
loading of the atmosphere with CO2 by voluminous mantle upwelling 
in the extending cratonic interior together likely led to ocean warm-
ing (14), sluggish oceanic turnover, and bottom water anoxia. Criti-
cally, the timing of these changes coincides with the first major 
extinction of the Phanerozoic, the early Cambrian Sinsk event, a bi-
otic crisis that included a major extinction that decimated archaeocy-
athids. This suggests that tectonics were acting with, and perhaps a 
major driver of, the widespread paleoenvironmental effects of the 
Sinsk event, including perturbations to the oceans, atmosphere, and 
biosphere.
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RESULTS
The Ross Orogen, central Transantarctic Mountains (Fig. 1), records 
the transition from Neoproterozoic passive-margin to Cambrian 
active-margin tectonics along the Austral-Antarctic periphery of 
Gondwana. There, Archean and Proterozoic crystalline basement is 
overlain by the Neoproterozoic Beardmore Group, a rift-margin suc-
cession of sandstone, shale, carbonate, diamictite, and minor volca-
nic rocks (15, 18, 22).

The Beardmore Group is succeeded by the lowermost Paleozoic 
Byrd Group, consisting of carbonate platform deposits and overlying 
syn-tectonic clastic molasse. The lower Cambrian Shackleton Lime-
stone at the base is a thick carbonate unit with archaeocyathid–
calcimicrobial reefs (16, 23, 24). The top of the formation is marked 
by intact reefs up to 38 m thick that are draped by a phosphatic 
hardground interpreted as a sediment starvation surface produced by 
rapid deepening and terminal drowning of the reef system (Fig. 2) 

Fig. 1. Tectonic setting of the Neoproterozoic and Cambrian systems in East Antarctica and Australia. Locations of Kangaroo Island (KI) and Nimrod Glacier area of 
the central Transantarctic Mountains (CTM) shown with black stars; similar geologic relations occur in the Shackleton Range (SR), shown by a white star. Early Paleozoic 
trench migrated oceanward between Cambrian (1, solid line) and Devonian time (2, dashed line). ARC, Adelaide Rift Complex; FP, Fleurieu Peninsula; LFB, Lachlan Fold Belt; 
NVL, northern Victoria Land; PM, Pensacola Mountains; Tas, Tasmania. Reconstruction modeled from GPlates (88) and alignment of geophysical anomalies (89), with mid-
Cambrian equator from Scotese (90). Inferred eastern edge of Precambrian cratons (purple dashed line) from Goodge and Finn (91) in Antarctica and Tasman Line (TL) in 
Australia. Distribution of sedimentary units after Foden et al. (19), Goodge (15), and Cox et al. (92). Extent of Ross and Delamerian orogens shown by horizontal ruling (15, 
93). Inferred Neoproterozoic rift-margin faults from Preiss (30) and Goodge (15). West-dipping early Paleozoic marginal subduction zone (blue barbed line) was sinistral-
oblique in middle Cambrian time [line 1; (60)]; by late Cambrian, convergence was geometrically more complicated (line 2), including multiple arcs and back-arcs [see (10) 
and (94)]. Dashed line separates two convergent margin domains—to the south in East Antarctica dominated by Andean-type continental-margin magmatic arc, and to 
the north from northern Victoria Land into Australia dominated by accretionary supra-subduction zone volcanism and marginal-basin development.

D
ow

nloaded from
 https://w

w
w

.science.org at C
olorado C

ollege on A
pril 04, 2024



Myrow et al., Sci. Adv. 10, eadl3452 (2024)     29 March 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

3 of 12

(16). The hardground is overlain by the Holyoake Formation, a 5- 
to 10-m-thick unit of dark shale and nodular carbonate that grades 
upward into siltstone to pebbly sandstone of the Starshot Forma-
tion, the latter comprising inner shelf to shoreline deposits. Both 
the Holyoake and Starshot formations locally onlap uppermost 
Shackleton reefs [see figure 10 of (16)].

The Starshot Formation grades upward into the Douglas Con-
glomerate, a thick and coarse sedimentary wedge that is laterally 
equivalent to (and locally both underlain and overlain by) sandstone 
of the Starshot. The Douglas contains fluvial and alluvial fan cobble 
to boulder conglomerate, sandstone, and minor shale (16). Con-
glomeratic channels of the Douglas cut down into reefs of the upper 

Fig. 2. Stratigraphic comparison of Cambrian Series 2, Stage 4 strata on Kangaroo Island and central Transantarctic Mountains. Inset shows location of sections 
in the restored continents (Fig. 1) and in Delamerian and Ross orogens. Stratigraphic units described in Results. The sections record five stages, from platform buildup 
through tectonic response to post-tectonic subsidence, although relative thicknesses and lithotypes vary. SS, sandstone; Sh, shale; Slst, siltstone; FS, fine sandstone; Carb, 
carbonate; Cgl, conglomerate.
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Shackleton, and their fills contain archaeocyathid-bearing limestone 
boulders up to 2 m across (16, 23, 24). Overall, the succession indi-
cates reef drowning followed by shoaling from deeper water mud 
through shoreline sand to subaerial coarse-grained fluvial and alluvial 
fan deposits.

Age constraints on the Byrd Group come from trilobites (25), ar-
chaeocyathids (26), and other fossils (27–29). Trilobite (25) and bra-
chiopod (28) assemblages and a positive carbon isotopic excursion at 
the base (16) suggest that the Shackleton Formation is Cambrian Se-
ries 2, Stage 3 to lowermost Stage 4 (Atdabanian to lowermost Boto-
man equivalent) in age. Myrow et  al. (16) assigned the overlying 
Holyoake and Starshot formations to Stage 4, or late(?) Tsanglang-
puian/Botoman, based on preliminary trilobite data. We herein re-
port trilobite data from our subsequent work (field collection in 2011) 
to provide a more refined age for these units. Trilobites from these 
units include Meniscuchus cf. M. menetus, Pagetides (Discomesites) 
sp., and Hsuaspis cf. H. bilobata (= Estaingia bilobata) (Fig. 3), the lat-
ter occurring as part of a diverse assemblage in the Pararaia janeae 
Zone near the base of Stage 4. Thus, these data constrain the timing of 
the abrupt switch from platform carbonate deposition to supracrustal 
deformation processes during Stage 4.

The Delamerian Orogeny resulted in deformation of a thick Neo-
proterozoic to early Cambrian rift-margin succession in South Aus-
tralia (20, 30). The Cambrian strata include carbonate of the Kulpara 
and Parara formations (31), succeeded by fine-grained siliciclastic 
deposits, an unnamed shale unit in the eastern part of its outcrop 
area and the Mt. McDonnell Formation in the western part (Fig. 2) 
(31–33). These strata are overlain by the Kangaroo Island Group, an 
alluvial fan to shallow marine Cambrian succession that crops out in 
a small area on the northeastern coast of Kangaroo Island, southwest 
of the Fleurieu Peninsula (Fig. 1). It is approximately equivalent in age 
to the Kanmantoo Group, a metamorphosed deep-water succession 
that extends from Kangaroo Island northward to the eastern side of 
the Fleurieu Peninsula (34, 35). Previous workers interpreted the 
Kangaroo Island Group as alluvial fan to shallow marine deposits on 

the northern margin of an active rift basin (34, 36–39), tectonically 
linked to the Stansbury Basin (40).

Basal units of the Kangaroo Island Group are the White Point 
Conglomerate and coeval Stokes Bay Sandstone (41). The White Point 
is up to 580-m thick and contains a lower member of sandstone with 
minor siltstone and shale (31, 32, 36) and an upper conglomerate 
member with clasts up to 1.5 m across (31). The angular to subround-
ed clasts of the conglomerate are polymictic with basement and sedi-
mentary cover lithologies represented (32, 37). Abundant carbonate 
clasts contain Cambrian archaeocyathids and small shelly fossils be-
longing to the P. janeae trilobite Zone, which sets a lowermost Stage 4 
maximum depositional age for the unit (34). Pinch-out of the con-
glomerate to the south (31, 41) and clast imbrication (32) suggest 
southward fan delta progradation with a source to the north. Clasts in 
the White Point were likely derived from the underlying Koolywurtie 
Limestone Member of the Parara Limestone, which is intersected in 
numerous drill cores and exposed as outcrop 100 km to the north on 
Yorke Peninsula (35, 42).

Overlying deposits consist of the Marsden Sandstone, an 
unconformity-bound shoaling succession with a lower mudstone 
member, followed by mudstone and sandstone of the Emu Bay Shale, 
and sandstone of the Boxing Bay Formation (Fig. 2). Together, these 
units record pulses of marine transgression following deposition of 
the White Point Conglomerate (31). P. janeae Zone trilobites from the 
basal Marsden and from the Emu Bay indicate a Stage 4 age for these 
marine strata (43). Thus, strata from the Koolywurtie Limestone 
through the Emu Bay Shale all date to the P. janeae Zone, including 
the White Point Conglomerate, indicating a nearly identical timing of 
supracrustal deformation in this part of Australia with the central 
Transantarctic Mountains deformation, which we discuss below.

DISCUSSION
Strata from the central Ross and Delamerian orogens indicate notable 
similarities. Both sections record: (i) drowning of a carbonate 

Fig. 3. Trilobites recovered from the Holyoake Formation (82°13.185′S, 160°16.122′E). (A and B) Estaingia bilobata; CMCIP 88140 and CMCIP 88142, respectively. 
(C and D) Meniscuchus cf. M. menetus; CMCIP 88138 and CMCIP 96988, respectively. (E and F) Pagetides (Discomesites) sp.; CMCIP 88139 and CMCIP 96989, respectively.
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platform containing archaeocyathid-bearing reefs, (ii) an overlying 
shoaling succession of mud to sand, and (iii) continued shoaling to 
coarse gravel alluvial fan deposits with carbonate clasts. In Antarctica, 
the clastic succession represents tectonically induced subsidence as-
sociated with a major phase of supracrustal deformation during the 
Ross Orogeny (16). The timing of this deformational and erosional 
event is here refined to the P. janeae Zone of basal Cambrian Stage 4. 
A nearly identical sedimentary record of deformation onset, tectonic 
uplift, erosion, and conglomeratic deposition in South Australia also 
took place in the P. janeae Zone, as described above. Further evidence 
linking the geologic histories of these areas is provided by dated igne-
ous and metamorphic events (Fig. 4). Punctuated magmatic-arc in-
trusive activity in both areas extended from at least 550 to 490 Ma (17, 
19, 21, 44), indicating active plate convergence through this period. 
Metasedimentary 40Ar/39Ar mineral and slate cooling ages range 
from ~512 to 476 Ma (Fig.  4) and record progressive cooling in 

response to uplift and erosion within the deeper orogen (17, 20, 45). 
This activity corresponds closely in time with the surficial response to 
deformation and uplift. Thus, the depositional, igneous, and meta-
morphic events recorded in the central Ross and southern Delameri-
an orogens provide evidence for remarkable synchroneity in a late 
early-Cambrian tectonic pulse during long-lived plate convergence.

The base of the as-yet-undefined Cambrian Stage 4, and the 
P. janeae Zone, is known to be younger than 514.45 ± 0.36 Ma (46). 
The pulse of contractional deformation, uplift, and erosion along the 
Austral-Antarctic margin of Gondwana described here clearly took 
place within the lower part of the P. janeae Zone. A radiometric age of 
511.87 ± 0.14 Ma (47) from a volcanic tuff in the Billy Creek Forma-
tion of the Flinders Range dates the middle to upper P. janeae Zone. 
The Billy Creek is correlated with trilobites to the Marsden Sandstone 
and Emu Bay Shale on Kangaroo Island, which rests above the syn-
tectonic White Point Conglomerate. These relationships indicate that 

Fig. 4. Time correlation diagram comparing Cambrian events in central Ross and Delamerian orogens. Timescale shows series and stages, and Atdabanian and 
Botoman trilobite divisions for comparison. Schematic stratigraphic columns show primary depositional relations between biostratigraphically designated units (16, 17, 
31, 32, 36), and colored bars denote time span of key events constrained by geochronological data (18–21, 44, 45). Note similar successions of archaeocyathid reefal car-
bonate, to black shale, and shallow-water sandstone, all down-cut and overlain by carbonate-clast conglomerate. Orogenic magmatism occurred through this period, but 
punctuated termination of carbonate deposition, shoaling, and overlap by prograding alluvial fanglomerate marks onset of supracrustal deformation in both areas. Syn- 
to post-orogenic cooling of micas and slates in metasedimentary lithologies mark metamorphism associated with structural shortening and thickening. Fm, Formation; 
Ls, Limestone.

D
ow

nloaded from
 https://w

w
w

.science.org at C
olorado C

ollege on A
pril 04, 2024



Myrow et al., Sci. Adv. 10, eadl3452 (2024)     29 March 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

6 of 12

(i) the deformation, as constrained by fossil ages and thermochronol-
ogy, (ii) the base of Stage 4 (however defined), and (iii) the associated 
Sinsk event, all took place between ~514 and ~512 Ma.

The orogenic assembly of Gondwana was largely concluded by 
~540 to 530 Ma, although some deformation and metamorphism 
continued afterward (48). Assembly was quickly followed by orogenic 
collapse, lithospheric extension, plutonism, and tectonic basin forma-
tion both along the East African–Antarctic Orogen and within in-
tracratonic areas of Africa and Australia (9, 49–52). As discussed 
below, key geologic events signifying post-orogenic collapse within 
Gondwana’s interior are dated to 518 to 510 Ma. Several examples of 
crustal extension of the interior of Gondwana are known, including 
migmatites and granitoids containing late-stage, post-collisional ex-
tensional structures in the Lurio Belt of Mozambique that formed be-
tween 518 and 514 Ma (53). There, Neoproterozoic clastic rocks of the 
Mecubúri Group were deposited in small fault-bounded intermon-
tane basins formed during early stages of post-collisional orogen col-
lapse (52). Overlying siliciclastic strata have a maximum depositional 
age of ~530 Ma based on detrital zircon analysis, and they were sub-
ject to medium-grade metamorphism and migmatization by 514 Ma 
(52). These rocks are, in turn, intruded by ~510-Ma granitoids (50). 
Younger mineral cooling ages indicate a long period of slow cooling 
attributed to mantle upwelling triggered by lithospheric delamination 
following Gondwana consolidation (53). The elevated temperatures, 
cooling age patterns, and extensional features together point to local-
ized late-stage collapse by reactivation along orogenic structures 
formed during lithospheric thickening. Similarly, metamorphic gran-
ulites in Madagascar record high-temperature/low-pressure cooling 
trajectories as young as 510 Ma, attributed to orogenic collapse and 
crustal extension following earlier collision within the East African 
Orogen (9).

In the Dronning Maud Land area of East Antarctica, Pan-African 
convergence marking collisional orogenesis between East and West 
Gondwana was likewise followed by crustal extension, thought to 
represent orogenic collapse (49). In this region, referred to broadly 
as the East African–Antarctica Orogen, the post-collisional re-
sponse is dated to ~530 to 510 Ma and is characterized by large-scale 
extensional structures and intrusion of voluminous granitoids. Em-
placement of late syn- to post-tectonic intrusions coincided with 
retrograde metamorphism characterized by simultaneous cooling 
and decompression during extensional exhumation, probably trig-
gered by the collapse of overthickened crust. Similar deep-crustal 
responses to orogenic collapse are known from other parts of the 
East African Orogen, such as in western Madagascar and the north-
ern Arabian-Nubian Shield (9).

Another signature of post-orogenic lithospheric extension is de-
velopment of large igneous provinces (LIPs). Magmatic activity in 
western Australia within the Kalkarindji continental flood basalt 
province included intrusion of dikes and diabase sills associated with 
the Officer, Wiso, and Georgina basins, dated by baddeleyite and zir-
con U-Pb to ~511 Ma (54), and eruption of subalkaline flood basalts 
of the Antrim Plateau Volcanics with 40Ar/39Ar ages of 513 to 498 Ma 
(55). Geochemical modeling of melt compositions in the Antrim Pla-
teau and Table Hill volcanics indicates that a mantle plume was not 
required to induce melting but rather that post-orogenic thinning of 
Gondwana lithosphere may have triggered decompression melting of 
subcontinental lithospheric mantle and focused edge-driven astheno-
spheric convection into cratonic keels formed between higher-level 
basins (56). Other magmatism at this time included emplacement of 

dikes and minor volcanic rocks in western Australia at 513 to 508 Ma 
(55, 57) and elsewhere in the North Australian Craton (58). Together, 
a decompressional melting scenario requires that extension leading to 
this middle Cambrian magmatism occurred before ~510 Ma.

The tectonic, magmatic, and depositional activity outlined here 
signifies a period of widespread lithospheric extension associated 
with orogenic collapse of the Gondwana interior that began nearly 
synchronously with the pulse of supracrustal contractional deforma-
tion along the peri-Gondwana margin described above that is bio-
stratigraphically dated to ~514 to ~512 Ma. The erosional response to 
this deformation is also associated with the demise of carbonate plat-
forms along much of its length. We therefore argue here for a causal 
linkage between post-orogenic extension in the hinterland interior of 
Gondwana driven by gravitational collapse of over-thickened litho-
sphere and a pulse and/or acceleration of shortening in the external 
convergent-margin realm. The body forces associated with supercon-
tinent amalgamation, collision, over-thickening, collapse, and region-
al lithospheric extension documented within contiguous parts of 
Gondwana provide both a mechanism and the timing to explain the 
episode of active-margin deformation described here. Thus, we posit 
that an abrupt tectonic regime change within Gondwana’s interior 
triggered a shift in convergent-margin deformation and magmatism 
along nearly the entire Australian and Antarctic outer margins. Fur-
thermore, these tectonic responses are also linked to widely recog-
nized paleoenvironmental changes and a biotic crisis in shallow water 
Cambrian settings.

The Ross and Delamerian orogens record W-dipping Gondwana-
margin plate convergence by at least 550 Ma in the latest Neoprotero-
zoic (Fig. 1) (10, 15, 19, 20, 59), yet a major change occurred in the 
early Cambrian. By this time, both the Ross and Delamerian systems 
were characterized by left-oblique, continental-margin plate con-
vergence, dominantly I-type arc magmatism, medium-pressure Bar-
rovian metamorphism, and Cambrian Stage 3 carbonate platform 
deposition (Fig. 4) (10, 15, 18, 20, 59, 60). These areas straddled the 
mid–Series 2 tropics (Fig. 1), promoting carbonate growth in shallow 
forearc settings that may have fostered shallow-water biotic radiation 
(33, 61). Deformation in Antarctica between 550 and 515 Ma was lim-
ited to inboard magmatism and incipient thickening of rift-margin 
deposits. In both areas, separated by ~1800 km at the time, an abrupt 
and simultaneous pulse of contractional deformation took place in 
active-margin supracrustal successions deposited originally within 
rift-margin and platformal settings (Figs.  2 and 4). A distinctive 
change in Cambrian plate-margin tectonic patterns is particularly 
well-preserved in Antarctica where abrupt cessation of carbonate de-
position and drowning of archaeocyathid–microbial reefs reflected a 
pulse of subsidence, driven by thrust loading of crust from the west 
(Fig. 5). Subsequent development of coarse alluvial fans included ini-
tial erosion of basement sources and later erosion of deformed car-
bonate strata and the contemporaneous magmatic arc to the west 
(Fig. 5). Syn- to post-orogenic cooling ages of muscovite, biotite, and 
slate that range into the Ordovician document the response to crustal 
shortening and thickening (Fig. 4). A similar record is preserved in 
the Kangaroo Island succession and other parts of the Delamerian 
Orogen as discussed above, yet deformation there is west-vergent (34).

Despite their differences in deformation pattern, eastward forearc-
directed thrusting in the Transantarctic Mountains (17) versus cra-
tonward foreland thrusting on Kangaroo Island (34), both areas 
record near-synchronous (within a specific biostratigraphic zone) 
supracrustal shortening, a surficial response to punctuated tectonism 
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Fig. 5. Model depicting sedimentary and structural evolution of central Ross Orogen during Cambrian late Series 2. (A) Reef and shoal deposition phase, 
dominated by carbonate buildup (Shackleton Limestone) over older siliciclastic strata. Undifferentiated basement includes metamorphic rocks and Neoproterozoic 
Beardmore Group. Outboard subduction operated at this time (14). S.L., sea level. (B) Initial thrusting phase, in which inland basement was uplifted and eroded, and 
marine platform underwent initial tectonically induced subsidence, resulting in deepening and development of a capping phosphatic hardground (heavy brown line). 
(C) Ongoing oceanward thrust displacement led to further crustal loading and deposition of a clastic shoaling succession, including nodular shale (Holyoake Forma-
tion) and shallow-marine sandstone (Starshot Formation). Subaerial alluvial-fan deposits sourced from inland thrust sheets were dominated by basement debris. 
(D) Mature thrust propagation phase, in which forward-propagating thrusts cut into Shackleton Limestone, producing carbonate-clast debris containing archaeocy-
athid fossils. Ongoing erosion, transport, and alluvial deposition led to accumulation of coarse alluvial-fan deposits (Douglas Conglomerate). Narrow vertical rectan-
gle in (D) corresponds to stratigraphic section in Fig. 2. Primary field relations, sedimentation patterns, faunal occurrences, and geochronological constraints provided 
by earlier studies (16, 17, 23, 95).
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that precisely captures the rapid onset of accelerated plate-margin 
convergence. Both areas later evolved toward younger upper-plate ex-
tension from ~500 to 480 Ma (15, 19, 59).

Beyond the coincident timing, however, contrasting structural 
styles in these two areas provide insight into their respective respons-
es. Differences in sedimentation and deformation patterns in the two 
areas are likely due to the primary configuration of the Neoprotero-
zoic rift margin, with the southern Australian margin developed as a 
broader basin system constructed upon extended Paleoproterozoic 
cratonic basement, whereas the Antarctic rift margin was narrower, 
and its sedimentary succession was less voluminous (Fig. 1). During 
subsequent plate-margin deformation, the Ross Orogen in the central 
Transantarctic Mountains behaved as a cratonal promontory, whereas 
the Delamerian belt evolved in a trough-like reentrant resembling an 
aulacogen at the edge of a long-lived Neoproterozoic basin (15, 30, 
34). These inherited continental margin geometries led to earlier ter-
mination of Ross deformation by ~480 Ma, whereas progressively 
outboard orogenic activity persisted in the outer Tasmanides between 
~485 and 340 Ma in the Lachlan Fold Belt (Fig. 1) (62). In addition to 
duration, plate margin activity also differed in character, in which the 
southern to central coast of Antarctica was dominated by Andean-
type continental-margin magmatism with pronounced crustal thick-
ening and high-pressure metamorphism (from at least 540 to 515 Ma) 
(15), while the region from northern Victoria Land northward into 
Australia was dominated by early Paleozoic supra-subduction–zone 
arc volcanism and marginal-basin development typical of accretion-
ary orogens between at least 515 to 340 Ma (Fig. 1) (62). Despite these 
differences, the synchronous early Cambrian sedimentary patterns in 
these disparate areas attest to a near-simultaneous surficial response 
to tectonism across the broader Ross-Delamerian system.

The events highlighted here may also be expressed in a cryptic 
Cambrian succession in the Shackleton Range (Fig. 1), where con-
glomerate of the Mount Wegener Formation contains carbonate clasts 
with P. janeae Zone archaeocyathids, indicating syn-orogenic erosion 
and deposition during early Stage 4 or younger (<514 Ma) (63). Al-
though the platform source for the limestone clasts is not exposed, 
conglomerate deposition is linked to collisional convergence of East 
and West Gondwana during closure of the Mozambique Ocean, con-
sistent with Gondwana supercontinent consolidation as the cause of 
erosion, sedimentation, and marine habitat loss. The coincident tim-
ing of events in the Shackleton Range suggest that much of the 
Austral-Antarctic margin was marked by regional tectonic disruption 
of Series 2 carbonate depositional systems.

It is not possible to make a direct kinematic link between tectonic 
events of the Austral-Antarctic margin and eastern Gondwanan inte-
rior, as discussed here, and other Cambrian events on the western 
Gondwanan margin, yet several events recognized in west Gondwana 
have similar timing and may represent far-field tectonic responses of 
the former. These include (i) termination of the Pampean Orogeny 
~515 Ma (64) and (ii) both initiation of subduction beneath West 
Ganderia [~515 Ma; (65)] and associated back-arc extension within 
that continent, causing rift separation of Ganderia and Amazonia 
during opening of the Rheic Ocean at ~510 Ma (66). Together, these 
events likely reflect supercontinental responses to post-Gondwana 
global tectonic reorganization in the Cambrian that have recognizable 
paleoenvironmental and paleobiological effects.

The timing of the tectonic event that we document here for the 
Austral-Antarctic margin of Gondwana corresponds with that of the 
Sinsk event (2, 3). We posit that tectonic transformation involving 

inversion from collisional supercontinent assembly to lithospheric-
scale orogenic collapse and extension triggered a series of cascading 
environmental and biotic processes during the Sinsk event. Wide-
spread extension during this transformation, possibly associated with 
lithospheric delamination and/or mantle upwelling (56), was likely 
linked to a synchronous and/or immediately subsequent extrusion of 
the oldest LIP of the Phanerozoic in north-central Australia, the 
Kalkarindji continental basalts. Geochronological data constrain the 
onset of Kalkarindji eruptions to mid–Series 2. Zircon and baddeley-
ite U-Pb ages of 510.7 ± 0.6, 511 ± 5, and 508 ± 5 Ma were obtained 
from Kalkarindji dikes (54, 57). Plagioclase 40Ar/39Ar ages, including 
some recalculated results, from Kalkarindji dikes and volcanics of 
the Antrim Plateau Volcanic rock suite range from 512.8 ±  1.6 to 
508.7 ± 4.3 Ma (55). Given reported uncertainties, the oldest possible 
magmatic ages are 516 to 514 Ma. Published radiometric ages and as-
sociated uncertainties for the Kalkarindji LIP indicate that emplace-
ment took place through much of Cambrian Series 2, with many dates 
in the range of 514 to 508 Ma (54, 55). Integration of all ages indicates 
that initial Kalkarindji LIP emplacement likely took place as early as 
514 to 513 Ma (see the Supplementary Materials). This is in the same 
age range as the tectonic transition of the Austral-Antarctic margin of 
Gondwana described here, during which time the Kalkarindji mag-
matism may plausibly have contributed volatile and aerosol emis-
sions, affecting atmospheric change in Cambrian Series 2. The eroded 
remains of the Kalkarindji basalt province cover 55,000 km (2, 58, 67, 
68). Its estimated volume of ~1.5 × 105 km (3, 69) could have released 
as much as ~2% of the Cambrian atmospheric CO2 load (58), and, 
coupled with the simultaneous release of large amounts of CH4 and 
SO2 emissions, it led to rapid climatic changes and environmental 
pressures (54, 70), specifically expressed as the Sinsk event.

Climate change at this time is supported by two major perturba-
tions of the carbon cycle, namely, (i) a negative δ (13) Ccarb shift near 
or at the base of Stage 4, the Botoman-Toyonian Extinction (BTE) 
interval, and the events outlined in this study; and (ii) isotope 
anomaly ROECE, which corresponds with the Series 2–Miaolingian 
boundary Redlichiid–Olenellid Extinction (71–76) and the main 
phase of Kalkarindji volcanism at ~509 Ma (67–70). Two different iso-
topic features have been placed at the base of Stage 4: the Archaeocy-
athid Extinction Carbon Isotope Excursion negative excursion (73) 
and the initiation point of the underlying MICE positive excursion 
(72). Regardless of which is best placed at the base of Stage 4, that 
isotopic feature and the BTE interval correspond to the Sinsk event (1, 
2), the first major extinction of the Cambrian. The Sinsk records a 
global genus-level reduction in diversity of ~45% (77), reduction of 
body sizes of many marine invertebrate groups (4), a major extinction 
of archaeocyathan reefs (78), elevated sea surface temperatures (79), a 
global greenhouse climate (2, 80), extensive deposition of evaporites 
(81), and spread of anoxic deep waters into shallow-water environ-
ments (1–3, 82). This is reflected in the rapid demise of archaeocy-
athid species in South Australia from 100+ reef-building species on 
carbonate platforms during Stages 3 to 4 (83) to only three to four 
species before their final extinction in late Stage 4 shallow water car-
bonate (84). Although authors have opined on causalities between the 
Kalkarindji LIP, climate change, and extinction (54, 70), some have 
been hesitant to link the LIP to extinction (58). One possible link is 
that warming caused by the release of volatile emissions through vol-
canism may have elevated sea surface temperatures and led to reduced 
oceanic turnover, stratification, and bottom water anoxia, the latter 
causing dysoxia and elevated rates of extinction (85). A sea level rise, 
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starting at the base of Stage 4 (86), could also have been an important 
factor in the extinction, particularly as sea level rise produced by ele-
vated atmospheric and ocean temperatures could have led to drown-
ing of continental interiors with oxygen-deficient waters.

Our hypothesis that the initiation of supracrustal Ross Orogenic 
activity, Sinsk event extinction, and initial Kalkarindji LIP extrusion 
and associated effects were nearly synchronous is highly dependent 
on the precision of the absolute age constraints for these events. The 
tectonic activity and the Sinsk event both took place within the 
P. janeae trilobite Zone (Fig. 6). Their age is bracketed by strata from 
upper Stage 3 in Britain (W. Avalonia), below the P. janeae Zone, 
which yielded an age of 514.45 ± 0.36 Ma (46), and a radiometric date 
on strata from the middle to upper P. janeae Zone (Billy Creek Forma-
tion of Australia) that places an upper constraint for these events at 
511.87 ± 0.14 Ma (47).

Age models for the Sinsk event (3, 87) rest largely on radiometric 
dates, chemostratigraphic curves, and estimates of accumulation 
rates. The timing of the Sinsk event will be close to, or at, the base of 
Stage 4 (and the P. janeae Zone); however, the stage boundary is 
ultimately defined. The event is recorded in strata directly above a 

sequence boundary at the base of the Sinsk Formation in Siberia. The 
amount of time represented by that sequence boundary is unknown, 
so the Sinsk could be a million years or more younger than the 
514.45 ± 0.36 Ma (46) radiometric date. As a result, the dates (with 
errors) of initial LIP activity are well within the range of possible 
dates for the Sinsk event. Our suggestion that tectonics triggered a 
series of events that resulted in the Sinsk extinction is a hypothesis 
that can be tested with future geochronologic data, although the 
present overlap of geochronologic ages for LIP initiation (514 to 
513 Ma) and the maximum age for upper Stage 3 (~514.5 Ma) 
strongly supports the hypothesis. In addition to the effects of wide-
spread oceanic anoxia on marine fauna during the Sinsk event, we 
suggest that onset of supracrustal tectonic deformation led to wide-
spread loss of shallow water carbonate habitats of eastern Gondwana 
(Australian and Antarctic margins) and possibly much of the pe-
rimeter of the supercontinent. This occurred through both initial 
thrust-loading–induced marine subsidence, focused at the convergent 
plate boundary, and subsequent uplift and erosion of carbonate 
platforms. Such loss of habitat may have added to the overall biotic 
stresses of the Sinsk event and to global extinction patterns, given the 

Fig. 6. Time diagram for the Cambrian, showing the oldest and youngest possible age of the Sinsk event and the Stage 3 to 4 boundary (black arrows with ra-
diometric dates). The base of Stage 4 and the P. janeae Zone is younger than 514.45 ± 0.36 Ma; the date of 511.87 ± 0.14 from the middle to upper P. janeae Zone is the 
upper limit for both the Sinsk and the supracrustal deformation event described herein. Dated units from the Kalkarindji LIP in Australia are shown as gray squares with 
error bars. Two ages from both the Kalkarindji dikes/volcanics and Antrim basalt represent minimum and maximum ages. The time span during which tectonic shortening 
occurred along the Ross-Delamerian margin of Antarctica and Australia, and during which the Sinsk event took place, is shown as a horizontal gray band. Sources of age 
data cited in Discussion.
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extensive carbonate shelves around the supercontinent Gondwana that 
were potentially affected by the tectonic transition documented herein.

In summary, the tectono-sedimentary events along the Austral-
Antarctic margin were part of a supercontinent-wide transformation 
that led to shallow-water carbonate habitat loss along equatorial 
Gondwana. These events were also geodynamically linked to a broad 
inversion from collisional supercontinental assembly to extensional 
tectonics associated with lithospheric-scale orogenic collapse within 
the interior of Gondwana, the latter including eruption of the Kalkar-
indji LIP. The Kalkarindji LIP eruptions released considerable levels of 
atmospheric CO2 and associated CH4 and SO2 emissions, all of which 
caused a series of cascading environmental processes that resulted in 
ocean warming, reduced oceanic turnover, widespread bottom-water 
anoxia in marginal and epicontinental seas, and, ultimately, the Sinsk 
extinction.

MATERIALS AND METHODS
Specimens of trilobites were collected in situ from the Holyoake For-
mation during expeditions in 2000 and 2011. Those preserved in 
mudstone (Fig. 3, A and C to F) are weakly distorted with moderate 
convexity, while the one preserved in grainstone (Fig.  3B) is pre-
served with original convexity. The specimens of eodiscoids (Fig. 3, 
C to F) are external molds and latex casts were prepared. All speci-
mens are reposited in the Cincinnati Museum, prefixed with CMC 
IP. Mechanical preparation of the E. bilobata specimens was done 
with an AUTOMEL Electric Engraver (Dong Yang Electric Co.).

Trilobite specimens were coated with magnesium oxide smoke. 
The specimens of E. bilobata were photographed with a Canon 
EOS 6D using a Canon EF 100 mm f/2.8 L IS USM macro lens. 
The eodiscoid fossils were photographed with a Leica M205C mi-
croscope equipped with a Leica DFC550 camera using the z-
stacking method.

Supplementary Materials
This PDF file includes:
Supplementary Materials
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