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Carbonate-bearing slope strata are reported from the
upper Miaolingian–lower Furongian Spurs Formation in
northern Victoria Land, Antarctica, deposited in a backarc basin during the Ross Orogeny. The Spurs Formation
consists mainly of shale interbedded with conglomerate
and sandstone. It overlies the middle Miaolingian Glasgow
Volcanics and volcaniclastic Molar Formation and is
overlain by the lower Furongian sandstone-dominated
Eureka Formation. The Spurs conglomerate is composed of randomly-oriented, granule- to boulder-sized,
polymictic clasts of shale, sandstone and various limestone. These limestone clasts are variable in texture,
such as microbial boundstone composed of calcimicrobe
Epiphyton and subordinate microbial crust, oolitic-peloidal packstone to grainstone, and minor lime mudstone
to wackestone. These are collectively interpreted as slope
deposits, in which limestone clasts may have been
derived from missing platform margin carbonate, analogous to Cambrian to Lower Ordovician slope successions elsewhere. On the other hand, the rarity of thinly
bedded micritic limestones in the Spurs slope successions is markedly distinctive, and possibly reflects subdued production of lime muds behind the platform edge.
It suggests that the vanished carbonate platform may
have formed within a narrow shelf margin, dominated
by coarse-grained carbonate and microbial reefs. Such
style of carbonate platforms would contribute to understand how syn-orogenic carbonates initiated and developed in back-arc basins along the pacific margin of
Gondwana (i.e., southern Australia and New Zealand).
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Introduction
Carbonate slope successions, which consist of (hemi-)pelagic and
resedimented deposits, connect shallow water carbonate platform and
deep basin systems (Playton et al., 2010). These slope deposits consist of lime mud to decametric limestone blocks. They are produced in
various ways such as platform margin collapse, mass movement,
gravity flow, and suspension settling, forming complex stratal architecture and stratigraphic heterogeneity (Coniglio and Dix, 1992; Flügel, 2010). Although slope facies differ greatly from platform carbonate
facies, slope deposits commonly contain a record of shallow platforms in transported sediment and thus reveal a wealth of information
regarding carbonate platform sedimentation and the interplay of platform-top to basin environments (Coniglio and Dix, 1992; Playton et
al., 2010). For example, for many ancient slope deposits there are no
shallower platforms, or they are poorly preserved. This is due to subaerial erosion, tectonic disturbance, dolomitization and metamorphism
(Coniglio and Dix, 1992; Flügel, 2010; Playton et al., 2010). Slope
deposits are thus crucial for reconstructing a facies anatomy of an obscured
carbonate platform and for deciphering their formative controls, including
biologic productivity, climate, sea-level, tectonics and oceanographic
processes (e.g., Watts and Garrison, 1986; Pillevuit et al., 1997; Drzewiecki and Sim, 2002).
During early Paleozoic global sea-level rise, epicontinental seas
and carbonate platforms were abundant around tropical regions of
Gondwana, Siberia and Laurentia (Pratt et al., 2012). The majority of
the carbonate platforms developed in tectonically stable passive margin
and intracratonic basins, interpreted to be governed in part by eustatic
sea-level changes (e.g., Kwon et al., 2006; Myrow et al., 2006; Gomez
and Astini, 2015). They largely accommodated voluminous lime mud
deposits in low energy platform interiors, together with platform margin grainy shoals and microbial reefs (e.g., Pratt and James, 1986; Bova
and Read, 1987; Goldhammer et al., 1993; Osleger and Montañez,
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1996; Saltzman, 1999; Kwon et al., 2006) and broadly conform to the
standard Wilson model of carbonate platforms (Schlager, 2005). On
the other hand, platform carbonate dominated by grainy calcareous
sediment has also been reported from coeval successions in foreland
basins as well as passive margin (Hender and Dix, 2008; Pratt et al.,
2012). Despite the rare documentations on lower Paleozoic platforms
style in terms of facies types, many of comparable examples have
been reported from younger carbonate platform successions in various geodynamic settings, such as rifting, passive margin, foreland,
and back-/fore-arc basins (Bosence, 2005; Wilson and Hall, 2010). In
addition, the common style of carbonate platforms, with abundant lime
muds, also developed in active margin throughout the Phanerozoic
(Soja, 1996; Dorobek, 2008). These imply the possibility that a variety
of early Paleozoic carbonate platforms may have formed not only in
tectonically stable regions, but also in active margin, and thus a comprehensive understanding of types and developmental histories of
various early Paleozoic carbonate platforms are far from complete
(cf., Pratt et al., 2012).
The Transantarctic Mountains (TAM) of Antarctica extending from
the Weddell Sea to the Ross Sea was formed in tropical regions along
the eastern Gondwana margin during early Paleozoic. Lower Paleozoic syn-orogenic sedimentary successions including platform carbonate deposits are well exposed along the TAM (Courjault-Rade et

al., 1992; Foster et al., 2005). The successions include the Cambrian
Series 2 Shackleton Limestone and Miaolingian (middle Cambrian)
Nelson Limestone, located in the central TAM and in the part of the
TAM area near Weddell Sea, respectively (Rees et al., 1989; Myrow
et al., 2002; Evans et al., 2018). In contrast, platform carbonate is
extremely rare in northern Victoria Land, the TAM near Ross Sea,
although limestone and sandstone clasts from platform margin and
shelf are incorporated into the Miaolingian downslope succession,
which was deposited in a back-arc basin (Andrews and Laird, 1976;
Federico et al., 2009; Rocchi et al., 2011; Kim et al., 2018).
This study describes carbonate-bearing slope deposits from the
upper Miaolingian to lower Furongian Spurs Formation of northern
Victoria Land, Antarctica, which allow us to reconstruct vanished carbonate platforms within an active margin, and to discuss types and
development of early Paleozoic platforms.

Geologic Setting and Methods
Northern Victoria Land of Antarctica was located in a juncture of
the TAM, southeastern Australia and New Zealand forming the PaleoPacific margin during early Paleozoic (Courjault-Rade et al., 1992;
Foster et al., 2005). An accretionary complex formed in northern Vic-

Figure 1. Tectonic elements of northern Victoria Land, Antarctica (a) and geologic maps and study areas in the Lanterman Range (b) and
near the Mariner Glacier (c). Modified from Läufer et al. (2011), Capponi et al. (1999) and Di Vincenzo et al. (2001) for figure 1a, b and c,
respectively. NVL: northern Victoria Land, CTAM: central Transantarctic Mountains.
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toria Land by attachment of crustal fragments during the early Paleozoic Ross Orogen. It is composed of inboard Wilson, middle Bowers
and outboard Robertson Bay terranes (Foster et al., 2005; Federico et al.,
2006, 2009; Rocchi et al., 2011; Fig. 1a). The Bowers Terrane covers
a narrow strip ca. 370 × 30 km and consists of oceanic arc-related
sedimentary successions (Capponi et al., 1999). It is bordered westward
by the Wilson Terrane of continental arc granitoids and high-grade
metasedimentary rocks, and eastward by the Robertson Bay Terrane of
flysch deposits (Laird and Bradshaw, 1983; Kleinschmidt and Tessensohn, 1987; Cooper et al., 1990, 1996). Lower Paleozoic rock assemblages in the region are generally considered to be related to westward,
oblique subduction processes (Federico et al., 2006; Rocchi et al., 2011).
Lower Paleozoic successions in the Bowers Terrane, named as the
Bowers Supergroup, is divided into the middle Miaolingian Sledgers,
the upper Miaolingian to lower Furongian Mariner and the upper
Furongian to Lower Ordovician Leap Year groups in ascending order
(Cooper et al., 1983, 1996; Laird and Bradshaw, 1983). These lithostratigraphic units mainly consist stratigraphically of volcanics and
their age-equivalent volcaniclastics (the Glasgow and Molar formations), marine siliciclastic rocks with subordinate carbonate (the Edlin,
Spurs, and Eureka formations and the Carryer Conglomerate), and
non-marine siliciclastic strata (the Reilly Conglomerate and Camp
Ridge Quartzite), respectively. Recent tectonic models illustrate the
Sledgers, Mariner and Leap Year groups, which developed during
opening and closing of a back-arc basin, and eventual continental collision (Federico et al., 2006, 2009; Rocchi et al., 2011; Rosetti et al.,
2011; Paulsen et al., 2016). Initiation and extension of the back-arc basin,
contemporaneous with the Sledger Group, is viewed as a result of rollback of a west-dipping subducting plate (Federico et al., 2006, 2009;
Rosetti et al., 2011; Paulsen et al., 2016). Subsequent cessation of the
basin extension, and turning into a compressional stage are thought to
be controlled by continued subduction and continental collision, which
are correspond to the occurrence of a regressive succession from the
Mariner Group to the Leap Year Group (Federico et al., 2006; Rosetti
et al., 2011).
The Spurs Formation, with a maximum thickness of 720 m, is the
thickest unit of the Mariner Group and conformably overlies the Edlin
Formation and is overlain by the Eureka Formation (Cooper et al.,
1983, 1996). The Spurs successions consist largely of shale, with thinly
bedded sandstone, carbonate-block-bearing conglomerates and limestone lenses, and are interpreted as downslope and deeper shelf deposits
(Laird and Bradshaw, 1983; Kim et al., 2018). Lower and upper boundaries of the formation are somewhat diachronous across the terrane, but
they are approximately assigned as late Miaolingian to early Furongian
based on trilobite biozones yielded from shale, limestone and carbonate intraclast conglomerate (Cooper et al., 1996; Geyer and Shergold,
2000; Park et al., 2016).
The study localities, approximately 180 km apart from each other,
are in the Reilly Ridge of the Lanterman Range and in the Eureka Spurs
bordering east of the Mariner Glacier (Fig. 1a-c). The Reilly Ridge is
located in the vicinity of low to high pressure metamorphic complexes
formed by accretion of the Wilson and the Bowers terranes (Federico
et al., 2009; Fig. 1b). Although the Reilly Ridge is structurally complicated, the Spurs Formation outcrop encompasses numerous relicts
of former carbonate platforms that include re-sedimented deposits in
the characteristic South End Conglomerate Member and coeval bed-
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ded carbonate that are weakly metamorphosed (Cooper et al., 1990,
1996; Fig. 2). At the Eureka Spurs, the formation is well-exposed and
includes a downslope channel deposit filled with alternating breccia
and diamictite with abrupt vertical transition (Andrew and Laird, 1976;
Kim et al., 2018; Fig. 3). Kim et al. (2018) interpreted that these breccia and diamictite were deposited from debris flow initiated by allogenic collapse of platform margin and subsequent channel-wall failure.
The Spurs Formation was logged in 1:100 scale based on grain types,
grain sizes, sedimentary structure, and textures. A total of 108 samples
were collected and 2 x 3 inches large-format thin sections were made
to conduct microfacies analysis, with an emphasis on textural variation
of limestone clasts.

Sedimentary Facies
The Spurs Formation crops out as 295 m- and 716 m-thick successions in the Fault Slice 3 locality of Reilly Ridge (Cooper et al., 1990,
1996) and the Eureka Spurs 3 locality (Andrew and Laird, 1976; Kim
et al., 2018), respectively (Figs. 2, 3). The thinner Reilly Ridge succession is correlated to lower and middle parts of the Spurs succession in the Eureka Spur, which grades upward into the sandstonedominated Eureka Formation (Cooper et al., 1990, 1996; Fig. 3). The
Spurs Formation consists of shale (Sh), sandstone (S), conglomerate
(C), and packstone to grainstone (P/G) facies.

Shale Facies (Sh)
This facies is a few centimeters- to tens of meters-thick, bluish grey
homogeneous to faintly laminated shale, which is strongly foliated
along the orientation oblique to the bedding (Fig. 4a). It consists
largely of claystone with dispersed to layered subordinate quartz silt
(Fig. 4b) and some of the shale are calcareous. Shale facies is interbedded with sandstone, conglomerate and packstone to grainstone
facies, all of which show sharp bed contacts with one another. Deformed
layering of this facies is commonly found in areas stratigraphically or
laterally peripheral to other facies and also occur in some horizons
overlain and underlain by neighboring shale units that retain primary
layers (Figs. 3, 4c).
Homogeneous and laminated shale are interpreted to have been
deposited from suspension fall-out of calm-water or low density turbidity current (Markello and Read, 1981; Labaj and Pratt, 2016). Laminae,
comprising thick shale, may have been largely deposited from weak
flows of Bouma Td and Te turbidity currents (Talling et al., 2012), and
those, nearly above the sandstone, might have originated from low
density suspended mud at the tail of turbidity currents accumulated by
deceleration of the flow (Kneller and Buckee, 2000; Stevenson et al.,
2014). Local occurrence of contorted layers implies ductile deformation
of temporarily weakened sediment prior to lithification (Maltman and
Bolton, 2003; Owen and Moretti, 2011).

Sandstone Facies (S)
This facies is composed of fine- to coarse-grained sandstone, mainly in
centimeters- to decimeters-thick beds and lenses. Amalgamated beds
up to 16.5 m thick are also common. They are sharply bounded below
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Figure 2. Sedimentary log of the Spurs Formation in Fault Slice 3 (Cooper et al., 1996) of the Reilly Ridge, Lanterman Range showing shaledominated lower Spurs Formation and conglomerate-dominated South End Conglomerate Member containing outsized clasts. m: mud, fs:
fine sand, ms: medium sand, cs: coarse sand, vcs: very coarse sand, g: gravel, M: lime mudstone, W: wackestone, P: packstone, G: grainstone, B: boundstone.
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Figure 3. Sedimentary log of the Spurs Formation and lower part of the sandstone-dominated Eureka Formation in the Eureka Spurs near
the Mariner Glacier. m: mud, fs: fine sand, ms: medium sand, cs: coarse sand, vcs: very coarse sand, g: gravel, M: lime mudstone, W: wackestone, P: packstone, G: grainstone, B: boundstone.
by basal scours with sole marks, and above by planar or undulatory
upper surface (Fig. 4d, e). The sandstone is generally massive, although
crude horizontal lamination, cross-stratification and normal grading are
locally present (Fig. 4d, e). A few sandstone beds are distorted and
tightly folded. This facies consists of moderately sorted, angular to subrounded sands with siliciclastic and calcareous matrix (Fig. 4f). Sand
grains are composed mainly of quartz with subordinate plagioclase,
biotite and rock fragments of shale, sandstone and volcanics; the
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sandstone is thus identified as quartz- and lithic-wacke (Fig. 4f).
Debris of trilobites and eocrinoids are locally present. This facies is
interbedded with shale and conglomerate facies.
Thin beds of fine- to medium-grained sandstone interbedded with
shale facies are interpreted to have been transported by turbidity currents
(Kneller and Buckee, 2000). Massive to normally graded beds with erosional basal surface are indicative of rapid deposition and subsequent
settling during waning of frictional flow (Kim et al., 2018) and planar
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Figure 4. Shale and sandstone facies in the Spurs Formation. (a) Outcrop photograph of shale facies with strong foliations. (b) Plane-polarized photomicrograph of shale facies showing mixed clayey and quartz silty sediment. (c) Outcrop photograph of slumped shale showing
folded strata (dashed lines). (d-e) Outcrop photographs of sandstone facies showing medium sandstone beds with cross- and planar stratifications (d) and thin beds of massive to crudely stratified sandstones (e). (f) Photomicrograph of sandstone facies showing subangular to subrounded grains of quartz (qz) and subordinate plagioclase (pl), shaly rock fragment (SRF), and biotite (bt). These poorly sorted sands are
enclosed by muddy matrix, indicating sub- to immature nature.
stratification appears to be deposited by tractional processes of relatively low density turbidity currents (Talling et al., 2012). Local contortion
of sandstone beds is interpreted as mass movement such as slumping
(Arnott, 2010). Composition, rounding and sorting of framework grains,
and the existence of matrix, indicate relatively immature to submature
nature (Kim et al., 2018).

Conglomerate Facies (C)
This facies is represented by poorly sorted clasts up to 2 m in length,
comprising a decimeters- to meters-thick single bed and amalgamated units up to 20 m in thickness (Figs. 2, 3, 5a-d). The majority of
this facies is clast- or matrix-supported type 1 conglomerate. They are
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Figure 5. Photographs (a-d) and photomicrographs of conglomerate facies in the Spurs Formation. (a) Poorly sorted and clast-supported type
1 conglomerate and interbedded sandstone (areas within dashed lines). (b) Matrix-supported type 2 conglomerate. (c) A thrombolite clast
composed of densely packed darker mesoclots and whitish cement-filled cavities. (d) Polymictic clasts of type 1 conglomerate, enclosed by
matrix of wacke sands (SM). (e-f) Enlargement of figure 4d showing that the clasts consist of sandstones (Ss), quartzite (Qz) and volcanics
(Vc). These photomicrographs are taken under plane- (e) and cross-polarized (f ) lights.
composed of angular to rounded clasts, with fine- to medium-grained
sandy and oolitic matrices (Figs. 2, 3, 5a). These clasts are mainly disorganized, although some are aligned sub-horizontally. Boundaries of
type 1 beds are sharply undulatory, with basal erosional scours. They
are generally massive, although crude planar stratification defined by
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alignment of clasts and inverse grading are locally present. This facies
also includes matrix-supported type 2 conglomerate (Figs. 2, 3, 5b),
which alternate with the type 1 conglomerate units. The unit boundaries
are sharp but erosive features are lacking. They consist of randomly
oriented, subrounded to rounded clast that are mainly pebble-grade,
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and relatively homogeneous muddy matrix containing scattered fine
sand grains (Fig. 5b). In the type 2 conglomerate, primary sedimentary
structure is hardly recognizable, whereas contorted layers are present
in larger clasts and matrix. This facies consists of polymictic clasts that
consist of limestone, sandstone and shale; there are a minor component of volcanic and quartzite clasts (Fig. 5c-f). Of them, limestone
clasts are well-delineated in outline and particularly variable in internal texture, such as microbial boundstone, packstone to grainstone
and lime mudstone to wackestone. Sandstone and shale clasts are similar in composition and sedimentary textures to the siliciclastic facies
mentioned above. This facies is most common within intervals incorporating relatively thick, amalgamated sandstone beds.
We interpret the type 1 conglomerate composed of poorly sorted,
disorganized clasts up to outsized boulders as cohesionless debris flow
deposits (Drzewiecki and Sim, 2002; Talling et al., 2012). In the type 1,
presence of rounded clasts that are in cases inversely graded, and the
presence of sandy matrix, indicates grain interactions during movement
of the particles in traction, creating dispersive stress and the resulting
floating of the grains (Mulder and Alexander, 2001; Haughton et al.,
2009). Bases of the type 1 conglomerate beds may be nonplanar due to
irregular erosion of underlying layers by turbulent flow ahead of debris
flow (Sohn et al., 2002). Mud-dominant fabrics and lack of organized
clasts in the type 2 conglomerate are suggestive of deposition from
cohesive debris flow in which grain interactions were minimal (Mulder
and Alexander, 2001).

Packstone to Grainstone Facies (P/G)
This facies occurs sporadically as laterally continuous thin to medium
beds that sometimes pinch out (Fig. 3). They are generally massive,
but parallel lamination and cross-lamination are also present. Beds of
this facies are sharply overlain and underlain by shale facies beds, and
basal scours and normal grading are common. Grains of this facies
include peloids, ooids, and trilobite debris, with subsidiary intraclasts,
Girvanella-like calcimicrobes, and scattered quartz silt grains (Fig.
6a, b). Intergranular pores are occluded by calcite cement, with or
without geopetal lime mud whose way-up direction conforms to pri-

mary upright. Similar to the sandstone facies, thin- to medium bedded calcareous beds are interpreted as turbidite that accumulated
rapidly and during waning flow, forming massive and normally
graded beds (Pfeil and Read, 1980; Pohler and James, 1989). It cannot be
ruled out the possibility that the lenticular grainy deposits with crosslamination can also be interpreted as low-angle bars.

Microfacies of Limestone Clasts in the Conglomerate Facies
Limestone clasts consist largely of microbial boundstone, packstone to grainstone and minor lime mudstone to wackestone. Microbial boundstone is thrombolitic, largely composed of densely packed,
millimeter- to centimeter-sized amoeboidal mesoclots, platy to arcuate microbial crusts and geopetal infills of which way-up directions
do not correspond to the bedding (Fig. 5c). Mesoclots of these thrombolites are composed of poorly to well-preserved calcimicrobe Epiphyton, peloidal lumps, and minor Renalcis-like calcimicrobes (Fig.
7a-e). Epiphyton is characterized by bifurcating micritic filaments 10
µm in diameter (Fig. 7e) whose thalli are oriented upward, sideways,
and downward relative to the primary bedding (Fig. 7c, e). Parallel to
obliquely aligned microbial crusts a few mm thick and up to 1 cm
across, irregular peloidal lumps and rare Renalcis-like calcimicrobes
with hollow inside co-occur with the Epiphyton thalli (Fig. 7d, e). The
interspaces of these microbial elements are filled with micrite containing scattered fine sand- to silt-sized quartz grains and fibrous to
blocky calcite cements (Fig. 7a, b). Some growth cavities are lined with
scalenohedral calcite cement, as well as subsequent poorly sorted,
silt-sized angular calcite crystals, resembling crystal vadose silt (cf.,
Flügel and Koch, 1995; Fig. 7c). Trilobite fragments and eocrinoid
ossicles are rare within the thrombolites.
Packstone to grainstone clasts are composed of variable proportion
of peloids, ooids and intraclasts, with subordinate trilobite, eocrinoid
fossils, and fine-grained siliciclastic sand and silt (Fig. 8a-d). Spherical to ovoidal ooids and peloids (~1 mm diameter) are generally wellsorted and make up crudely stratified beds (Fig. 8a, d). Clasts are mainly

Figure 6. Photomicrographs of packstone to grainstone facies with scattered quartz silts and sands. (a) Poorly sorted packstone to grainstone
composed of peloids and Girvanella-like tubular calcimicrobes (arrows). (b) Well-sorted packstone to grainstone dominated by peloids.

September 2021

307

Figure 7. Photomicrographs of boundstone clasts in conglomerate facies. (a) Branching filamentous calcimicrobe Epiphyton (Ep) thalli surrounded by fibrous calcite cement. (b) Upward-growing Epiphyton thalli surrounded by calcite cement and internal sediment with scattered
quartz silts. (c) Clustered Epiphyton thalli and their inter-spaces filled with internal micritic sediment (IS), calcite cement and possible crystal
silts (arrows). (d) Enlargement of figure 7c showing internal sediment overlain by calcite cement and subsequent crystal silts. (e) Co-occurrence
of Epiphyton thalli and platy to arcuate microbial crusts (MC).
composed of subangular to subrounded, centimeter-sized intraclasts
(Fig. 8a), variable in fabric such as peloidal-oolitic-intraclastic packstone to grainstone and lime mudstone to wackestone. Intergranular pores
within the clasts are commonly filled with micritic matrix and calcite
cement with drusy fabric. Lime mudstone to wackestone clasts are rare
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and largely composed of homogenous lime mudstone (Fig. 8d), with
scattered peloids, ooids and quartz silt. Interbedding of intraclastic
packstone to grainstone and lime mudstone to wackestone is recorded
within a few clasts.
Thrombolites widely occurred in shallow subtidal to deeper sub-

308

Figure 8. Photomicrographs of packstone to grainstone (P/G) and lime mudstone (LM) clasts in conglomerate facies. (a) Poorly sorted packstone to grainstone clasts in contact with sandy matrix (SM). (b) Grainstone with well- to poorly preserved ooids (arrows) and peloids. (c)
Packstone to grainstone clast showing gradual change in relative abundance of quartz grains. (d) Clasts of packstone to grainstone containing scattered quartz silts and homogeneous lime mudstone.
tidal environments during the Cambrian to Early Ordovician and contain
preserved calcimicrobes, including Epiphyton and microbial (Girvanella)
crusts (Rowland and Shapiro, 2002; Webby, 2002; Lee et al., 2015).
Discordant measured way-up directions and incorporation of quartz
grains in the Spurs Formation clasts are indicative of derivation from
microbial reefs, including thrombolites that developed in a shallower
area influenced slightly by siliciclastic influx (e.g., James, 1981; James
and Gravestock, 1990; Álvaro et al., 2000). Mesoclots resulted from
microbial metabolism and their repeated attachment resulted in the
formation of microbial reef frameworks, with the aid of marine
cementation (Riding, 2000).
Packstone to grainstone was deposited in moderate to high-energy
conditions, and fragments of these grain-rich beds were transported
into slope environments (Pohler and James, 1989; Hender and Dix,
2008). Well-sorted peloids and ooids in this microfacies indicate shoal
deposition occurring near or above fair-weather wave base (e.g., Youngs,
1978; Srinivasan and Walker, 1993; Sim and Lee, 2006). Intraclastic
packstone to grainstone with basal erosive surface and devoid of reefbuilding constituents appears to have been deposited by storm-induced
currents containing variable size of calcareous sediment and minor fine
siliciclastic sediment (e.g., Markello and Read, 1981; Glumac and Walker,

1997; Gomez and Astini, 2015). Lime mudstone was possibly deposited in lower energy subtidal conditions peripheral to shoals such as
back-reef or fore-reef settings (e.g., Rees, 1986; Bova and Read, 1987;
Kwon and Chough, 2005).

Reconstruction of the Lost Carbonate Platform:
Small Shelf Margin Dominated by Grainy Sediment and Microbial Reefs
The Spurs Formation is dominated by shale with thin tabular to lenticular interbeds of sandstone and conglomerate that contain limestone clasts (Andrews and Laird, 1976; Kim et al., 2018). Common
occurrence of gravity flow deposits with slump structures and poorlysorted, megablock-bearing type 1 conglomerate is indicative of downslope
transport of clasts from an area of shallower carbonate deposition
(Pfeil and Read, 1980; Steiger, 1981; Demicco, 1985). The low level
of maturity of the sandstone facies may indicate direct and rapid input
of detritus from tectonically active hinterland. Polymictic clasts composed mainly of microbial boundstone and peloidal–oolitic packstone to grainstone are likely to have been sourced from shelf margin
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Figure 9. Reconstruction of vanished carbonate platforms on the basis of re-sedimented deposits in Cambrian to Lower Ordovician slope successions whose simplified columnar sections are provided in the right. (a) The Spurs Formation and coeval carbonate platforms dominated by
packstone to grainstone shoals and microbial reefs. Note that the small-sized carbonate platforms that developed along the shelf margin and
landward shelf rich in sandy sediment, inferred by common occurrence of shale-sandstone interbeds and nearly devoid of micritic limestones
in the Spurs Formation (rectangle). (b) Simplified columns of the Miaolingian Shady Dolomite and Lower Ordovician Cow Head Group in
eastern North America and their reconstructed carbonate systems. Note the occurrence of thinly bedded and nodular micritic limestone in the
slope successions (rectangle), suggesting the presence of lime mud-rich platform interior. Modified from Pfeil and Read (1980) and Pohler
and James (1989).

shoals, microbial reefs and adjacent areas associated shallow environments that shed sediment via channels and as broad sheets and flows
(e.g., James, 1981; Pohler and James, 1989; Kim et al., 2018). Although
the origin and provenance of the sandstone grains are uncertain, they
might have originated from the coastal point sources. Whereas there
are many coarsening/thickening and fining/thinning upward trends in
the Eureka Spurs, eventual coarsening into the sandstone-dominated
Eureka Formation reflects an overall regression (Andrews and Laird,
1976).
Similar facies assemblages have been reported from coeval slope
and toe-of-slope successions of eastern North America, including shale
and poorly sorted breccia with outsized limestone boulders (James,
1981; Pfeil and Read, 1980; Read and Pfeil, 1983; Demicco, 1985; Pohler
and James, 1989; Fig. 9). The breccia has been interpreted as mass
and debris flow deposits, primarily sourced from platform margin to
interior environments (bioclastic-peloidal-oolitic wackestone to packstone and grainstone) and calcimicrobial (Girvanella crust, Renalcis
and Epiphyton) reefs. The other carbonate elements in these successions are lime mudstone to wackestone thin beds and nodules interbedded commonly within shale, which were interpreted as hemipelagic
settling deposits transported from low-energy platform interior (Demicco, 1985; Pohler and James, 1989; Fig. 9). This interpretation was
supported by presence of age-equivalent platform carbonate succes-
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sions located in the vicinity of the slope successions and viewed as linked
carbonate systems (Pfeil and Read, 1980; Demicco, 1985; Pohler and
James, 1989).
In the Spurs Formation, there are few lime mudstone and wackestone layers and instead, abundant sandstone beds occur in the succession, which is different from the North American examples described
above (Fig. 9). Possible reasons for lack of lime mudstone in the slope
succession of the Spurs Formation are ascribed to the non-production
of lime mud on the shallow shelf or blocking of transportation of lime
mud to deeper environments. If the latter is the case, lime-mud-rich
deposits are predicted to occur in the shallower facies. The overlying
siliciclastic-dominant succession of the Eureka Formation is suggestive of meager production of lime mud in the shallower shelf. Limited
production of lime mud on the shallow shelf can be attributed to physicochemical factors including dissolved oxygen levels, salinity and
turbidity (cf., Hender and Dix, 2008; Pratt et al., 2012). These potential factors, abnormal oxygen levels and/or salinity, during deposition
of the Spurs Formation, are not supported by any evidence. On the other
hand, beds of shelf-derived sandstone and thick shale in the slope succession (Spurs Formation) and thick beds of sand and shale in the
shelf succession (Eureka Formation) suggest that an ample influx of
siliciclastic sediments could have impeded lime mud production in
shallow inner shelf. Some of these may have dissected the areas of
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prolific carbonate and reached the shelf margin (Fig. 9). These collectively suggest that the vanished locus of carbonate factory, which was
dominated by grainy calcareous sediment and microbial reefs, defined
a narrow and discontinuous geomorphology around the shelf margin
(Fig. 9).

Geodynamic Controls on Development and Demise
of the Lost Carbonate Platforms
Recent tectonic models, proposed from northern Victoria Land,
depict a broad depositional history of the Bowers Supergroup, which

is linked with the geodynamic evolution of the basin (Federico et al.,
2006, 2009; Rocchi et al., 2011; Rosetti et al., 2011; Paulsen et al., 2016).
A wide range of geochemical affinities of the Sledgers Group volcanics and volcaniclastics, suggests the initial depositional setting to the
extending back-arc during the middle Miaolingian (Federico et al., 2006,
2009; Rocchi et al., 2011; Fig. 10). Conglomerate in the Sledgers Group
(the Molar Formation) includes rare limestone clasts (Federico et al.,
2006, 2009), suggesting the low rate of carbonate production, contemporaneous with volcanic activity. The upper Miaolingian to lower
Furongian Mariner Group, which records an overall regression from
deep to shallow marine environments, points to the sedimentation during
volcanic quiescence and the following compressional stage (Federico

Figure 10. (a) Paleogeographic map of eastern Gondwana during the early Paleozoic showing the close proximity of northern Victoria Land
(NVL), southeastern Australia and New Zealand (NZ) in an orogenic belt. Modified from Cawood (2005). (b) Tectonic events and stratigraphy in the Bowers Terrane of northern Victoria Land, Antarctica and the Takaka Terrane in New Zealand. Note that the Miaolingian volcanics and shale-dominated successions containing limestone-bearing conglomerates were formed in both regions, when arc-related
magmatism and its decline have taken place. (c) A geodynamic model for the Ross Orogeny in the NVL. Modified after Kleinschmidt and Tessensohn (1987), Münker and Cooper (1999) and Federico et al. (2006).
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et al., 2006, 2009; Rossetti et al., 2011; Fig. 10). These are supported
by the stratigraphic position of the group and existence of a coesitebearing eclogite (~498 Ma) in western margin of the Bowers Terrane
(Federico et al., 2009; Rossetti et al., 2011; Kim et al., 2019). The upper
Furongian to Lower Ordovician Leap Year Group consists mostly of
continental facies which was envisaged as a result of deposition in the
tectonic inversion of the basin, caused by possible continental collision
and rapid exhumation reflected by occurrence of the retrogressed amphibolite facies (490 to 486 Ma) (Di Vincenzo et al., 1997; Federico et al.,
2006, 2009; Rocchi et al., 2011; Rossetti et al., 2011). It is widely
accepted that the extensional basin formation and regional uplift, triggered by the cratonward subduction, affected the shift from volcaniclastic-, deep-sea turbidite-, shallow-marine-, to non-marine-dominated
sedimentation in this region (Rocchi et al., 2011; Fig. 10).
In this geodynamic context, some lines of integrated geochemical,
petrological, and geochronologic evidences have delineated the nature of
the shelf, which influenced the development of the Spurs Formation
and the related sedimentary systems. Federico et al. (2006) proposed
that the compressed Bowers back-arc basin can be subdivided into
fault-bounded uplifted highs and associated basins, inferred by the
extant Bowers Supergroup preserved from the partial subduction (Fig.
10c). Similarly, Rocchi et al. (2011) suggested development of several
back-arc basins in between boudinaged continental fore-arcs, through
evidences of partial oceanization in the Bowers back-arc (Ferraccioli
et al., 2002). Presence of continent-derived granitoid clasts in conglomerate of the Sledgers (the Molar Formation) and Mariner (the
Carryer Conglomerate) groups was ascribed to close proximity of the
depositional area to the continental basement, which accommodated
the eroded products transported relatively short distance (Federico et
al., 2006). These inferences all support the situation of the uplifted
shelf reconstructed by this work, where hinterland-derived siliciclastic influx was trapped in a shallow shelf on top of the antecedent topographic highs. The influx poisoned and inhibited carbonate production
on the shallow shelf. Limited siliciclastic input and relative high-energy
condition in the shelf margin, on the other hand, facilitated copious
deposition of calcareous sediment. This optimal setting for carbonate
production, established around the end of the back-arc extension, resulted
in the development of probably short-lived, small carbonate platforms,
until complete shutdown of carbonate production and eventual deposition of the siliciclastic Eureka Formation, both of which were triggered by
a continued compression and regression. Such a scenario of the current
work suggests that the initiation, development, and demise of the vanished carbonate platforms were mainly controlled by geodynamic
evolution in the northern Victoria Land during the Ross Orogen.

Significance of the Lost Carbonate Platforms
Reconstructed from the Spurs Formation
The majority of lower Paleozoic carbonate platforms were situated
along tropical passive margins and intracratonic basins, which were
generally bordered by inner detrital and outer fine-grained siliciclastic belts (Pratt et al., 2012; Labaj and Pratt, 2016). These platforms in
the middle of shelf areas are the locus of carbonate production, where
microbial, skeletal and non-skeletal calcareous sediment accumulated in a vast extent of shallow marine and are re-distributed by phys-
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icochemical and biologic factors (Schlager, 2005). Associated environments
include tidal flats platform interior or lagoon, platform margin shoal
adjacent to reefs, and deeper subtidal settings (e.g., Bova and Read,
1987; Saltzman, 1999; Pratt et al., 2012). Lime mud accumulated in
many of these low-energy environments in lower Paleozoic systems.
These carbonate platforms in the tectonically inactive settings broadly
fit the widely used carbonate platform models (Schlager, 2005). On
the other hand, different styles of carbonate platforms in terms of facies,
size of the platform and tectonic setting also developed during the early
Paleozoic. The Lower Ordovician La Silla Formation of the Argentine Precordillera is dominated by grainy lithofacies (Pratt et al., 2012),
and this sedimentation was attributed to a combination of climate,
environmental, ecological and tectonic controls. The interplay of these
controls may have resulted in enhanced wave agitation, forming extensive peloidal sand flats in a passive margin (Pratt et al., 2012). Coeval
carbonate platforms in active margin also reported from the Miaolingian Nelson Limestone in TAM near Weddell Sea of Antarctica
(Evans et al., 2018), and the Upper Ordovician Lourdes Formation in
eastern Canada (Hender and Dix, 2008). The former was deposited in
fore-arc basin during a period of tectonic quiescence and resemble
passive margin carbonate characteristics in facies, environments and
depositional settings. The latter of a mixed carbonate–siliciclastic succession was deposited in the Taconic foreland basin in which narrow
carbonate ramps, dominated by grainy sediment, developed during a
short span of time when siliciclastic sediment of a transgressive systems tract was trapped in landward areas.
In contrast to a few styles of lower Paleozoic carbonate platforms,
Cenozoic examples show a wide spectrum of the platform types,
which developed in a range of tectonic settings, such as passive margins, intracratonic basins to failed rifts, and back-arc to foreland basins
(Wilson, 2002; Bosence, 2005; Wilson and Hall, 2010). Specifically,
syntectonic carbonate platforms, developed extensively in Southeast
Asia, vary in size, facies and location, and the diverse styles occur in
all of these tectonic settings (Wilson, 2002; Bosence, 2005; Wilson and
Hall, 2010). This diverse nature of the Southeast Asian platforms has
been considered to be resulted from direct influence of tectonics as well
as indirect of climate, oceanography and type of carbonate producers
(Wilson, 2002; Dorobek, 2008; Wilson and Hall, 2010). A comprehensive
review of Wilson (2002) broadly categorized the platform characteristics into land-attached shelves, isolated platforms, and localized and
ephemeral carbonates, which are characterized by extensive, mixed
carbonate-clastic shelves, large-scale (tens of kilometers across) platforms on faulted highs and minor carbonate on faulted highs or isolated knoll/pinnacle reefs, respectively. The demise of these platforms
is thought to mainly be influenced by tectonic subsidence, whereas
smothering by siliciclastic or volcaniclastic influx, as a result of uplift
and volcanism, is also known (Webster et al., 2004; Bosence, 2005;
Wilson and Hall, 2010).
The missing carbonate platforms reconstructed in the current study
appear to have markedly differed from coeval carbonate platforms of
passive margin in size, lime mud production and tectonic setting. As
discussed above, the close link of sedimentary patterns in the Mariner
Group with geodynamic change in northern Victoria Land suggests that
initiation, development, and demise of the vanished platform were
likely influenced by orogenesis, specifically compression and uplift of
the Bowers back-arc basin. Our findings demonstrate that small-sized
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carbonate platforms on top of the antecedent highs developed under somewhat harsh conditions, specifically a tectonically active setting, and that
these were dominated by grainy sediment and reefs. Although similar
platform characteristics among the lower Paleozoic examples were
only reported from the Lourdes Formation in a foreland basin (Hender and Dix, 2008), numerous small-scale Cenozoic carbonate platforms assignable to the minor carbonate on faulted highs of Wilson
(2002) were documented, in that fault-bounded highs accommodated
rectilinear-, trapezoidal- and polygonal-shaped carbonate platforms in rift,
passive margin, fore-arc, back-arc, and strike-slip basins (Bosence,
2005 and references therein). Of them, grainy deposits, which developed in mixed carbonate-siliciclastic shelf and shelf margin environments of back-arc setting, are recorded in various formations of
Indonesia, which are comparable with the Spurs Formation in facies
and geodynamic setting (Wilson, 2002). These platform carbonate deposits
occurred in a time of transgressive and highstand systems tracts, when
siliciclastic influxes were subdued in the carbonate environments (Wilson, 2002; Bosence, 2005; Dorobek, 2008; Hender and Dix, 2008).
Although third-order depositional trends of the Spurs Formation have
not been identified yet, such a style of carbonate platform in extent,
facies, and tectonic setting may have not been unusual.
Northern Victoria Land of Antarctica was a juncture with southern
New Zealand during the early Paleozoic, based in part on the fact that
the Bowers Terrane of northern Victoria Land is comparable with the
Takaka Terrane of New Zealand in terms of its lower Paleozoic stratigraphy and tectonic history (Federico et al., 2009; Fig. 10a, b). In the
Takaka Terrane, back-arc magmatism took place in the Miaolingian
and the resulting succession includes shale, volcanics and limestone
olistoliths (Münker and Cooper, 1999; Federico et al., 2009; Fig. 10b).
The results of this study, which tie in with geodynamic evolution, warrants
further investigations on relicts of the carbonate platforms along the
pacific margin of Gondwana in order to understand development of
syn-orogenic, lower Paleozoic carbonate in active margin sedimentary basins.

Conclusions
Vanished carbonate platforms are deduced based on the character
of the Miaolingian (middle Cambrian) slope deposits within the Spurs
Formation in northern Victoria Land of Antarctica, a succession that
accumulated during the opening and closing of a back-arc basin. The
Spurs Formation consists largely of shale, sandstone and conglomerate facies, and lime mudstone is rare. Conglomerate facies includes
disorganized limestone clasts ranging from granules to outsized boulders, with oolitic and muddy matrix. The majority of the limestone
clasts are peloidal–oolitic packstone to grainstone and microbialites,
whereas lime mudstone to wackestone is rare. Fabric and composition of the conglomerate indicate that these are debris flow deposits,
derived largely from shallower carbonate shoals and microbial reefs.
Limited occurrence of micritic limestone and relatively abundant
sandstone interbeds in the Spurs Formation and thick shale and sandstone beds in the overlying Eureka Formation suggest large influx of
siliciclastic sediment which may have interrupted the carbonate factory
on the broad shelf during compressional stage of the back-arc basin.
This resulted in the formation of narrow carbonate platforms along

the shelf margin where negative effects of siliciclastic influx on the
carbonate production were minimal. Such platform style is distinctive relative to that of coeval carbonate platforms with copious subtidal lime mud, ramp-like geomorphology and basin types such as
passive margin and intracratonic basins. These findings reveal hidden
carbonate sedimentation styles in the paleo-Pacific margin of Gondwana, which would be contrasted with styles of lower Paleozoic carbonate platforms in passive margin.
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