
Gondwana Research 121 (2023) 33–55
Contents lists available at ScienceDirect

Gondwana Research

journal homepage: www.elsevier .com/locate /gr
Provenance analysis of Paleozoic strata in the Falkland/Malvinas Islands:
Implications for paleogeography and Gondwanan reconstructions
https://doi.org/10.1016/j.gr.2023.04.004
1342-937X/� 2023 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail addresses: joshua.malone@utexas.edu (J.R. Malone), ian@ig.utexas.edu

(I.W.D. Dalziel), psto@bgs.ac.uk (P. Stone), horton@jsg.utexas.edu (B.K. Horton).
J.R. Malone a,⇑, I.W.D. Dalziel a,b, P. Stone c, B.K. Horton a,b

aDepartment of Geological Sciences, Jackson School of Geosciences, University of Texas at Austin, Austin, TX 78712, USA
b Institute for Geophysics, Jackson School of Geosciences, University of Texas at Austin, Austin, TX 78712, USA
cBritish Geological Survey, The Lyell Centre, Research Avenue South, Edinburgh EH14 4AP, UK

a r t i c l e i n f o
Article history:
Received 26 September 2022
Revised 15 March 2023
Accepted 6 April 2023
Available online 8 April 2023
Handling Editor: J.G. Meert

Keywords:
Falkland/Malvinas Islands
Zircon
Provenance
Gondwana
Paleogeographic reconstructions
a b s t r a c t

New U-Pb geochronological, Hf isotopic, heavy mineral, and sandstone petrographic results for Paleozoic
clastic deposits of the Falkland/Malvinas Islands help address renewed debates on the plate tectonic his-
tory, regional paleogeography, and basin evolution of this geologic enigma prior to Mesozoic breakup of
Gondwana. The Falkland/Malvinas Islands have been considered either an autochthonous part of the
South American continent or part of an independent microplate displaced from the southeastern corner
of Africa. We report detrital zircon U-Pb results (n = 1306 LA-ICPMS ages) for 11 sandstone samples from
the Silurian-Devonian West Falkland Group (N = 7 samples, n = 837 grains) and Carboniferous-Permian
Lafonia Group (N = 4 samples, n = 469 grains). Detrital zircon age distributions for the West Falkland
Group point to consistent contributions from Neoproterozoic-Cambrian (650–520 Ma) and
Mesoproterozoic (1100–1000 Ma) sources. Heavy mineral assemblages and sandstone petrographic data
from these samples indicate significant input from recycled sediments. A potential shift in sediment
sources during deposition of the Lafonia Group is indicated by the appearance of late Paleozoic (350–
250 Ma) and Proterozoic (2000–1200 Ma) age populations, decreased proportions of stable heavy miner-
als, and a shift to juvenile Hf values for < 300 Ma zircons. The provenance change can be attributed to the
onset of subduction-related arc magmatism and potential regional shortening and crustal thickening in
southwestern Gondwana during the Permian transition of a passive margin into an active, retro-arc fore-
land basin. The detrital zircon age distributions identified here reflect potential source regions in south-
ern Africa and/or the Transantarctic Mountains in Antarctica. These results are most readily
accommodated within a Gondwana reconstruction that includes the Falkland/Malvinas Islands as a
rotated microplate originating on the eastern side of southern Africa as part of the Gondwanide fold-
thrust belt spanning from the Ventania region of Argentina through the Cape region of South Africa
and into the Ellsworth and Pensacola mountains of Antarctica.
� 2023 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The Falkland/Malvinas Islands (F/MI) are an exposed part of a
continental crustal block in the South Atlantic Ocean � 500 km
east of the South American mainland, situated at the base of the
Falkland Plateau within the South American continental shelf
(Fig. 1). The F/MI consist of two main islands, East and West Falk-
land, and hundreds of substantial subsidiary islands that comprise
over 12,000 km2 of land area. The geological evolution of the F/MI
occurred within the context of the Gondwana supercontinent, and
thus records similar stratigraphic patterns and structural styles
preserved within South Africa, South America, and Antarctica.
These intriguing structural and stratigraphic similarities raise
questions about the F/MI paleogeographic position within south-
western Gondwana during the Paleozoic. There are compelling cor-
relations among the stratigraphic and structural framework of the
F/MI, Cape Fold Belt and Karoo Basin in South Africa. Adie (1952)
proposed that the F/MI was situated within a rotated continental
block that once lay adjacent to eastern South Africa and West
Antarctica; according to this hypothesis, it was originally the east-
ward continuation of the Cape Fold Belt and Karoo Basin (Fig. 2).
This model suggests a 180� CW rotation relative to Africa, with
120� during the Late Jurassic initial breakup of Gondwana and a
subsequent 60� during opening of the South Atlantic Ocean basin.
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Fig. 1. A) Physiographic map of the South Pole region encompassing segments of South America, Africa, and Antarctica. B) Inset map of the Falkland/Malvinas region
illustrating important physical and tectonic features: AP, Antarctic Peninsula; BP, Barker Plateau; BB, Bruce Bank; Bwb, Burdwood Bank; DvB, Davis Bank; CFB, Cape Fold Belt;
DB, Discovery Bank; EA, East Antarctica; EWM, Ellsworth Whitmore Mountains; F/MI, Falkland/Malvinas Islands; FP, Falkland Plateau; HB, Herdman Bank; MBL, Marie Byrd
Land; MEB, Maurice Ewing Bank; NGR, Northeast Georgia Rise; P, Patagonia; PB, Pirie Bank; SGI, South Georgia Islands; SOI, South Orkney Islands; SRB, Shag Rocks Bank; TI,
Thurston Island; TR, Terror Rise; EA. Tectonic features: FAFZ, Falkland Agulhas Fracture Zone; SFZ, Shackleton Fracture Zone. Figure generated using GeoMapApp.
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Many studies since have utilized a wide range of geologic
techniques to support a South Africa-Antarctica placement of the
F/MI (Mitchell et al., 1986; Marshall, 1994; Mussett and Taylor,
1994; Curtis and Hyam, 1998; Thistlewood and Randall, 1998;
Thomson, 1998; Trewin, et al., 2002; Stone, 2016; Stanca et al.
2019, 2022). Conversely, proposed correlations with diamictites
in the Sauce Grande Formation of the Ventania System and
Silurian-Devonian quartzites of Sierra Grande in northern Patago-
nia favor a fixed position for the F/MI as a long-lived eastern
promontory of southern South America (Fig. 2; Borrello, 1963;
Richards et al., 1996; Lawrence et al., 1999; González et al.,
2013; Ramos et al. 2017).

To help differentiate between the two contrasting models, this
research aims to identify the sediment sources and tectonic setting
of the F/MI prior to Mesozoic breakup of Gondwana using U-Pb
detrital zircon geochronology, hafnium isotopic analysis, sand-
stone petrography and heavy mineral assemblages from the Paleo-
zoic stratigraphic succession within the archipelago. An outgrowth
of these efforts seeks to better resolve the Paleozoic paleogeo-
graphic position of the F/MI along the Panthalassic margin of
Gondwana by comparing these results with sedimentologic,
geochronological and structural data from South Africa, South
America, and Antarctica.
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2. Geologic setting

2.1. Regional geologic framework

The Sierra de la Ventana in Argentina, the Cape Fold Belt in
southern Africa, the Ellsworth Mountains of West Antarctica, and
the Pensacola Mountains along the edge of the East Antarctic cra-
ton, were all segments of an integrated late Proterozoic-Paleozoic
margin that was deformed in the Permian Gondwanide orogeny
(Fig. 2). The tectonic and stratigraphic evolution of the F/MI
occurred within the Gondwanan supercontinent and is recorded
by a � 15 km Paleozoic succession forming the archipelago. The
Paleozoic clastic strata are cut by E-W and NE-SW Mesozoic dyke
swarms (Aldiss and Edwards, 1999; Mitchell et al., 1999; Hole
et al., 2016) linked to Early Jurassic breakup of Gondwana and a
N-S swarm related to Early Cretaceous opening of the South Atlan-
tic Ocean basin (Stone et al., 2009; Richards et al. 2013). The Meso-
zoic behavior of the F/MI remains controversial, with some arguing
the F/MI were situated within a microplate that rotated 120� CW
during transpression linked to initial development of the transform
margin north of the islands, the Falkland-Agulhas Fracture Zone
(FAFZ) (Adie, 1952; Mitchell et al., 1986; Dalziel and Grunow,
1992; Marshall, 1994; Mussett and Taylor, 1994; Thomson, 1998;



Fig. 2. Map-view paleogeographic reconstruction of the Gondwanan configuration prior to Early Jurassic breakup (modified from Dalziel et al., 2013; Stone, 2016), with three
proposed original positions and orientations of the Falkland/Malvinas Islands according to Du Toit (1927, 1937), Adie (1952), and Borrello (1963) – see discussion in text. Note
the position of the Antarctic Peninsula with respect to South America is poorly constrained. Also shown are sample codes for comparisons of F/MI results with the Ventania
System (Ramos et al., 2014), San Rafael Basin (this study), Tepuel-Genoa Basin (Griffis et al., 2019), Patagonia (Castillo et al., 2016), Antarctic Peninsula (Castillo et al., 2016),
Karoo Basin (Nxumalo, 2012; Viglietti et al., 2018; Craddock et al., 2019), Cape Fold Belt (Fourie et al., 2011; Vorster et al., 2021) and the Ellsworth Mountains (Elliot et al.,
2016; Craddock et al., 2017; Castillo et al., 2017).
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Curtis and Hyam, 1998; Storey et al., 1999; Trewin et al., 2002;
Macdonald et al., 2003; Stone et al., 2009; Stanca et al., 2019,
2022). The dearth of evidence for a major structural break, notably
one demonstrating compression, between the F/MI and South
American continent led others to support a more conservative,
non-rotational model that places the F/MI in a fixed location rela-
tive to South America as it is today (Lawrence et al., 1999; Ramos
et al., 2017; Lovecchio et al., 2019; Eagles and Eisermann, 2020).
Nonetheless, the Paleozoic stratigraphic evolution of the F/MI pre-
cedes supercontinent fragmentation and is recorded within
Silurian-Permian clastic strata potentially derived from various
crustal provinces of South America, Africa, and Antarctica. Key pro-
vinces mentioned in this study include: the Falkland/Malvinas
Islands (F/MI), Ellsworth Whitmore terrane (EWT), Antarctic
Peninsula (AP), Dronning Maud Land (DML), Cape Fold Belt (CFB),
Karoo Basin, and Sierra de la Ventana (Ventania) System (Fig. 2).
2.2. Falkland-Malvinas Islands stratigraphic framework

The geologic configuration of the Falkland/Malvinas Islands (F/
MI; Fig. 3) was surveyed and described in detail by Aldiss and
Edwards (1999) and reviewed by Stone (2016). The onshore geol-
ogy of the F/MI consists of a Mesoproterozoic basement, c.
1000 Ma (Cingolani and Varela 1976; Jacobs et al. 1999), which
is overlain by the � 7500 m thick Silurian–Devonian West Falkland
Group. The West Falkland Group consists of fluvial to shallow mar-
ine quartzites, sandstones and mudstones deposited within a
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broad passive margin encompassing South America, South Africa,
and Antarctica. A low angle unconformity separates the West Falk-
land Group from the overlying � 7500 m thick Carboniferous-
Permian Lafonia Group, which has glaciogenic units at its base,
proglacial sediment and diamictite, and then passes upsection into
deltaic and lacustrine sandstones and mudstones deposited in a
foreland basin setting. While the mechanism generating the F/MI
low-angle unconformity is unknown, unconformity-bounded
megasequences in the Cape and Karoo basins indicate a three-
stage evolution over a 200 Myr timescale, including crustal uplift
(�3km), fault-controlled subsidence, and long periods of regional
subsidence with minor faulting (Tankard et al., 2009). Improved
assessments of the proximity of the F/MI to the Cape and Karoo
basins throughout the Paleozoic are required to determine
whether the F/MI shared a similar tectonic history as southern
Africa.
2.2.1. West Falkland Group
The Silurian to Devonian West Falkland Group consists of four

lithostratigraphic units: (1) Port Stephens, (2) Fox Bay, (3) Port Phi-
lomel, and (4) Port Stanley formations. The lower levels of theWest
Falkland Group, defined by the � 4500 m thick Port Stephens For-
mation, are exposed in West Falkland (Isla Gran Malvina) (Fig. 3)
and the northern half of East Falkland (Isla Soledad). The principal
lithologies include quartzitic to quartzofeldspathic sandstones,
granule to pebble conglomerates, and mudstones (Aldiss
and Edwards, 1999; Hunter and Lomas, 2003; Stone, 2016).



Fig. 3. Geologic map of the Falkland-Malvinas Islands with sample locations marked by circles (modified from Aldiss and Edwards, 1999 and Stone, 2016).
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Geochronological studies from Silurian dykes cutting the Cape
Meredith Complex indicate a 422 ± 39 Ma maximum age for the
basal Port Stephens Formation (Stone, 2016). Depositional environ-
ments included fluvial and shallow marine conditions when the
region was a broad alluvial to coastal plain, deepening to the
present-day NE (Hunter and Lomas, 2003). Differences in heavy
mineral content indicate some provenance variations, but the
dominance of mature sandstones suggests a stable cratonic source
(Aldiss and Edwards, 1999).

The Port Stephens Formation is conformably overlain by the Fox
Bay and Port Philomel formations, which crop out throughout
West Falkland and the northern half of East Falkland (Fig. 3). The
Fox Bay and Port Philomel depositional environment was mainly
a shallow marine system, ranging from inner shelf to shoreface
(Aldiss and Edwards, 1999). A widespread Early Devonian
(Pragian-Emsian) fossil fauna in the Fox Bay Formation was discov-
ered by Charles Darwin in 1833 during the voyage of HMS Beagle
(Darwin, 1846; Morris and Sharpe, 1846). The Port Philomel For-
mation is locally rich in plant material.

The Port Stanley Formation defines the upper WFG and is
equally exposed throughout the northern half of both East and
West Falkland. Principal lithologies include pale grey quartzites
and quartz rich sandstones, interbedded with siltstones and mud-
stones (Aldiss and Edwards, 1999; Stone, 2016). Depositional envi-
ronments ranged from marine shoreface with tidal channels
(Aldiss and Edwards, 1999) to braided fluvial channel systems
(Meadows, 1999). Biostratigraphic palynological data from inter-
mediate to upper levels of the West Falkland Group indicate min-
imum depositional ages of Givetian (Middle Devonian) for the top
of the Port Philomel Formation and Famennian (Late Devonian)
near the top of the Port Stanley Formation (Marshall, 2016).
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2.2.2. Lafonia Group
The Carboniferous to Permian Lafonia Group comprises five

principal lithostratigraphic units: (1) Bluff Cove, (2) Fitzroy Tillite,
(3) Port Sussex, (4) Brenton Loch and (5) Bay of Harbours forma-
tions. The lower Lafonia Group, defined by the Bluff Cove, Fitzroy
Tillite and Port Sussex formations, consists mainly of quartzo-
feldspathic sandstone, laminated siltstone, mudstone, and sandy
diamictite containing a variety of matrix-supported erratic clasts
(Frakes and Crowell, 1967; Aldiss and Edwards, 1999; Meadows,
1999; Stone, 2016). The basal unit, the Bluff Cove Formation,
exposed only in East Falkland (Fig. 3), is interpreted as a proglacial
deposit (glaciomarine or glaciolacustrine) due to the increasing
proportions of dropstones upsection into the Fitzroy Tillite
(Aldiss and Edwards, 1999). Dropstone lithologies in the Fitzroy
Tillite vary among sandstone, quartzite, and various granitic rocks.
Metamorphic clasts are also present, more commonly in diamictite
outcrops of West Falkland than in East Falkland. There are also
diagnostic fossiliferous limestone clasts containing an early Cam-
brian archaeocyath-trilobite fauna (Stone and Thomson, 2005;
Stone et al., 2012). The archaeocyath limestone clasts were thought
to originate in the Transantarctic Mountains as 12 of 19 forms in
the diamictite of the F/MI have close correlatives in the
Transantarctic Mountains and erratics derived therefrom (Stone
and Thomson, 2005; Stone et al., 2012). Rodríguez-Martínez et al.
(2022) have recently reported that of 16 genera described from
the Falkland Island diamictites, 3 are shared with those from the
newly discovered former siliciclastic-carbonate platform in the
Shackleton Range. Transantarctic archaeocyathans have also been
reported from Permo-Carboniferous diamictites in Argentina,
Namibia and South Africa (González et al., 2013; Cooper and
Oosthuizen, 1974; Perejón et al., 2019). Others found in
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Cambro-Ordovician metaconglomerates in northern Patagonia are
also believed to be allochthonous (González et al., 2013).

The Brenton Loch and Bay of Harbours formations constitute
the upper Lafonia Group. The Brenton Loch Formation contains
volcanic-rich feldspathic lithic arenites, siltstones, and mudstones,
all deposited within a pro-deltaic system as delta-derived tur-
bidites or interbedded rhythmite accumulations (Aldiss and
Edwards, 1999; Trewin et al., 2002). A varied ichnofauna and rare
bivalve fossils (Simões et al. 2012) support a lacustrine environ-
ment in an overall pro-deltaic succession (Trewin et al., 2002).
The Bay of Harbours Formation represents a prograding delta front
transitioning into a meandering delta-top channel system (Aldiss
and Edwards, 1999; Trewin et al., 2002). The dominant siltstone,
mudstone, and volcaniclastic-rich sandstone lithologies are like
those of the Brenton Loch Formation.

2.3. Potential sediment sources

The development of the southwestern Gondwanan margin pro-
vides a framework for understanding potential sources of sediment
to the F/MI prior to breakup of Gondwana (Fig. 2). The Ediacaran to
Cambrian amalgamation of internal Pan-African orogens provided
the structural foundation of the Gondwana supercontinent
(Kröner and Stern, 2004; Cawood and Buchan, 2007; Goscombe
et al., 2020; Sundell and Macdonald, 2022). The Pan-African oro-
gens developed during Neoproterozoic rifting of Rodinia (850–
600 Ma; Condie, 2005; Li et al., 2008) and exist primarily in south-
ern Africa (Gariep, Damara, Saldania and Mozambique belts) and
eastern South America (Dom Feliciano and Brasilia belts). The
external Cambrian-Ordovician Ross-Delamerian orogen in Antarc-
tica and Australia outlines the rifted Rodinian margin. These oro-
gens supplied sediment to Neoproterozoic-Cambrian successions
in Namibia and South Africa (Nama, Port Nolloth, Oranjemund,
Boland groups) along continental margins and within intracratonic
basins that underwent several stages of erosional recycling
throughout the Phanerozoic and Cenozoic (Andersen et al.,
2016a, 2016b, 2018a, 2018b; Kristoffersen et al., 2016).

The timing and duration of magmatism and terrane accretion
provide additional insights into evolving sediment sources as the
region transitioned from a passive margin to a foreland basin.
The two major Paleozoic tectonic phases along the Paleo-Pacific
Margin include: (1) Cambrian-Devonian terrane accretion and (2)
Carboniferous-Permian subduction (Schwartz et al., 2008; Ducea
et al., 2010; Alasino et al., 2012; Dahlquist et al., 2013; del Rey
et al., 2016; Rapela et al., 2016; Capaldi et al., 2021). Pampean
(555–515 Ma) and Famatinian (460–440 Ma) orogenesis preceded
and accompanied Ordovician accretion of the Cuyania terrane to
the pre-Andean margin (Thomas et al., 2015; Rapela et al., 2016;
Martin et al., 2019). The timing of renewed subduction during
the Carboniferous ranges between 343 and 310 Ma (Willner
et al., 2008, 2012) and is associated with slab rollback and
upper-plate extension along the Gondwanan plate margin
(Dahlquist et al., 2013; del Rey et al., 2016). This is recorded
through Carboniferous-Permian granitoids and orthogneisses in
eastern Marie Byrd Land, Thurston Island, Antarctic Peninsula,
and southern South America (Riley et al., 2012; Chernicoff et al.,
2013; Elliot, 2013; Elliot et al., 2016). The cessation of Carbonifer-
ous magmatism was associated with a period of flat-slab subduc-
tion, leading to the Gondwanide Orogeny (�285–270 Ma; Dalziel
et al., 2000) and development of the Gondwanide fold-thrust belt.
The last major episode of Paleozoic magmatism is exemplified by
the Choiyoi igneous complex (270–240 Ma), an extensive ign-
imbrite flareup likely driven by crustal thinning and upper-plate
extension during subducting slab rollback and lithosphere delam-
ination beneath Gondwana (Kleiman and Japas, 2009; del Rey
et al., 2016; Nelson and Cottle, 2019; Capaldi et al., 2021). Given
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the spatial distribution of accreted terranes and orogens through-
out SW Gondwana, we consider the Pan-African orogens,
Neoproterozoic-Cambrian siliciclastic successions within southern
Africa, Paleozoic accreted terranes (Pampia, Famatinia, and Cuya-
nia) and the late Carboniferous-early Permian magmatic arc as
potential sediment sources to the F/MI during its Paleozoic evolu-
tion from a passive margin to a foreland basin.
2.4. Competing paleogeographic positions

2.4.1. Adie (1952)
The paleogeographic reconstruction of Du Toit (1927, 1937)

first positioned the Falklands significantly north of their present
location, situated between the Sierra de la Ventana fold belt of
Argentina and the Cape Fold Belt of South Africa (Fig. 2). This
reconstruction is untenable in terms of a modern understanding
of the opening of the Atlantic Ocean basin, but even before the
advent of plate tectonics it had been much criticized and widely
dismissed by Du Toit’s contemporaries. Adie (1952) supplied an
alternative reconstruction in which the Falkland Islands are the
direct eastward continuation of the Cape Fold Belt and Karoo Basin,
and after comparison of sedimentological and structural data,
rotated the archipelago 180� CW into a geologically preferred posi-
tion (Fig. 2). The Adie (1952) reconstruction solved one of the
issues that had undermined the Du Toit (1927, 1937) model:
whereas the Cape Fold Belt verges northward toward the Karoo
foreland basin (with a similar regional arrangement as the Sierra
de la Ventana), in the current Falkland/Malvinas Islands, the fold
belt verges southward toward foreland basin fill of the Lafonia
Group. Adie had described a rotated microplate, but it would be
another decade before the realization of plate tectonics accommo-
dated such a phenomenon, and the exact mechanism for micro-
plate rotation is still not readily apparent.
2.4.2. Borello (1963)
Instead of a South African link for the F/MI geology, opinion

strengthened that the archipelago lay on a fixed promontory
extending from the Deseado Massif of Argentina, a view exempli-
fied by Borrello (1963) and one to which Adie apparently came
to acquiesce (Stone, 2021). Then came the first palaeomagnetic
data from Jurassic dykes in the Falkland Islands, which were taken
to confirm rotation, and Adie’s (1952) reconstruction was revivi-
fied (Mitchell et al., 1986; Taylor and Shaw, 1989). Thereafter,
and particularly following the geological resurvey by Aldiss and
Edwards (1999), a wide range of geological studies produced com-
pelling correlations with South Africa in terms of lithostratigraphy
(Trewin et al., 2002; Hunter and Lomas, 2003), structure (Curtis
and Hyam, 1998) and the magnetic characteristics of the dyke
swarms (Stone et al., 2009). Nevertheless, dissent continued, and
was initially strengthened by the expanding database arising from
offshore hydrocarbon exploration. Early results seemed to preclude
microplate rotation as no evidence of this was found in offshore
geophysical studies (Richards et al., 1996), but some of the latest
interpretations have proved not only more favorable to Adie’s
reconstruction, albeit with some modification, but also identified
structures that could accommodate the rotational deformation
(Stanca et al., 2019, 2022). Conversely, the case for the South Amer-
ican correlation of the Falkland Islands has been maintained and
developed, amongst others by Ramos et al. (2017, 2019); this
model requires the coeval but independent development of a
south-verging fold-thrust belt and foreland basin with the same
stratigraphy and structure as the north-verging Cape-Karoo
system.
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3. Methods

Eleven sandstone samples from the F/MI are subdivided into
eight samples of Silurian-Permian strata collected by Ian Dalziel
(University of Texas at Austin) in 2019 on a private yacht cruise
around the F/MI, and three from the Fitzroy Tillite provided by Phi-
lip Stone (British Geological Survey) frommaterial collected during
a mineral exploration program (Fig. 3; Table 1). The eleven samples
include seven from the West Falkland Group and four from the
Lafonia Group. Given the regional uniformity of Gondwanan sedi-
ment sources in terms of U-Pb age distributions, a more robust
provenance analysis is aided by Lu-Hf-Yb isotopic analyses, heavy
mineral assemblages, and sandstone petrography. All eleven sam-
ples were analyzed for detrital zircon U-Pb geochronology, with
four selected for Lu-Hf-Yb isotopic analyses (F2, F6, F8, F11) and
nine selected for heavy mineral and sandstone petrographic
Table 1
Sample codes, coordinates, and lithologies for Silurian to Permian stratigraphic units sam
sample ID’s to indicate stratigraphic position relative to each other (F1 = oldest, F11 = you

ORIG_ID NEW_ID Age Unit

F8 F11 Carboniferous-Permian Brenton Loch Formation, Lafonia
F10 F10 Carboniferous (BGS) Fitzroy Tillite, Lafonia Gp.
F9 F9 Carboniferous (BGS) Fitzroy Tillite, Lafonia Gp.
F11 F8 Carboniferous (BGS) Fitzroy Tillite, Lafonia Gp.
F6 F7 Devonian Port Stanley Fm. West Falklands
F3 F6 Devonian Port Stanley Fm. West Falklands
F5 F5 Silurian South Harbour Mbr, Port Stephen
F4 F4 Silurian South Harbour Mbr, Port Stephen
F7 F3 Silurian Port Stephens Fm., West Falkland
F2 F2 Silurian Port Stephens Fm., West Falkland
F1 F1 Silurian Port Stephens Fm., West Falkland

Fig. 4. Regional time-stratigraphic chart of Paleozoic basins in southwestern Gondwana
San Rafael Basin (Western Argentina), Tepuel-Genoa Basin (Patagonia), Cape Fold Belt (S
the Falkland/Malvinas Islands. After Ramos et al. (2014), Stone (2016), Tankard et al. (2
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analyses (F1-F8, F11). U-Pb ages from an additional forty-four sam-
ples from published literature (Fig. 4; see Appendix A), including
three from the F/MI from Ramos et al. (2017), provide the basis
for a statistical comparison with the new results from this study.
3.1. U-Pb geochronology

U-Pb geochronological analyses were conducted on detrital zir-
con grains from all eleven samples. Following traditional physical
and chemical mineral density separation techniques (including
water table, heavy liquid and magnetic separation), a selection of
inclusion-free zircon grains of variable size and shape were
randomly selected and analyzed for U-Pb geochronology on the
Element 2 LA-ICPMS (inductively coupled plasma mass spectrom-
eter), with subsequent Lu-Hf-Yb isotopic analyses on the Nu
Plasma HR multicollector ICPMS at the University of Arizona
pled within the Falkland/Malvinas Islands. Original sample ID’s were assigned ’new’
ngest).

Lat (DD) Long (DD) Lithology

Gp. �52.446617 �59.1145 sandstone
�51.743056 �58.876389 diamictite matrix
�51.811111 �58.327778 diamictite matrix
�51.502778 �60.124444 sandstone

Gp. �51.618283 �60.433683 sandstone
Gp. �51.354667 �60.680983 quartzite
s Fm., West Falklands Gp. �51.688733 �61.254217 conglomerate
s Fm., West Falklands Gp. �51.721867 �61.3009 sandstone
s Gp. �51.8529 �61.24735 quartzite
s Gp. �51.284233 �59.477833 quartzite
s Gp. �51.321233 �59.443583 quartzite

, showing lithostratigraphic units across the Ventania (Sierras Australes, Argentina),
outh Africa), Karoo Basin (South Africa), Ellsworth Mountains (West Antarctica) and
009), Curtis and Lomas (1999), Craddock et al. (2017), Elliot et al. (2013).
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LaserChronCenter (Gehrels et al., 2006, 2008; Gehrels and Pecha
2014, and Cecil et al., 2011). We report 1306 new U-Pb geochrono-
logical results with measured age uncertainties of 1–2% (1r error).
We use 206Pb/238U ages for zircons younger than 900 Ma and
206Pb/207Pb ages for zircons older than 900 Ma. Individual analy-
ses were filtered such that results displaying > 20% discordance,
>5% reverse discordance were excluded from further consideration.
Data reduction was conducted using AgeCalcML software (Sundell
et al., 2021).

3.2. Hafnium isotopic analysis

Hf isotopic results are reported in epsilon units (e) and pre-
sented in Hf evolution diagrams as eHf(t) values representing the
isotopic composition at the time of crystallization (t) in reference
to CHUR (chondritic uniform reservoir; Bouvier et al., 2008), DM
(depleted mantle; Vervoort and Blichert-Toft, 1999), and average
crustal evolution (assuming modern 176Lu/177Hf = 0.0115;
Vervoort and Patchett, 1996; Vervoort and Blichert-Toft, 1999).
Measured 176Hf/177Hf uncertainties are �1 epsilon unit (1e).

3.3. Sandstone petrography

Nine samples were selected for sandstone petrography. Each
sample was point-counted for 350 grains using the Gazzi-
Dickinson method (Ingersoll et al., 1984; Garzanti, 2019) using
conventional grain classifications (see Appendix E). Each sample
was stained for calcium and potassium feldspar. Lithologies of
the point counted samples were quartzite (five), sandstone (three)
and conglomerate (one). Two samples (F10 and F11) were unable
to be point counted due to limited grain sizes needed for accurate
characterization. Point-count results are represented on QFL,
QmFLt and LmLsLv ternary diagrams (constructed in Microsoft
Excel [Version 2112]) to interpret and characterize sediment
sources initially outlined in Dickinson and Suczek (1979);
Dickinson et al., (1983).

3.4. Heavy mineral analysis

Heavy mineral assemblages were assessed for nine samples.
Each sample was crushed, pulverized, and subjected to physical
and chemical mineral density separation techniques (water table
differentiation, then further separation using liquid bromoform).
Heavy mineral separates (density � 2.89 g/cm3) (Morton and
Hallsworth 1994; 1999) were sent to the Automated Mineralogy
Facility (AMF) at the Colorado School of Mines for analysis. Each
sample was processed using TIMA and QEMSCAN techniques
(Allen et al., 2012; Bush et al., 2016) to extrapolate the mass, vol-
ume, and total grain percentages. Raw data generated by the
AMF was reduced by removing non-heavy (<2.9 g/cm3) and diage-
netic minerals.

3.5. Statistical analysis of U-Pb age spectra

Three statistical techniques were employed to evaluate the sim-
ilarities among detrital zircon age distributions obtained from this
and previous studies: multi-dimensional scaling (MDS),
Kolmogorov-Smirnov (K-S) statistics, and the overlap of confidence
intervals of empirical cumulative distributions (O). Given a table of
pairwise ‘dissimilarities’, the MDS technique utilizes principal
component analysis (PCA) and produces a dimensionless map of
points on which samples with statistically similar age distributions
cluster close together and statistically dissimilar samples plot far-
ther apart (Vermeesch, 2012). MDS plots were constructed with
DZmds (Saylor et al., 2018) using probability density plot cross-
correlation and the optimum number of dimensions to reduce
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stress. The K-S test utilized in this study follows the approach out-
lined by Guynn and Gehrels (2010), which compares two sample
age distributions to determine if there is a statistically significant
difference between the two samples. The fundamental measure
for the K-S test is the P value: if the P-value is < 0.05, the level of
confidence that the two age distributions are not the same (do
not share similar provenance) is > 95%. The degree of overlap (O)
measures the combined lengths of intervals along the cumulative
age distributions within which the 95% confidence intervals over-
lap (Andersen et al., 2018a). This test generates a ‘1-O’ value, which
reports the measure of relative overlap of confidence intervals
between two samples. Sample comparisons where ‘O = 10, or ‘1 -
O = 00, indicate complete overlap.

The MDS approach in this study utilizes probability density plot
cross-correlation, which can be sensitive to a sample size below
n = 300 (Saylor and Sundell, 2016), but provides the most depend-
able method for assessing similarity among multiple samples
(Saylor and Sundell, 2016). Comparisons using the K-S test are a
preferred method for comparison between two samples
(Vermeesch et al., 2016), but are also sensitive to sample size.
The ‘1-O’ test compares overlap between the 95% confidence bands
of cumulative density functions, in which the half-width of the
confidence band is a function of the number of analyses in each
sample (Andersen et al., 2016a). Together, these three statistical
approaches are applied to discrete intervals of geologic time, (1)
Silurian, (2) Devonian, (3) Carboniferous and (4) Permian, to max-
imize the practical functionality of each approach.
4. Results

We report here U-Pb geochronologic, Hf-Lu isotopic, heavy min-
eral, and sandstone petrographic results from a suite of samples
spanning the Paleozoic stratigraphic succession of the F/MI.
Ramos et al. (2017) provided the first U-Pb and Hf-Lu detrital zir-
con geochronological results for the West Falkland Group, how-
ever, our study aims to build upon these data and re-evaluate
hypotheses concerning the F/MI paleo-position prior to breakup
of Gondwana.
4.1. U-Pb geochronology

4.1.1. West Falkland Group
SevenWFG samples include five from the Silurian Port Stephens

Formation (F1, F2, F3, F4, F5; n = 599 analyses) and two from the
Devonian Port Stanley Formation (F6 and F7, n = 237 analyses).
Detrital zircon U-Pb results for all seven WFG samples exhibit con-
sistent bimodal age distributions (Fig. 5a), with Neoproterozoic-
Cambrian (750–500 Ma) and late Mesoproterozoic spectral age
peaks (1150–1050 Ma). Smaller Neoproterozoic (920, 915, 823,
and 817 Ma) age peaks are present as well. Composite age proba-
bility plots for Silurian and Devonian samples (Fig. 5b) help delin-
eate four principal age peaks at � 561, �650, �730, and 1072 Ma.
4.1.2. Lafonia Group
Four samples from the Lafonia Group include three from the

Carboniferous Fitzroy Tillite (F8, F9 and F10; n = 340 analyses)
and one from the Permian Brenton Loch Formation (F11; n = 129
analyses). Principal U-Pb age peaks within the Fitzroy Tillite
include � 535, �634, and 1091 Ma peaks. Increased proportions
of Archean ages (n = 6 grains; 3317–2506 Ma) and Paleoprotero-
zoic zircon grains (n = 29; 2461–1600 Ma) exist within the Fitzroy
Tillite. Zircon grains from the Brenton Loch Formation exhibit three
dominant age peaks at � 269, �337, and � 534 Ma, with subordi-
nate age peaks at � 762, �850, and � 1000 Ma.



Fig. 5. A.) Detrital zircon U-Pb age distributions depicted as normalized age probability (black line) and kernal density (red line) functions and age histograms (shaded gray
rectangles). Pie charts display relative zircon age proportions for each sample. B.) Non-normalized PDP’s and histograms displaying the most prominent age modes (<250 Ma)
for samples collected in the Silurian, Devonian, Carboniferous, and Permian. C.) Multidimensional scaling (MDS) plot of all samples shown in (A). Basis for comparison is
cross-correlation of probability density plots. Plots in both (A) and (B) generated using python-based program detritalPy (Sharman et al., 2018). MDS Plot constructed using
DZmds (Saylor and Sundell, 2016). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4.2. Hafnium isotopic analysis

Four samples (F2, F6, F8 and F11) were selected for Hf isotopic
analyses to assess Paleozoic crustal evolution and magmatic pat-
terns recorded by the F/MI clastic succession. A total of 212 analy-
ses from the F/MI (Fig. 6a) are combined with 1,225 published
isotopic results from detrital samples in the Table Mountain Group
(South Africa; Vorster et al., 2021), Nama Group (Namibia;
Andersen et al., 2018b), Crashsite Group (West Antarctica;
Flowerdew et al., 2007), Trinity Peninsula Group (West Antarctica;
Bradshaw et al., 2012; Castillo et al., 2016), Duque de York Com-
plex (Castillo et al., 2016) and Ventana Group (Ventania System;
Uriz et al., 2011; Ramos et al., 2014) into a single Hf evolution dia-
gram. Considering a composite U-Pb age distribution allows for the
discrimination of three dominant age groups and corresponding Hf
values within the F/MI: (1) 274–253 Ma, eHf(t) = -2.34–10.2 range
(3.3 mean); (2) 650–500 Ma, eHf(t) = -31.4–15.1 range (0.18
mean), and (3) 980–1105 Ma, eHf(t) = -30.34–14.6 range (4.4
mean).

These results can be compared with transitions in magmatic
behavior in SW Gondwana, based on a compilation of published
hafnium isotopic ages (Fig. 6b). We highlight several key observa-
tions regarding the crustal evolution recorded by the F/MI
sediments:

(1) Between� 1.75 and 1.2 Ga, eHf values become progressively
more positive, reflecting gradual incorporation of more juvenile
magmas.

(2) From 1250 to 500 Ma, a clear trend from moderately posi-
tive to slightly negative eHf values (-5.4–15.9 range) indicates an
average crustal evolution trajectory (Fig. 6), consistent with
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reworking of older crustal sources rather than generation of new
crustal sources.

(3) A rapid increase (isotopic pullup) in juvenile magmatism
(-2.3–10.2 eHf range) is defined by a major phase of late Paleozoic
(�286–253 Ma) magmatism.

The analyzed F/MI zircons show temporal trends most like eHf
signatures from the Crashsite and Trinity Peninsula groups, the lat-
ter being a Carboniferous-Triassic metasedimentary succession in
the northern Antarctic Peninsula of importance for reconstructions
of the Pacific margin of Gondwana (Castillo et al., 2015).

4.3. Sandstone petrography and heavy mineral analysis

Sandstone compositional data and heavy mineral proportions
supplement U-Pb ages and hafnium isotopic ages to further charac-
terize potential sediment sources and temporal trends. Sandstone
compositions throughout the West Falkland and Lafonia Groups
are strikingly similar with minimal differences in grain variety
(Fig. 7a). Dominant grains consist mostly of monocrystalline quartz
and sedimentary lithic fragments (mostly claystone and siltstone
fragments). Upsection trends in Carboniferous samples F9 and
F10 show increased proportions of plagioclase (14% and 4.8%,
respectively) and potassium feldspar (4% and 10%, respectively)
relative to the WFG. Similarly, sandstone compositions also show
an increase in metamorphic lithic proportions from Silurian to Car-
boniferous units.

Heavy mineral assemblages for seven samples in the WFG (F1-
F7) and two samples in the Lafonia Group (F8 and F11) yield a
diverse suite of: (1) unstable minerals (biotite, chlorite, amphibole,
pyroxene, enstatite), (2) stable minerals (apatite, garnet, titanite,



Fig. 7. A.) Ternary diagrams illustrating the average modal framework-grain compositions of sandstone samples from the Port Stephens, Port Stanley, and Fitzroy Tillite
formations. Source area characterizations within ternary plots from Dickinson and Suczek (1979); Dickinson et al., (1983). Overall trends in the QFL, QmLtF, and LmLsLV plots
denoted by brown (metamorphic lithic), blue (feldspar) and orange (feldspar) arrows. B.) Stacked bar plots illustrating heavy mineral (>2.9 g/cc) assemblages of individual
samples from theWest Falkland and Lafonia Groups. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. A.) eHf(t) vs. U-Pb crystallization ages of detrital zircons from the Port Stephens formation (F2), Port Stanley formation (F3), Fitzroy Tillite (F8) and Brenton Loch
formations (F11). B.) Comparative eHf(t) evolution diagrams showing all Falkland-Malvinas values relative to 95% contour levels of eHf(t) values from detrital zircons within
time-correlative units in the Table Mountain Group (South Africa; Vorster et al., 2021), Nama Group (Namibia; Andersen et al., 2018b), Crashsite Group (West Antarctica;
Flowerdew et al., 2007), Trinity Peninsula Group (West Antarctica; Bradshaw et al., 2012; Castillo et al., 2016), Duque de York Complex (Castillo et al., 2016) and Ventana
Group (Ventania System; Uriz et al., 2011; Ramos et al., 2014).
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muscovite, fayalite, staurolite, monazite, ilmenite, chromite), and
(3) ultrastable minerals (zircon, tourmaline, rutile) (Fig. 7b). Sam-
ples F1-F6 show high proportions (>55 %) of ultrastable (ZTR) min-
erals. Sample F7 displays a reduction in ZTR amounts, but an
increase in stable and unstable minerals (muscovite, 22.4%; biotite,
41
9.4%; chlorite, 9.4%). Carboniferous sample F10 exhibits the first
upsection shift in heavy mineral proportions with a drastic
increase in chlorite (61.2%) and minor increases in amphibole/py-
roxene (5%), fayalite (7.2%) and garnet (3.6%). A second upsection
shift in Permian sample F11, shows a wide array of heavy mineral
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assemblages with the main constituents being zircon (18.3%), gar-
net (17.8%), and chlorite (13.4%).

4.4. Statistical analysis of U-Pb age spectra

U-Pb detrital zircon age distributions from the F/MI were com-
pared quantitatively with detrital zircon results from the San
Rafael Basin, Ventania System (Ramos et al., 2014), Patagonia
(Castillo et al., 2016), Tepuel-Genoa Basin (Griffis et al., 2019), Cape
Fold Belt (Fourie et al., 2011; Vorster et al., 2021), Karoo Basin
(Nxumalo, 2012; Vigietti et al., 2018; Craddock et al., 2019),
Antarctic Peninsula (Castillo et al., 2016), and Ellsworth Mountains
(Elliot et al. 2016; Craddock et al., 2017; Castillo et al., 2017). Three
independent statistical approaches were used as a basis to evaluate
the similarity among U-Pb age distributions: (1) multi-dimensional
scaling (MDS); (2) K-S test; and (3) ‘1-O’ test.
Fig. 8. Multidimensional scaling analysis comparing detrital zircon age distributions am
South America (yellow). Samples with similar U-Pb age distributions plot closer together
first (black) and second (grey) closest (most similar) neighbors. (For interpretation of the
this article.)
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4.4.1. Multi-dimensional scaling (MDS)
Four separate MDS plots were calculated to maximize the func-

tionality of each test by testing the similarity among cotemporane-
ous detrital zircon age distributions (Fig. 8). The Silurian MDS plot
indicates no clear clustering among detrital zircon age distribu-
tions from the F/MI, Ventania System, and Cape Fold Belt, however
the F/MI age distributions generally indicate closer relationships
with each other. The Devonian MDS plot shows samples F6, F7,
and IM-50 from the Port Stanley Formation exhibit the closest sim-
ilarity with the Witteburg Group (Witteburg) or Crashsite Group
(HR6; HR37; HAT; HBJ), as indicated by their first and second ‘clos-
est neighbors’. The Carboniferous MDS plot displays samples F8-10
from the Fitzroy Tillite mainly cluster with each other or the
Dwyka Group (DTC; DTW), however one instance shows F100s sec-
ond closest neighbor is from the Sauce Grande Formation (SF) in
the Ventania System. Lastly, the Permian MDS plot indicates F11
ong samples from the F/MI (blue), South Africa (orange), Antarctica (green), and
and more dissimilar samples plot father apart. Arrows within MDS plots indicate the
references to color in this figure legend, the reader is referred to the web version of
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is most similar to MW 54.3 and MW 210.5 from the Polarstar For-
mation in the Ellsworth Mountains.

4.4.2. Komolgorov-Smirnov test for similarity
Like the MDS approach, four individual K-S tests were per-

formed among cotemporaneous detrital zircon age distributions
from the Silurian-Permian, designed to emphasize the statistical
relationships between F/MI and adjacent provinces throughout
the latter half of the Paleozoic (Fig. 9A). This test generates a ‘P-
value’ for each individual similarity tests (summarized in Table 2)
and is designed only to evaluate the likelihood that detrital zircon
age distributions are not the same (having separate provenance
signatures). For the Silurian, similarity tests between the Port Ste-
phens Formation and Napostá and Bravard formations in the Ven-
tania System display the highest percentage of tests with P-
values < 0.05 (85.71%), while 64.29% of the tests between
Table Mountain Group and the F/MI show P-values < 0.05. No
Silurian-aged samples from Antarctica were included in this test.
Similarly, the Devonian K-S test shows 88.89% of the similarity
tests between the Port Stanley Formation and the Ventana Group
(Lolén and Providencia formations) resulted in P-values < 0.05.
Devonian similarity tests among the F/MI, South Africa
(Table Mountain, Bokkeveld, and Witteburg groups) and Antarctica
(Crashsite Group) display percentages of 80.00% and 61.90%,
respectively. The Carboniferous K-S tests between the Fitzroy Til-
lite and Dwyka Group show the highest percentage of P-
values < 0.05 (77.78%), while the similarity tests among the F/MI,
South America (Tepuel Group, and Sauce Grande Formation) and
Antarctica (Whiteout Conglomerate) show percentages of 44.44%
and 33.33%, respectively. The Permian K-S test between the Bren-
ton Loch Formation and coeval Permian strata across southwestern
Gondwana show no statistical similarity.

4.4.3. Comparison between confidence intervals of U-Pb detrital zircon
age distributions

The third statistical test utilized in this study uses the degree of
overlap of 95% confidence intervals between two cumulative dis-
tribution functions (Fig. 9B). This test generates a ‘1-O’ value,
which categorizes the amount of overlap into three separate cate-
gories: low, high, and complete (summarized in Table 3). Like the
other two statistical approaches, this test was performed four sep-
arate times in order to observe the temporal shifts in similarity
among detrital zircon age distributions.

For the Port Stephens Formation, the ‘1-O’ test shows the most
‘complete overlaps’ occur with the Table Mountain Group (64.3%)
and the most ‘low overlaps’ with the Ventana Group (50%). Simi-
larly, the Port Stanley Formation indicate the most ‘high overlap’
between the Table Mountain Group (66.7%) and the most ‘low
overlap’ with the Ventana Group (44.4%). The Fitzroy Tillite exhi-
bits the most amount of ‘complete overlaps’ with the Whiteout
Conglomerate, and the most ‘low overlaps’ with the Dwyka Group.
The Brenton Loch Formation displays complete overlap with the
ATL02 (Cochico Group) and PV-H1 (Beaufort Group) but shows lit-
tle to no overlap with other Permian strata.

While no statistical test indicates a simple, single solution, a
few important relationships are present across each of the tests.
The Silurian-Devonian MDS plots display the most similarity
among the West Falkland Group, Cape Fold Belt, Witteburg Group,
and Crashsite Group, with relatively little to no clustering occur-
ring with South American sediments. A similar relationship is
observed with the Silurian-Devonian K-S and ‘1-O’ tests, indicated
by the high percentages of P-values < 0.05 between the West Falk-
land Group and Ventana Group, suggesting these groups have a
high probability (95%) of having a separate provenance. The rela-
tionship between the Fitzroy Tillite and Dwyka Group is difficult
to reconcile because these groups plot relatively close together in
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MDS space but display poor similarity and low overlap in the K-S
and ‘1-O’ tests. Lastly, the Brenton Loch Formation detrital zircon
age distribution appears entirely unique from other Permian strata
across southwestern Gondwana, but if anything, exhibits the most
similarity with the Polarstar Formation the northern Ellsworth
Mountains. It is important to note that each of these statistical
approaches do not intend to pinpoint exact sediment sources.
Instead, these approaches are combined to evaluate the relation-
ship of U-Pb age distributions within different sediment deposito-
ries across SW Gondwana, which we interpret to provide insight
into the paleo-position of the F/MI.
5. Discussion

To characterize the Paleozoic tectonic setting and sediment
sources for the F/MI, we integrate results from U-Pb geochrono-
logic, hafnium isotopic, sandstone petrographic and heavy mineral
compositional analyses. We also synthesize published data from
geochronological studies of the Paleozoic sections exposed in the
Cape Fold Belt, Karoo Basin, Sierra de la Ventana, Ellsworth Moun-
tains, and Antarctic Peninsula to constrain the paleogeographic
position of the F/MI during the Paleozoic.
5.1. Provenance and sediment transport

5.1.1. West Falkland Group
Two scenarios of sediment sourcing and transport are evaluated

for the Port Stephens and Port Stanley formations: (1) direct
derivation from crystalline basement sources or (2) erosion of sed-
imentary units.

Detrital zircon ages throughout the Silurian-Devonian WFG
record a temporally consistent bimodal age distribution (Mesopro-
terozoic and Neoproterozoic-Cambrian age peaks). If Mesoprotero-
zoic and Neoproterozoic-Cambrian age peaks represent direct
contribution from crystalline sources, multiple source regions with
overlapping ages can be considered for southern Africa. The
Namaqua-Natal Metamorphic Complex (NNMC; 2050–1020 Ma)
and its corresponding sub-provinces (Keimoes Suite [1150–
1100 Ma], Koras Group [1170–1100 Ma], Koperberg and Spektakel
Suite [1040–1020 Ma]) were a single extensive structure that likely
sourced much of the Mesoproterozoic to late Paleoproterozoic-age
detritus. The paucity of Late Proterozoic-Archean zircons in the
WFG could have resulted from the NNMC acting as a topographical
high (Fourie et al., 2011) between the Kaapvaal Craton and F/MI-
Cape Basin. The Bárué Group, Irumide Belt, Unango and Maruppa
and Nampula Complexes present within the Mozambique Belt
record a Pan-African overprint over Mesoproterozoic crust
(Bingen et al., 2009; De Waele et al., 2003, 2006; Kröner, 2001;
Kröner et al., 2001), providing an orogen sourcing 1100–950 Ma
and 600–550 Ma zircons. The Maud Belt sits adjacent to the
Mozambique Belt on the eastern side of the Weddell Sea in Antarc-
tica and is characterized by Mesoproterozoic (1.2–1.0 Ga) supra-
crustal and intrusive suits intruded by Neoproterozoic-Cambrian
granitoids (Bauer et al., 2003; Bisnath et al., 2006; Jacobs et al.,
1998, 2003). The eastern boundary of South America hosts the
Pan-African Dom Feliciano Belt (�843–570 Ma; Basei et al., 2000;
Gaucher et al., 2003; Hartmann et al., 2002; Oyhantçabal et al.,
2009), which Rapela et al. (2007) interpret as a principal sediment
source for the Balcarce Formation in the Tandilia system of eastern
Argentina.

Age-equivalent strata in the Tandilia and Ventania systems and
Cape Fold Belt record similar detrital zircon age distributions and
SW-directed paleocurrents (prior to microplate rotation) as the
Port Stephens and Port Stanley formations (Cingolani and Varela,
1976; Scasso and Mendía, 1985; Hiller and Taylor, 1992; Storey



Fig. 9. A.) Cross-plot of K-S P values between samples analyzed in this study and other studies. P-values > 0.0.05 (light green box) indicate samples are not statistically
distinguishable as having separate provenance signatures. P-Values < 0.05 (white box) signify that two samples have a 95% likelihood of being statistically distinguishable,
meaning they have separate provenance signatures. B.) Cross-plot of ‘1-O’ values between samples analyzed in this study and other studies. Sample comparisons where
‘O = 10 , or ‘1 - O = 00 , indicate complete overlap (light green box). For this study, O values between 0 and 0.05 are classified as ‘high overlap’ (gray box). Sample comparisons
with ‘1-O’ values > 0.05 are labeled as ‘low overlap’ (white box). Samples are color coded by F/MI (blue), South Africa (orange), Antarctica (green), and South America (yellow).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Summary of K-S test results pertinent to the F/MI.

Silurian

Percentage of K-S Tests with -P-values > 0.05 Percentage of K-S Tests with -P-values < 0.05

F/MI F/MI
F/MI 33.33% F/MI 66.67%
South Africa 35.71% South Africa 64.29%
Antarctica 0.00% Antarctica
South America 14.29% South America 85.71%

Devonian
Percentage of K-S Tests with -P-values > 0.05 Percentage of K-S Tests with -P-values < 0.05

F/MI F/MI
F/MI 33.33% F/MI 66.67%
South Africa 20.00% South Africa 80.00%
Antarctica 38.10% Antarctica 61.90%
South America 11.11% South America 88.89%

Carboniferous
Percentage of K-S Tests with -P-values > 0.05 Percentage of K-S Tests with -P-values < 0.05

F/MI F/MI
F/MI 66.67% F/MI 33.33%
South Africa 22.22% South Africa 77.78%
Antarctica 66.67% Antarctica 33.33%
South America 55.56% South America 44.44%

Permian
Percentage of K-S Tests with -P-values > 0.05 Percentage of K-S Tests with -P-values < 0.05

F/MI F/MI
F/MI 0.00% F/MI 100.00%
South Africa 0.00% South Africa 100.00%
Antarctica 0.00% Antarctica 100.00%
South America 0.00% South America 100.00%

Table 3
Summary of ‘1-O’ test results pertinent to the F/MI.

Silurian

Percentage of ’1-O’ values > 0.05 Percentage of ’1-O’ values
0 < O < 0.05

Percentage of ’1-O’ values = 0

F/MI F/MI F/MI

F/MI 28.6% F/MI 14.3% F/MI 57.1%
South Africa 14.3% South Africa 21.4% South Africa 64.3%
Antarctica 0.0% Antarctica 0.0% Antarctica 0.0%
South America 50.0% South America 35.7% South America 14.3%

Devonian
Percentage of ’1-O’ values > 0.05 Percentage of ’1-O’ values

0 < O < 0.05
Percentage of ’1-O’ values = 0

F/MI F/MI F/MI
F/MI 66.7% F/MI 0.0% F/MI 33.3%
South Africa 20.0% South Africa 13.3% South Africa 66.7%
Antarctica 33.3% Antarctica 4.8% Antarctica 61.9%
South America 44.4% South America 22.2% South America 33.3%

Carboniferous
Percentage of ’1-O’ values > 0.05 Percentage of ’1-O’ values

0 < O < 0.05
Percentage of ’1-O’ values = 0

F/MI F/MI F/MI
F/MI 0.0% F/MI 0.0% F/MI 100.0%
South Africa 44.4% South Africa 0.0% South Africa 55.6%
Antarctica 0.0% Antarctica 13.3% Antarctica 86.7%
South America 11.1% South America 22.2% South America 66.7%

Permian
Percentage of ’1-O’ values > 0.05 Percentage of ’1-O’ values

0 < O < 0.05
Percentage of ’1-O’ values = 0

F/MI F/MI F/MI
F/MI 0.0% F/MI 0.0% F/MI 0.0%
South Africa 75.0% South Africa 0.0% South Africa 25.0%
Antarctica 100.0% Antarctica 0.0% Antarctica 0.0%
South America 50.0% South America 25.0% South America 25.0%
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et al., 1999; Hunter and Lomas, 2003; Ramos et al., 2014; Vorster
et al., 2021). However, each of the statistical tests on U-Pb age dis-
tributions exhibit little to no similarity between sediments in
South America and the F/MI (Figs. 8 and 9).

The other option to consider involves erosion of older sedimen-
tary successions. Pairing detrital zircon U-Pb geochronology, Lu-Hf
isotopic signatures, heavy mineral assemblages, and sandstone
petrographic data has proved an effective approach in discriminat-
ing provenance and sedimentary recycling (Horton et al., 2004;
Flowerdew et al., 2007; Garzanti et al., 2007; Bradshaw et al.,
2012; Nie et al., 2012; Bush et al., 2016; Vorster et al., 2021). Sand-
stone petrographic and heavy mineral results from the WFG indi-
cate high proportions of quartz and ultra-stable ZTR proportions
(Fig. 7), indicative of either (1) far transport from distal cratonic
sources, (2) intense chemical weathering, or (3) derivation from
recycled material (Morton and Hallsworth, 1994; 1999; Pettijohn,
1975). It is difficult to discern which option or combination of
the three options explains the high ZTR indices, however these
results can be compared with results obtained from coeval strata
in southern Africa to better characterize sediment sources.

The eHf(t) values range between �5.8–15.9 for the WFG, which
exhibit similar ranges as time-correlative units within the Crash-
site and Trinity Peninsula groups in West Antarctica (Fig. 6).
Vorster et al. (2021) suggest the wide array of eHf(t) values (up
to � 40 epsilon units) within coeval strata in the Table Mountain
Group argues against a direct source-to-sink relationship, as each
cycle of erosion and deposition would distribute a wider range of
eHf(t) values from recycled sedimentary units and newly emergent
sources. Recent work from Andersen et al. (2016a, 2018b) pro-
posed the erosion of Neoproterozoic-Cambrian sedimentary units
within the Gariep, Saldania and Damara belts as the major source
for the Paleozoic Cape and Karoo supergroups (Andersen et al.,
2018b; Basei et al., 2005; Frimmel et al., 2013; Vorster et al.,
2021). The high proportions of quartz fragments and ZTR indices
align with the interpretation of a stable cratonic source for the Port
Stephens Formation (Aldiss and Edwards, 1999), but similarities in
U-Pb age distributions between the WFG and Table Mountain, Wit-
teburg, and Bokkeveld groups potentially suggest the recycling of
Neoproterozoic-Cambrian strata (Nama, Port Nolloth, Oranjemund,
Boland groups). The range of eHf values for the Port Stephens and
Port Stanley formations is far less than the range of eHf values
(roughly � 20 epsilon units) presented for the Table Mountain
Group, possibly suggesting the F/MI received sediment from source
regions with reduced geologic diversity (possibly due to smaller
drainage systems) or with less recycled clastic material. Therefore,
for the WFG, we interpret the Namaqua-Natal Province, and
Mozambique and Maud belts as primary basement sources for
the Port Stephens and Port Stanley formations, and the
Neoproterozoic-Cambrian succession as a minor contributor. This
interpretation accords with the S-SW paleocurrents for the WFG
(after 180� CW rotation of the Falkland microplate) and supports
previous interpretations of a stable cratonic source of sediment
to the F/MI passive margin during the Silurian-Devonian (Figs. 10
and 11).

5.1.2. Lafonia Group
The Lafonia Group records two significant changes in prove-

nance, likely resulting from the changing tectonic and climatic
regimes in the late Paleozoic. The first provenance change involved
an influx of Archean-Mesoproterozoic zircon ages, as recorded in
the Carboniferous Fitzroy Tillite. Unlike the abundance of Pan-
African orogenic provinces throughout SW Gondwana,
Proterozoic-Archean sources are scarcer, and allow for a more
robust provenance characterization. The presence of exotic
archaeocyathid-bearing limestone clasts within the Fitzroy Tillite
led Stone and Thomson (2005) to initially propose the Transantarc-
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tic Mountains as a potential sediment source during the late Pale-
ozoic Ice Age (Isbell et al., 2012; Montañez et al., 2016; Griffis et al.,
2019; López-Gamundí et al., 2021). Later work from Stone et al.
(2012) supported the idea of a Transantarctic and/or Ellsworth
Mountains source for the Fitzroy Tillite archaeocyaths, although
the discovery of similar archaeocyath limestone clasts in
Cambro-Ordovician metaconglomerates in Argentina introduces
uncertainty that devalues their use as provenance indicators,
unless they are allochthonous (González et al. 2013). Heavy min-
eral and sandstone petrographic results from the Fitzroy Tillite
show high proportions of chlorite, garnet, biotite, and metamor-
phic lithic fragments (Fig. 7), suggesting greater contribution from
metamorphic terranes (Dickinson and Suczek, 1979; Dickinson
et al., 1983). U-Pb age distributions from the Fitzroy Tillite display
a considerable amount of Paleoproterozoic 1.72–1.77 and 1.65–
1.6 Ga and Archean 3.1–2.5 Ga zircon grains, suggestive of a
Transantarctic source. The Nimrod Complex, located in the central
Transantarctic Mountains, underwent major crustal reworking at
2.5 and 1.7 Ga during the genesis of the East Antarctic shield and
associated Paleoproterozoic amalgamation of the Nuna superconti-
nent (Goodge et al., 2001; Goodge and Fanning, 2016). Gneiss, ecol-
igitic and meta-igneous rocks within the Nimrod Complex
document a phase of deep-crustal metamorphism, thickening
and magmatism at 1730–1700 Ma, known as the Nimrod Orogeny
(Goodge and Fanning, 2016). Paleoproterozoic-Archean terranes
(Stratton Group) located within the Shackleton Range (northern
Transantarctic Mountains) yield zircons with core ages
of � 2520 Ma and magmatic/metamorphic rims of � 1740 Ma
(Will et al., 2009; Riley et al., 2020). Aside from the Transantarctic
Mountains, other Paleoproterozoic and Archean source terranes
include the Kaapvaal (southern Africa) and Rio de la Plata (South
America) cratons. A similarly low proportion of Archean to Paleo-
proterozoic zircon age modes is noted for Rocha, Oranjemund,
and Natal groups (southern Africa), and Providencia Formation
(Tandilia Region, South America) despite their close proximity to
their respective Archean cratons (Fourie et al., 2011; Uriz et al.,
2011; Andersen et al., 2016a; Kristoffersen et al., 2016). These cra-
tonic rocks were likely covered until they were exhumed during
the Carboniferous Gondwana glaciation (Andersen et al., 2016b).

Statistical comparisons among the Fitzroy Tillite, Whiteout Con-
glomerate (Ellsworth Mountains), Dwyka Group (Karoo Basin), and
Sauce Grande Formation present varied results. MDS results indi-
cate clustering among F/MI samples (F8, F9 and F10) and the
Dwyka Group (DTC, DTW) and Sauce Grande Formation (SF). Per-
haps the most dissimilarity within the MDS plots occurs among
the Lafonia Group (Fitzroy Tillite and Brenton Loch Formation)
and coeval strata of the Tepuel-Genoa, San Rafael, and Hespérides
basins in South America (Figs. 8-9). We observe diminished simi-
larity from east to west, which is consistent with the pre-
rotation westward glacial paleo-ice flow during deposition of the
Fitzroy Tillite (Frakes and Crowell, 1967). Given the scarce popula-
tions of Archean-Proterozoic age grains, the archaocyath limestone
clasts, and the metamorphic lithics present within the Fitzroy Til-
lite, we interpret either the Nimrod Complex and/or Shackleton
Range to have contributed sediment to the Fitzroy Tillite. The Ells-
worth Ice Sheet, originating within the central Transantarctic
Mountains, flowed westward and likely transported detritus to
the regions encompassing the EWM, F/MI, and eventually western
Argentina. This hypothesis is also supported by the diminishing
proportions of pyrope garnets from east to west (Craddock et al.,
2017; 2019), which were sourced in the Ellsworth ice center and
Transantarctic Mountains. The discrepancies noted between the
Fitzroy Tillite and Dwyka Group zircon age distributions are likely
linked to derivation from separate ice sheets, the Ellsworth and
Dwyka ice sheet, respectively (Fig. 12), although the presence of
archaeocyath-limestone clasts probably derived from the



Fig. 10. Paleogeographic reconstruction at �420 Ma with arrows representing likely sediment pathways for the Port Stephens Formation. Blue arrows indicate deposition via
fluvial pathways shedding primarily off topographic highs within the Saldania Belt, Namaqua-Natal Province, Mozambique Belt, Coats Range, and overlying Paleozoic-
Neoproterozoic sedimentary cover. Dashed line represents the nascent Paleo-Pacific Margin. Physical features: AP, Antarctic Peninsula; BB, Brazilia Belt; CL, Coats Land; DB,
Damara Belt; DFB; DM, Deseado Massif; DFB, Dom Felicio Belt; DML, Dronning Maud Land; EWM, Ellsworth Whitmore Mountains; ESP, Eastern Sierras Pampeanas; FB,
Famatinia Belt; GB, Gariep Belt; H, Haag Nunatak; LB, Lufilian Belt; MB, Mozambique Belt; NNP, Namaqua-Natal Province; NPM, North Patagonian Massif; PB, Parana-panema
block; PM, Pensacola Mountains; SB, Saldania Belt; SR, Shackleton Range; TS, Tandilia System; VS, Ventania System; WSP, Western Sierras Pampeanas; ZB, Zambezi Belt. Plate
reconstructions taken from Gplates PALEOMAP global paleogeography software available online at https://www.gplates.org/. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Transantarctic Mountains in Dwyka Group diamictites perhaps
indicate some alternation of the two ice streams with the potential
for reworking and mixing of their deposits.

The second shift in provenance within the Lafonia Group is
recorded by the U-Pb, Lu-Hf, and heavy mineral data for the Bren-
ton Loch Formation (F11). By late Carboniferous-early Permian
time, subduction along the Gondwanan margin initiated an exten-
sive magmatic arc that generated the granitoids and orthogneisses
present throughout eastern Marie Byrd Land, Thurston Island,
Antarctic Peninsula, and southern South America (Elliot, 2013;
Riley et al., 2012; Eliot et al., 2016; Gianni and Navarret, 2022).
The Brenton Loch Formation exhibits detrital zircon age peaks
at � 269 Ma, �336 Ma, �536 Ma, �851 Ma, and � 1020 Ma. The
youngest single zircon age reported here is 255.8 +/- 2.8 Ma, and
the appearance of thirty-five zircons between the ages 286.8–
256 Ma confirms the inception of a magmatic arc contributing sed-
iment to the F/MI succession. Carboniferous-Permian zircons also
appear in the coeval strata within the Karoo Basin (Balfour, Teek-
loof, and Vryheid formations; Nxumalo, 2012; Viglietti et al.,
2018), Ellsworth Mountains (Polarstar Formation; Elliot et al.,
2016), Ventania System (Tunas Formation, Ramos et al., 2014),
Tepuel-Genoa Basin (Mojón de Hierro Fm.), Antarctic Peninsula
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(Trinity Peninsula Group: Castillo et al., 2016) and southern Patag-
onia (Duque de York Complex; Castillo et al., 2016). Permian MDS
results indicate clustering among three sectors (Fig. 8), with the
Brenton Loch Formation (F11) exhibiting the closest similarity with
the Polarstar Formation (MW 54.3 and 210.5) in the Ellsworth
Mountains. An opposite relationship is observed in the K-S and
‘1-O’ tests, which show little to no similarity between the Brenton
Loch Formation and coeval Permian strata across SW Gondwana
(Fig. 9). Thus, we support the interpretation from Elliot et al.
(2016) that argues for two separate sub-basins, or a distinct uncon-
nected basin, between the F/MI and Ellsworth Mountains during
the Permian. The diminished Neoproterozoic-Cambrian and Meso-
proterozoic age proportions suggest that the Precambrian orogenic
regions contributing the bulk of sediments to the WFG were minor
contributors during the Permian; rather, the active magmatic arc
along the Paleo-Pacific margin was the principal sediment source
for the Brenton Loch Formation. It is likely the 280–250 Ma zircons
were delivered to the F/MI from the magmatic arc along the Paleo-
Pacific margin; unroofing of the older, mid-Paleozoic magmatic arc
and Carboniferous-Ordovician strata during Gondwanide tecton-
ism likely provided the minor 490–330 Ma zircon age group within
the Brenton Loch Formation (Fig. 13)

https://www.gplates.org/


Fig. 11. Paleogeographic reconstruction at �380 Ma with arrows representing likely sediment pathways for the Port Stanley Formation. Blue arrows indicate deposition via
fluvial pathways shedding off topographic highs within the Saldania Belt, Namaqua-Natal Province, Mozambique Belt, Coats Range, and overlying Paleozoic-Neoproterozoic
sedimentary cover. Plate reconstructions taken from Gplates PALEOMAP global paleogeography software available online at https://www.gplates.org/. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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5.2. Paleogeographic position during the Paleozoic

Adie (1952) suggested the F/MI were situated within a micro-
continental block that rotated 120� CW about a vertical axis during
transform-related breakup of Gondwana. Later studies supported
his interpretation of the F/MI as an eastern extension to the N-
verging Cape Fold Belt, and thus a missing SE continuation of the
Karoo Basin (Mitchell et al., 1986; Marshall, 1994; Mussett and
Taylor, 1994; Curtis and Hyam, 1998; Thistlewood and Randall,
1998; Thomson, 1998; Trewin et al. 2002; Stone, 2016). A sug-
gested refinement of the location for the F/MI presented by
Stanca et al. (2019, 2022), based on the amount of extension and
microcontinental block rotation in strike-slip systems, placed the
archipelago � 250 km SW of the Adie’s proposal, aligning with
the trend of the Cape Fold Belt at Port Elizabeth.

Several studies have reported U-Pb ages of detrital zircons for
selected Paleozoic units within the F/MI and used these to aid
reconstruction of the paleo-position of the islands (Ramos et al.,
2017; Craddock et al., 2019; Vorster et al., 2021). Ramos et al.
(2017) and Vorster et al. (2021) highlight the similar late Mesopro-
terozoic to Neoproterozoic ages between the WFG and those of the
Natal Group (Vorster et al., 2016), but argue those same ages also
reflect derivation from granitoids and metasedimentary units in
southern South America (Patagonia). These conclusions were taken
as support for the Borrello (1963) hypothesis of the F/MI as a fixed
promontory of the South American mainland since the Paleozoic.
When comparing statistical tests for F/MI detrital zircon ages with
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those in South America, southern Africa, and Antarctica, there is a
significant difference between the age populations in South Amer-
ica and F/MI; by default, this would favor a South Africa-Antarctica
connection for the microplate containing the F/MI.

Statistical analysis of the Port Stephens and Port Stanley forma-
tions detrital zircon age distributions show the most similarity
with the Table Mountain and Crashsite groups but diverge from
the age distributions of the Ventana Group. Similar relationships
are observed within the Carboniferous age distributions, which
display slight similarity between the Fitzroy Tillite and Dwyka
Group, and slightly lower similarity with the Whiteout
Conglomerate.

Therefore, we interpret the WFG to have greater affinity with
South Africa and EWM, and the Fitzroy Tillite to have primary
sources in the Transantarctic Mountains. The transition from a pas-
sive margin to a foreland basin was accompanied by deformation
associated with the Gondwanide Orogeny (recorded within the
Sierra de la Ventana of Argentina, the Cape Fold Belt, F/MI, the Ells-
worth Mountains, and the Pensacola Mountains), and may have
segregated depositional systems and sediment routing patterns
that had been connected since at least the Silurian.

5.3. Tectonic implications

The WFG and equivalent clastic sequences exposed throughout
southwestern Gondwana were deposited within a passive margin
that opened in the early to mid-Paleozoic (Ramos and Naipauer,
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Fig. 12. Paleogeographic reconstruction at �300 Ma during the LPIA. Multiple diachronous glaciations (colored in white) throughout the Carboniferous influenced sediment
transport across the region (Isbell et al., 2012; Craddock et al., 2019). Overall westward ice center movement (small black arrows) likely facilitated sediment transport from
Transantarctic sources to the Falkland-Malvinas Islands during deposition of the Fitzroy Tillite (López-Gamundí, 1997; Visser, 1997a, 1997b; Visser et al., 1997; Rocha-
Campos et al., 2008; Isbell et al., 2008). The presence of archaeocyathid clasts (Stone and Thomson, 2005; and Stone et al., 2012), increased proportions in Proterozoic-
Archean aged zircon grains and metamorphic lithics in the Fitzroy Tillite also indicate Transantarctic craton margin sources (Miller Range, Shackleton Range, and Pensacola-
Theil Mountains).
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2014). Aldiss and Edwards (1999) proposed a potential shift in
provenance in the WFG’s Port Stephens Formation due to the vary-
ing heavy mineral content within sandstones. However, we find
the WFG exhibited a stable sediment supply from the Mozambique
and Maud belts and recycled Neoproterozoic-Cambrian sedimen-
tary successions within southern Africa (Nama, Port Nolloth, Oran-
jemund, Boland groups). These sediments were delivered to a
gently shelving alluvial to coastal plain along a passive margin
undergoing long-lived, regional subsidence (Hunter and Lomas,
2003; Vorster et al., 2021). Late Devonian to early Carboniferous
(380–320 Ma) magmatic suites present within Patagonia and
Antarctic Peninsula indicate the re-establishment of subduction
along the Paleo-Pacific margin (Capaldi et al., 2021), but the pau-
city of syndepositional Silurian-Devonian zircons within the WFG
suggest that the F/MI was remote from Patagonia, and was instead
linked to a region undergoing magmatic quiescence, likely related
to ongoing collisional orogenesis resulting from terrane accretion,
prolonged flat slab subduction, or development of a passive or
transform margin (Ramos et al., 1984; Sims et al., 1998; Dalziel
et al., 2000; Cawood, 2005; Bahlburg et al., 2009; Ramos and
Folguera, 2009; Rapalini, 2018; Dahlquist et al., 2018). We inter-
pret the absence of Silurian-Devonian zircons in the WFG, coupled
with the predominance of ultra-stable heavy minerals (ZTR) and
quartz grains, as indicating deposition along a passive margin. This
interpretation aligns with those made for the Table Mountain
Group (Vorster et al., 2021) and Crashsite Group (Craddock et al.,
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2017), suggesting the F/MI shared a broad depositional environ-
ment with southern Africa and the Ellsworth-Whitmore terrane
until the Permian, when it was likely segregated into different
sub-basins during the transition from a passive margin to a fore-
land basin.

Like the F/MI, the Ellsworth Whitmore terrane is considered a
large, rotated microplate (720,000 km2) with the highest range in
Antarctica, the Ellsworth Mountains, and a few widely separated
small ranges and nunataks (Dalziel and Elliot, 1982; Dalziel et al.,
1987; Grunow et al., 1987; Randall and MacNiocaill, 2004; Storey
et al., 1988; Dalziel, 2007). In counterpart to the F/MI microplate,
the EWM block appears to have undergone CCW rotation. The
EWM exhibit similar stratigraphic, structural, and geochronologi-
cal relationships observed in the Cape and Karoo supergroups of
South Africa, and the West Falkland and Lafonia groups in the F/
MI (Curtis and Storey, 1996). These connections existed until the
Permian, when several deformational and magmatic episodes seg-
regated the once continuous passive margin throughout the
Silurian-Devonian (Elliot et al., 2016). Several structural studies
in the F/MI and Cape Fold Belt identified northward-verging (in
restored Gondwana position) deformational episodes between
the early Permian to middle Triassic (Hälbich et al., 1983; Gresse
et al., 1992; Curtis and Hyam, 1998). Conversely, the EWM experi-
enced two episodes of Permian deformation, both of which are
interpreted as eastward-verging (Curtis, 2001). The differences in
intensities and direction of deformation between the EWM and



Fig. 13. Paleogeographic reconstruction at �270 Ma after the onset of the Carboniferous-Permian magmatic arc resulting from subduction related magmatism. The high
proportions of late Paleozoic (�270 Ma) detrital zircon grains present within the Brenton Loch Formation and other coeval lithostratigraphic within various basins suggests
the magmatic arc along the Paleo-Pacific Margin served as the principal sediment source for the whole region. The subsequent transition into foreland basin encompassed
segments of South America, south Africa, Antarctica, and the Falkland-Malvinas Islands. Key features: GFTB; Gondwanide fold-thrust belt; HB, Hesperídes Basin; KB, Karoo
Basin; RDP, Rio de la Plata Craton; SRB, San Rafael Basin; TGB, Tepuel-Genoa Basin. White arrows indicate deposition via ash from the magmatic arc and blue arrows indicate
deposition from fluvial processes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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F/MI suggests the EWM were positioned inboard of the structural
front (Curtis, 2001; Elliot et al., 2016). Contrasts in paleocurrents
between the F/MI and EWM also indicates separate depositional
systems, which show present-day N-NE directed paleocurrents
for F/MI Permian strata (derived from the incipient Gondwanide
orogen) and westward paleocurrents for the Polarstar Formation
(Trewin et al., 2002; Elliot et al., 2016). Coupling the structural
and paleocurrent dissimilarities among the CFB, F/MI and EWM
supports the idea the Karoo and Lafonia successions were depos-
ited within a different sub-basin, or distinct unconnected basin,
from the Ellsworth Mountains, which was likely part of a basin
extending from the central Transantarctic Mountains into the
proto-Weddell Sea region (Elliot et al., 2016). It should be noted
that the mechanism of displacement and rotation of the EWM ter-
rane, like that of the F/MI microplate, is not immediately apparent
as it predates the formation of oceanic lithosphere in the Weddell
Sea region (Jordan et al., 2016).

The geodynamic setting supporting widespread Permian vol-
canism along the southwestern Gondwanan margin is not well
constrained, leading to two end-member scenarios explaining the
onset of Permian volcanism. One scenario involves detachment of
the subduction plate caused by horizontal slab tearing (Kay et al.,
1989; Pankhurst et al., 2006; Gianni and Navarrete, 2022), while
the other suggests continued subduction associated with changes
in slab-dip angle (del Rey et al., 2016; Oliveros et al., 2020;
Gregori et al., 2020). The � 269 Ma age peak and associated ‘iso-
topic pullup’ observed in the eHf(t) values for the Brenton Loch
Formation aligns with temporal and geochemical signatures in
South America, Antarctic Peninsula, and Thurston Island, all which
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represent a continental arc flare-up associated with the Choiyoi
Magmatic Province (Nelson and Cottle, 2019). Therefore, even
though the Brenton Loch Formation, Trinity Peninsula Group, and
Duque de York Complex were not a part of a single, broad deposi-
tional system, these units may record the changes in the geody-
namic setting of the Choiyoi Magmatic Province.
5.4. Late Paleozoic ice sheet dynamics

By the Carboniferous, three principal glacial intervals (late
Devonian (Famennian), middle Mississppian (Visean), late Missis-
sippian (Serpukhovian); Rosa and Isbell, 2021) constituted the
longest icehouse interval in the Phanerozoic. Two major ice cen-
ters, the Dwyka Ice Sheet and the Ellsworth Ice Sheet, altered sed-
iment transport around southwestern Gondwana. The Dwyka Ice
Sheet, responsible for the Dwyka diamictites in the greater Karoo
Basin, originated in present-day Zimbabwe and flowed west-
southwest (Craddock et al., 2019). While a preponderance of gar-
nets is found within the Dwyka diamictites, an even greater pro-
portion exists within the Whiteout Conglomerate in the EWM
(Craddock et al., 2019), suggesting a more proximal sediment
source within the Ellsworth Mountains. The diamictites within
the Fitzroy Tillite and Whiteout Conglomerate also contain clasts
of Cambrian archaeocyathid limestone, metamorphic lithics/heavy
mineral assemblages (chlorite, fayalite and biotite), and increased
proportions of Paleoproterozoic-Mesoproterozoic zircons, which
were all likely sourced from the Ellsworth ice sheet (Fig. 12).
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6. Conclusions

The Paleozoic Gondwanan margin between the Sierra de la Ven-
tana and the Ellsworth Mountains encapsulated multiple primary
sources and recycled sedimentary strata regions that supplied
the two dominant detrital zircon age modes. The overlap in zircon
age fractions among the F/MI, South America, Africa, and Antarctica
make it difficult to define a specific provenance for the West Falk-
land and Lafonia groups. However, the synthesis of U-Pb
geochronology, Hf-isotopic signatures, sandstone petrography,
heavy mineral assemblages, and multiple statistical tests allow
for the first robust provenance analysis of samples spanning the
Paleozoic stratigraphic succession within the F/MI. The dominant
age fractions of Neoproterozoic-Cambrian and Mesoproterozoic
zircons are present not only within the WFG, but in coeval strata
from South America (Ventana Group), southern Africa
(Table Mountain Group), and Antarctica (Crashsite Group). Never-
theless, the utilization of three different statistical tests shows the
Port Stephens and Port Stanley formations exhibit the most simi-
larity with the Crashsite and Table Mountain groups. Similarly
close relationships are also observed for the Dwyka Group, Fitzroy
Tillite, and Whiteout Conglomerate. Contrarily, the Paleozoic
stratigraphic succession within the Ventania System exhibits little
to no similarity with contemporaneous Paleozoic strata in Africa
and Antarctica.

The subtle contrast in detrital zircon age distributions between
the Dwyka Group and Fitzroy Tillite suggests the presence of two
unique ice centers controlling sediment supply during the Car-
boniferous. The Ellsworth ice sheet provided the influx of
Mesoproterozoic-Paleoproterozoic zircons, archaeocyathid-
limestone erratics, pyrope garnet concentrations, and metamor-
phic lithic fragments from the Transantarctic Mountains during
deposition of the Whiteout Conglomerate and Fitzroy Tillite and
was able intermittently to introduce archaeocyathid-limestone
clasts into the eastern deposits of the Dwyka Group. By the Per-
mian, the principal sediment source to the F/MI succession was
the Choiyoi Magmatic Province along the Paleo-Pacific margin,
which was supplying clastic and volcaniclastic sediments to the
Ventania, Karoo, Ellsworth, and F/MI systems. Each of these regions
exhibit strong late Paleozoic zircon age peaks (�280–260 Ma),
however, the lack of similarity between their age distributions sug-
gests each was segregated into its own depositional system within
the continuous passive margin that occupied the region for much
of the Paleozoic. This basin segregation accompanied the Gond-
wanide orogenesis.

In terms of palaeogeography, our results are most readily
accommodated within a Gondwana reconstruction that includes
the F/MI as part of a craton-directed fold-thrust belt extending
from the Ventania region of Argentina, through the Cape region
of South Africa and into the Ellsworth and Pensacola mountains
of Antarctica. The position of the F/MI within this assemblage, sup-
ported by the closest provenance correlations of the WFG and the
Fitzroy Tillite Formation, is between the eastern Cape and the Ells-
worth Mountains. This is the Adie (1952) solution to the enigmatic
geological relationships of the F/MI. It follows that our results sup-
port CW rotation of a F/MI microplate during the initial, early
Jurassic break-up of Gondwana as it moved away from South Africa
and, as the Atlantic Ocean opened, assumed its current position
adjacent to South America.
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