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ARTICLE INFO ABSTRACT

Editor Name: Prof. Liviu Matenco Continental rift systems are commonly characterized by volcanism with parental basaltic magmas sourced from
the mantle. Erosion of the rift shoulders and sedimentation in the adjacent basins can affect the stress and

Keywords: thermal fields at depth, thereby affecting partial mantle melting. However, the sensitivity of magmatic activity to

Surface-deep Earth interactions such surface forcing is elusive. Geological observations from the western Ross Sea, Antarctica, suggest rift onset

Ultra-slow rifting
Miocene climate
Syn-rift magmatism
Antarctica

in the Cretaceous with a transition from wide-rifting to narrow-rifting at the boundary between the Antarctic
craton and the Transantarctic Mountains. Miocene climate cooling during rifting in the western Ross Sea, in
addition, leads to an abrupt decrease in sedimentation rate, synchronous to the emplacement of the McMurdo
Volcanic Group. This represents the largest alkali province worldwide, extending both inland and offshore of
Transantarctic Mountains and western Ross Sea, respectively. Here, we use coupled thermo-mechanical and
landscape evolution numerical modeling to quantify melt production in slowly stretching rift basins due to
changes in erosion/deposition rates. The model combines visco-elasto-plastic deformation of the lithosphere and
underlying mantle during extension, partial rock melting, and linear hillslope diffusion of the surface topog-
raphy. The parametric study covers a range of slow extension rates, crustal thicknesses, mantle potential tem-
peratures and diffusion coefficients. Numerical simulations successfully reproduce the ~150-200-km-wide
extension of western Ross Sea and Miocene-to-present asthenospheric melt production (McMurdo Volcanic
Group). Results further show that slow rifts magmatism is highly sensitive to sediment deposition within the
basin, which inhibits mantle decompression melting and delays the crustal breakup. Regional climate-driven
sedimentation rate changes are thus likely to have affected the syn-rift magmatic history of the western Ross
Sea, Antarctica, supporting the relevance of interactions between surface and deep-seated processes across
extensional settings.

1. Introduction Cloetingh, 1997; Burov and Poliakov, 2001), lithospheric flexure (e.g.,
Watts, 2001), the thermal structure at depth via surface blanketing

Continental rifting and associated extensional sedimentary basins (Bialas and Buck, 2009), and the overall tectonic strain (e.g., van der
testify significant interactions between lithospheric strain, magmatism Beek et al., 1995; Burov and Cloetingh, 1997; Burov and Poliakov, 2001;
and surface processes (White and McKenzie, 1989; Buck, 1991; Brun Bialas and Buck, 2009; Sternai et al., 2021). Since the production and
et al.,, 1999; van Wijk et al., 2001; Ziegler and Cloetingh, 2004). For transfer of magma across extensional settings depends on the stress and
instance, continental rifting generates prominent topography and the thermal fields at depth (McKenzie and Bickle, 1988; White and
flux of eroded material from rift flanks to the extensional rift basin, i.e., McKenzie, 1989), the link between magmatism and climate-driven
surface processes, affects the flow of the viscous lower crust (Burov and surface processes is attracting increasing attention and involves
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multiple tectonic settings (e.g., Cloetingh et al., 2023; Sternai, 2023).
Unloading caused by deglaciation can affect the rate of partial decom-
pression mantle melting (Jull and McKenzie, 1996), an effect that may
even be relevant on a global scale and regardless of the tectonic regime
(Huybers and Langmuir, 2009). Erosion and sea level changes also exerts
a control on surface loading and unloading during glacial-interglacial
cycles, thereby affecting rock melting and degassing from the solid
Earth (e.g., Huybers and Langmuir, 2009; Sternai et al., 2016; Sternai,
2020; Stiiwe et al., 2022).

Because feedbacks between surface, lithosphere and asthenosphere
dynamics also involve climate and the long-term carbon cycling via
magmatic emissions of CO, and other greenhouse gases (e.g., Brune
et al., 2017; Sternai et al., 2020; Sternai, 2023; Cloetingh et al., 2023),
assessing the influence of surface processes on syn-rift magmatism is
timely and important. Extensional geodynamics and their relationships
with surface processes are commonly investigated across medium to fast
Atlantic-type margins or narrow regions of oceanic crust exposed at the
sea floor (e.g., the Red Sea) (e.g., Ziegler and Cloetingh, 2004; Stiiwe
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et al., 2022; and references therein), whereas slow, widespread, and
long-lasting rift systems have been less explored (e.g., van Wijk and
Cloetingh, 2002). The West Antarctic Rift System region in Antarctica is
a large, slow and long-lasting continental rift system (Siddoway, 2008;
Davey et al., 2016; Jordan et al., 2020) compared to other extensional
systems worldwide (e.g., Bowling and Harry, 2001, and references
therein). The Ross Sea and its western rift flank, the Transantarctic
Mountains, are subject to climate variations throughout the Cenozoic,
involving in particular a major shift from relatively warm and wet to
extremely arid and cold conditions (Lewis et al., 2008; Levy et al., 2019),
which set the pace of Transantarctic Mountains erosion and sediment
discharge to extensional basins.

Extensional settings are typically studied as a function of extension
rate (e.g., Bowling and Harry, 2001; van Wijk and Cloetingh, 2002; Dick
et al., 2003; Schmeling, 2010; Koptev et al., 2018). Here, we use nu-
merical thermo-mechanical geodynamic modeling and the Ross Sea as a
natural case study to assess the sensitivity of extensional magmatism to
surface processes in ultra-slow rift systems. Spreading velocities lower
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Fig. 1. Map of Antarctica and the Ross Sea. (A) Map of the Ross Sea showing structural lows and highs between West Antarctica and the Transantarctic Mountains
front. Topography and bathymetry from BedMachine DEM (Morlighem et al., 2020). The bathymetric lines are spaced at intervals of 500 m. (B) Crustal-scale cross-
section modified from Busetti et al. (1999) and Huerta and Harry (2007) showing the general structure of the boundary between West Antarctic Rift System and East
Antarctic craton. The tectonic boundary between West Antarctic and East Antarctic crust is taken from Tinto et al. (2019), the Moho is from Busetti et al. (1999).
Sedimentary units are bounded by RSU4 (middle Miocene) and RSU6 (Early Oligocene) unconformities (Levy et al., 2019; McKay et al., 2022).
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than 12 mm/yr in ocean ridges are classified as “ultra-slow” (Dick et al.,
2003), and in this work we encompass a range of extension velocities
(2.5 to 5.5 mm/yr) below the proposed threshold. A ~ 150-200 km-
wide ultra-slow extension reproduced in numerical simulations de-
scribes the Cenozoic narrow rifting occurring on the western portion of
the West Antarctic Rift System and its associated syn-rift magmatism.

2. Geological background

The western Ross Sea (WRS) represents the westernmost portion of
the continental shelf between East and West Antarctica bounded by a
high-elevation rift flank, the Transantarctic Mountains (TAM) (Fig. 1).
The WRS can be divided into two sectors, the Adare Basin and Northern
Basin in the north, and the Victoria Land Basin in the south (Fig. 1). The
geology and physiography of the Ross Sea continental shelf depends on
the juxtaposition of the West Antarctica lithosphere, and the East
Antarctica cratonic lithosphere (Tinto et al., 2019) (Fig. 1B). The region
was subject to crustal stretching since the initial breakup of Gondwana
in the Early-Middle Jurassic (Fitzgerald and Baldwin, 1997; Fitzgerald,
2002; Davey et al., 2016), forming the West Antarctic rift system, a
~600 km wide thinned continental crust dominated by a low-lying
morphology (Jordan et al., 2020).

Extension in the West Antarctic Rift System can be divided into two
tectonic phases (Siddoway, 2008). The first phase (wide rifting) is a
prolonged period of broadly distributed extensional strain since the
Early Cretaceous. The second phase (narrow rifting) involves localized
extensional strain at the boundary between the East Antarctic craton and
the thin and hot West Antarctic lithosphere since the Paleogene (Huerta

Global and Planetary Change 240 (2024) 104538

and Harry, 2007; Harry et al., 2018; Jordan et al., 2020). The progres-
sive westward migration and localization of the deformation toward the
WRS during the Neogene is likely related to the thermal evolution of the
West Antarctic Rift System (Huerta and Harry, 2007).

The TAM represent the remnants of crust thickened during Paleozoic
convergent tectonics (Bialas et al., 2007) (Fig. 1). After the onset of wide
rifting, the TAM acted as a high-elevation rift flank and a topographic
divide between the Ross Sea and the East Antarctic craton. Major crustal
anisotropies, due to the presence of inherited structures developed
within the Ross Orogeny, contributed to set the overall structural ar-
chitecture of the TAM (Fitzgerald, 2002; Goodge, 2020) and influenced
the rifting evolution (Brune et al., 2023). Weakened Paleozoic shear
zones arranged the general physiography of the high-elevation margin
in structural domains that were reactivated by Cenozoic transtensive
tectonics (Salvini et al., 1997). Thermochronological data suggests
multiple phases of exhumation in the TAM starting from the early
Cretaceous (Fitzgerald and Goodge, 2022). Nevertheless, only the last
Cenozoic exhumation phase is well described in the sedimentary record
of the Ross Sea (Olivetti et al., 2013).

2.1. Continental rifting

The main rifting phase occurred in the Cretaceous between approx-
imately 105 and 71 Ma (Siddoway et al., 2004). Successively, an ultra-
slow seafloor spreading phase, constrained by magnetic anomalies,
occurred between 61 and 53 Ma in the Central Basin (Davey et al., 2022)
and between 43 and 26 Ma in the Adare Trough (Granot and Dyment,
2018). In addition to E-W extension along the TAM front, transtensive

A=
Mount -\)

Morning

Royal Society
Range

Southern
Local Suite

Dry
Valleys

seamounts

A
()
{ '~
() X
N
%

=

p Convoy
Range

- - =
[JGeneric volcanic outcrop =" Shield volcano
-

L

' Llavafield

Vukar.mls
@)
Mt. Rittmann
Mt.dverlord
'| Malta
£, ;lPIateau ;‘
The Pleiades
\
Daniell | 3
Peninsula
<
Possession .
Island Admiralty
: Mountains
50 km
(=) =2

1 [ Meander Intrusive Complex

McMurdo Volcanic Group

western Ross Sea Supergroup

Fig. 2. Maps showing the spatial distribution of McMurdo volcanics and Meander Intrusive Complex. (A) Volcanic outcrops in Victoria Land Basin region; (B)
volcanic-subvolcanic outcrops in northern Victoria Land, on the western side of Northern Basin and Adare Basin. Polygons are redrawn from Rilling et al. (2009),
Martin et al. (2021), Rocchi and Smellie (2021), Smellie and Martin (2021), Smellie and Rocchi (2021). Shield volcanoes and the Malta Plateau lava field belong to
McMurdo Volcanic Group. The Polar 3 magnetic anomaly (Ferraccioli et al., 2008) is shown by the dashed grey line.



M. Fioraso et al.

reactivation took place acting as intraplate termination of transform
shear and propagating into inherited Paleozoic shear zones. The prop-
agation of strike-slip faults into the WRS resulted in oblique rifting,
which has been proposed to be active at least since the Eocene (Rossetti
et al., 2006). A dextral transtension is reported in the Terror Rift sector
at ~26 Ma (Sauli et al., 2021) (Figs. 1, 2).

The Adare Basin shows a comprehensive total extension of ~170 km
(Wilson and Luyendyk, 2009), with an extension rate of ~10-12 mm/yr
(Cande et al., 2000; Davey et al., 2016) constrained between 43 and 26
Ma by seafloor magnetic anomalies. Previous modeling of the Victoria
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Land Basin sector proposed ~95 km of stretching since ~34 Ma (Davey
and De Santis, 2006), corresponding to an average extension velocity of
~2.7 mm/yr. Alternatively, Wilson and Luyendyk (2009) suggest ~170
km of stretching since 38 Ma at ~4.5 mm/yr. In general, a southward
decreasing trend of extension rate from the Adare Basin to the Victoria
Land Basin is observed (Davey et al., 2016). The beginning of extension
in the Victoria Land Basin is assumed to be synchronous to that in the
Northern Basin, although the tectonic activity continues until recent
times in the Terror Rift (see Fig. 1) (Sauli et al., 2021). The Adare Basin-
Northern Basin represent a wide zone of continent-ocean transition
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Fig. 3. Chronological summary correlating climate, ice-sheet evolution, sedimentation and volcanic/magmatic events. (A) Sedimentation rates for Victoria Land
Basin (VLB), Northern Basin (NB), Adare Basin (AB). Grey-shaded field indicates time intervals corresponding to Ross Sea Unconformities 4 and 6 (Levy et al., 2019;
McKay et al., 2022). (B) Ice sheet evolution (McKay et al., 2022) and far-field benthic oxygen isotopes ratio (Cramer et al., 2009). Colored bar on the ice-sheet
evolution scheme: red indicates relatively warm climate (terrestrial warm-based glaciers), light blue indicates cool climate (variable terrestrial and marine ice
sheets), blue indicates cold to very cold climate (glacial maxima). (C) Volcanic/magmatic events recorded in the western Ross Sea Supergroup outcrops (Martin et al.,
2021; Rocchi and Smellie, 2021; Smellie and Martin, 2021; Smellie and Rocchi, 2021) and dredges (Rilling et al., 2009). Orange stripes in magmatism chronological
chart indicate periods of inferred continued activity. (D) Surface distribution of outcropping volcanic rocks since Early Miocene (Fig. 2A-B) of McMurdo Volcanic
Group taken from published maps and age determinations (Smellie and Martin, 2021; Smellie and Rocchi, 2021). The map in the rectangle shows modern-day
perimeter of the basins considered by this study; the topography-bathymetry is taken from BedMachine (Morlighem et al., 2020). In panel (D) surfaces are
underestimated due to ice-covered outcrops not entirely considered in this work. Abbreviations: Oil, Eocene-Oligocene glaciation; Mil, Oligocene-Miocene Glaci-
ation; MMCO, Middle Miocene Climate Optimum; MMCT, Middle Miocene Climate Transition, PWP, Pliocene Warm Period. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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characterized to abundant intrusions and crustal growth (as for the
Central Basin oceanic crust modeling, Davey et al., 2022). Aeromagnetic
anomalies are uniform through the continental edge linking the North-
ern and Adare basins genetically (Davey et al., 2016). The ENE-trending
boundary between the Northern Basin and Victoria Land Basin is
inferred to represent a transfer zone accommodating different motion
between the two basins. Along this boundary a broad magmatic anom-
aly, the Polar 3 anomaly (Fig. 2B), suggests the presence of magmatic
intrusions (Rocchi et al., 2002) or even the possible formation of oceanic
crust (Davey et al., 2016).

During the early rifting phase in the Ross Sea, north-striking grabens
were formed and filled with sediments since at least the Cretaceous-
Paleogene (Cooper et al., 1991). The RSU6 unconformity (McKay
et al., 2022) represents the boundary between the sediment infill during
the wide extensional tectonic phase (Cretaceous-Paleogene) and the
overlaying sediments, undeformed in Eastern Basin and Central Trough
(Fig. 1). Seismic data display the presence of km-thick sequences laying
between the acoustic basement and the RSU6 (see Fig. 1B) (McKay et al.,
2022). The RSU4 unconformity, 14.1-15.8 Ma (Levy et al., 2019), marks
the most recent tectonic activity in the Terror Rift (in the western sector
of the Ross Sea). This last phase is ultimately associated with the pres-
ence of magmatic submarine intrusions and onshore/offshore volcanism
promoted by rift-bounding faults crosscutting the entire syn-rift
sequence.

2.2. Regional magmatism

In the WRS and TAM, rift-related magmatic products occurred for the
first time around ~48 Ma in Northern Victoria Land between Mt. Mel-
bourne and the Hallett Peninsula (Rocchi et al., 2002), forming the
Meander Intrusive Group (Fig. 2B), a series of Eocene to early Miocene
plutonic and subvolcanic rocks (Fig. 3). After ~14 Ma (Fig. 3) the ma-
jority of magmatism was widely distributed in the region (Panter and
Martin, 2021) forming the McMurdo Volcanic Group (Kyle, 1990a)
(Fig. 2A, B). It can be divided in three main provinces: (1) the Hallett
Volcanic Province (McIntosh and Kyle, 1990) and (2) the Melbourne
Volcanic Province (Kyle, 1990b) in Northern Victoria Land (Fig. 2B),
and (3) the Erebus Volcanic Province in the McMurdo Sound area of the
southwest Ross Sea (Fig. 2A). Considering all the Cenozoic magmatic
and volcanic products in the WRS, the western Ross Supergroup (Rocchi
et al., 2002; Rocchi and Smellie, 2021) represents one of the most
extensive alkali provinces in the world, with volcanic centers and plu-
tons spreading for >1000 km across the Ross Sea and TAM. Alkaline
magmatism is characterized by its development along a complete tran-
sect of continent-ocean transition from the Adare Basin seamounts to the
volcanic edifices exposed onshore along the TAM margin (Durkin et al.,
2023).

Plutons of the Meander Intrusive Group generally have a syenitic
compositions, while dykes cutting both plutons and Paleozoic basement
show a greater compositional variability from alkali basalts to trachyte-
rhyolite (Rocchi and Smellie, 2021). McMurdo volcanics show three
main morphologies on the TAM coast (Kyle, 1990a): basaltic shield
volcanoes, trachytic-phonolitic stratovolcanoes and basaltic scoria
cones or lava flow fields. The geochemical signature, common to all the
western Ross Supergroup magmatic/volcanic products, indicates an
ocean island basalt-like composition, with high p-like isotopic ratios
(Panter et al., 2018; Durkin et al., 2023). The origin of West Antarctic
Rift System magmas, including the possibility of mantle plumes
involvement, is debated (e.g., Storey et al., 1999; Rocchi et al., 2002).
Recent interpretations, however, suggest that decompression melting of
carbonate-rich subduction-related material (Panter et al., 2018) gener-
ated in convergence settings since Neoproterozoic (Goodge, 2020) plays
a role. Due to ultra-slow rifting evolution, metasomatic enrichment of
lithospheric mantle during the wide rifting phase affects decompression
melting that occurred later, between the Eocene and Neogene (Panter
et al., 2018).
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2.3. Climatic evolution and sedimentation rates

Since Cretaceous to Eocene, Antarctic climate was warm and humid
with mean annual temperature between ~10-15 °C (McKay et al.,
2022). Glaciers are expected in high elevation terranes of East
Antarctica, e.g., around peaks of the TAM (Paxman et al., 2019; Barr
et al., 2022) where high-altitude cirques formed in the Mesozoic were
detected. Pre-glacial erosion was mostly affected by coeval uplift of the
TAM and Paleogene paleotopography (Lindeque et al., 2016; Paxman
et al., 2019). Sedimentation in WRS basins occurred at variable rates,
0.01-0.13 mm/yr (Fig. 3A). A strong decrease in temperature occurred
between middle to late Eocene (~ 37 Ma) (Fig. 3B), when the majority of
TAM cirques could possibly be occupied by ice (Barr et al., 2022).

The first continental-scale ice sheets developed at the Eocene-
Oligocene boundary due to a combination of optimal orbital configu-
ration, decreasing atmospheric CO; and tectonic opening of the South-
ern Ocean gateways (McKay et al., 2022). Cooling and aridification in
terrestrial areas occur in the early Oligocene (McKay et al., 2022).
Coeval to glacial expansion, a decrease in sedimentation rates occurred
due cooler climate conditions (Fig. 3A). Successively, a shift to warmer
climate led to the Miocene Climate optimum (Levy et al., 2019). The
presence of wet-based glaciers is suggested by plant and animal fossils,
confirming positive mean annual temperatures in the TAM (Lewis et al.,
2008). A rapid acceleration in sedimentation rate is recorded all along
WRS basins, up to 0.15 mm/yr in Adare Basin from early Miocene to
middle Miocene, reflecting the response of fluvio-glacial sedimentary
systems to a warmer climate and a high variability in ice-sheet dynamics
(Levy et al., 2019) (Fig. 3A).

Rapid isotopic excursion in the middle Miocene marks the transition
to hyper-arid polar climate conditions (Sugden and Denton, 2004; Lewis
et al., 2008). In the stratigraphic record of the Ross Sea, a well-
constrained glacial unconformity, the RSU4 (14.1-15.8 Ma, after Levy
et al., 2019), corresponds to marine-based advance of the East Antarctic
Ice Sheet, consistent with the Middle Miocene Climate Transition (Levy
et al., 2016) (Fig. 3). The establishment of a permanent East Antarctic
Ice Sheet and stable arid conditions in terrestrial environments after the
middle Miocene is debated (Verret et al., 2023). Nevertheless, the
regional stratigraphy suggests a two-fold (Victoria Land Basin) up to ten-
fold or stronger (Northern Basin) decrease in sediment discharge effi-
ciency since the middle Miocene (Lindeque et al., 2016; Hochmuth et al.,
2020), reaching sedimentation rate close to 0.01 mm/yr (Fig. 3A). Along
the TAM, a stable permafrost and extremely low erosion rates are sug-
gested by the landscape, which is a relic of Miocene times (Sugden and
Denton, 2004). A general northward increase in sedimentation rates
variability through the Cenozoic is observed, reflecting differences in
landscape evolution as suggested by contrasting TAM topography along
strike (Olivetti et al., 2018; Balestrieri et al., 2020).

3. Methods

Numerical models are used to assess the impact of surface processes
on the magmatic activity of slow rift settings. We report here the main
equations in our numerical models, but the reader can also refer to Gerya
(2019) or Sternai (2020) and references therein for additional detail. We
opted for a bidimensional model to address the coupling between rifting
tectonics, surface processes, and rock melting with reduced computa-
tional costs, as often done by previous studies (e.g., Bowling and Harry,
2001; van Wijk et al., 2001; Bialas and Buck, 2009; Schmeling, 2010).
The code is based on a version of the bi-dimensional visco-elasto-plastic
thermo-mechanical ELVIS code family (Gerya and Yuen, 2007), imple-
mented to account for surface processes based on a simple linear
downslope diffusion law applied to the evolving topography (Sternai,
2020) such that,

0z/0t = kV°z (@)



M. Fioraso et al.

where dz/0t is the variation of the surface elevation due to erosion or
sediment deposition in time, V2z, is the topographic curvature, and the
diffusivity, k, is used to scale the imposed erosion/deposition rates. The
diffusion law in Eq. (1) is simplistic but enables us to swiftly account for
erosion of rift flanks and sedimentation in basins. Eq. (1) is solved
numerically by integration on the discrete surface topography (Gerya
and Yuen, 2003), which is updated at each timestep to allow the
calculation of surface load changes.

The extensional strain of the lithosphere is based on a rheological
model that accounts for visco-elasto-plastic deformation conserving the
mass, momentum and energy within the model, such that,

g7/ 0t + div(p,v) = 0
div(c) = VP +p4g=0 @

DT .
peffCPD_t —div(cVT) = H, + H; + H, + H;

where Pesy is the effective density of rocks (see Eq. (4)), v, is the velocity
vector, ¢/, is the deviatoric stress tensor, g, is the gravity acceleration, Cp,
is the specific heat capacity, T, is temperature, c, is the thermal con-
ductivity, Hy, Hs, Hy, H; are respectively the radiogenic, shear, adiabatic,
latent heat production. The elastic behavior is given by linearly related
stress and strain, the plastic behavior depends on the relation between
brittle rock strength and pressure, the viscous behavior is thermally
activated and depends on the relation between stress and strain rate
regulated by viscosity (the resistance of material to shear deformation),
as described in Gerya (2019).

Partial rock melting and crystallization of magmas occur between the
wet solidus and dry liquidus curves of lithospheric and asthenospheric
rocks (Table 1). The melting fraction, &, increases linearly with tem-
perature at constant pressure:

E=0atT<T,

T-T,
7TZ_Tx
E=1atT>T,;

¢

atT,<T<T 3

where T; is the solidus temperature, and T; is the liquidus temperature.
The effective density of partially molten material, p,g, is calculated as:

P = P (1 —&+E(p7/p7) ) Q)

where p? and p? are the standard densities of solid and molten rocks and
p, is the density of solid rocks at given pressure/temperature conditions.
The effective viscosity, 1, of partially molten rocks whose melting
fraction is larger than 0.1 is set equal to 10'® Pas, which allows ac-
counting for relatively large viscosity jumps between materials avoiding
numerical issues. The viscosity range is set between 10'° Pas and
10% Pas. All the material properties used in the numerical model are
listed in Table 1.

Egs. (1-4) are coupled via stress, temperature and velocity continuity
conditions, adopting the finite-differences approximation scheme and a
fully staggered bi-dimensional grid (Gerya and Yuen, 2007; Gerya,
2019). The initial domain (Fig. 4) measures 400 x 300 km in the x and y
dimensions, resolved by 161 x 61 grid points respectively, distributed
on an irregular Eulerian grid. 400 x 300 Lagrangian markers are
randomly distributed in the x and y dimensions and used for advecting
the material properties, which are interpolated onto the Eulerian grid
via a 4th-order Runge-Kutta interpolation scheme. The velocity
boundary conditions are free slip at all boundaries (x = 0 and x = 400
km; y = 0 and y = 300 km). The left and right boundaries (x = 0 and x =
400 km) also account for equally distributed x-parallel velocities,
defining the extension rate within the model. The lower boundary (y =
300 km) also accounts for y-parallel velocity to compensate for hori-
zontal extension and ensure global mass conservation. The top surface of
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the lithosphere is calculated dynamically as an internal free surface
through a 10 km thick layer of “sticky air”. The initial temperature
gradient in the asthenospheric mantle is 0.4 °C/km (adiabatic). The
thermal boundary conditions are 0 °C for the upper boundary and be-
tween 1367 and 1477 °C on the lower model boundary. A seed of
thermally weak material with 2 km radius is imposed on the Moho in the
center of the model domain to initiate the lithospheric rupture. At each
time step, which is limited by the Courant criteria (Courant, 1928), the
topography and topographic load changes due to erosion and/or sedi-
ment deposition are computed.

The parametric study focuses on a set of values for extensional ve-
locity, mantle potential temperature, Tp, (sensu McKenzie and Bickle,
1988), and crust thickness, which primarily control the lithospheric
stretching and the magmatic evolution in a continental rift (White and
McKenzie, 1989). For each set of parameters, we perform simulations
using high/low diffusivity values to explore the effects of different sur-
face processes efficiency, scaling the erosion/deposition rates consis-
tently with the WRS sedimentary record. In particular, we use sediment
thickness estimates by Hochmuth et al. (2020) to derive sedimentation
rates every 1 Myr dividing the sediment volumes by the basin surface
area. We consider the Mesozoic-Cenozoic boundary as the inception of
sedimentation in the WRS to calculate a sedimentation rate estimate for
pre-Eocene-Oligocene sediments. We explore a range of surface pro-
cesses efficiencies that encompasses the rate of landscape denudation in
northern-southerns Victoria Lands, in agreement with sedimentation
rates within the WRS since at least the Oligocene (Paxman et al., 2019).
Erosion/sedimentation rates are set as constant (time-independent) for
each simulation. Imposing k = 1 m2/s, erosion/deposition rates result
higher than values suggested by the geological record, but useful to set a
high-end reference simulation. The simulations address the extension of
a thin lithosphere for ~60 Myr, a time interval similar to the duration of
narrow lithospheric stretching in the WRS (Wilson and Luyendyk, 2009;
McKay et al., 2022). We performed 43 runs (Table 2), changing: (1) the
extension velocity, from 2.5 to 5.5 mm/yr, to obtain at least ~150-200
km of extension; (2) the thickness of the crust, from 25 to 30 km; (3) the
potential mantle temperature from 1250 to 1360 °C; (4) the efficiency of
surface processes from 1 to 0.01 mm/yr. The melt volume data extracted
by numerical simulations are displayed in m? considering the bi-
dimensional nature of our numerical experiments.

4. Results
4.1. Model results

The reference model (Fig. 5) for an ultra-slow rift with efficient
surface processes and a 25 km thick crust evolves in two phases. In the
first phase, the extensional strain is broadly distributed across the upper
crust, whereas necking occurs in the lithospheric mantle until its com-
plete rupture (Fig. 5B). In the second phase, the stretching is progres-
sively localized in the crust leading to lithospheric breakup (Fig. 5C),
defined as the first contact between the asthenosphere and sediments
through rupturing of the crust (shown by the vertical dotted line in
Fig. 5). During the rift evolution, early partial melting of the lowermost
crust (Fig. 5B) at direct contact with the upwelling asthenosphere is
followed by decompression partial melting of the asthenosphere due to
adiabatic upwelling (Fig. 5C).

The extension velocity exerts a primary control on (1) rifting dura-
tion, (2) the onset of magmatism, and (3) the syn-rift melts volume. For
the reference lithospheric structure (Figs. 4, 5), slower stretching by
40% (from 3.5 to 2.5 mm/yr) increases the time to the breakup by about
20 Myr (Fig. 6). Slower extension caused a decrease in the rates of
lithospheric necking, asthenospheric upwelling and partial decompres-
sion melting (see the difference in melt volumes in Fig. 6). In models
stretching at 2.5 mm/yr, asthenospheric melting commonly begins
around or after the breakup event (Fig. 6), whereas simulations
extending at 3.5 mm/yr lead to about two orders of magnitude more



Table 1

Material properties used in numerical simulations. p, (of solid and molten material) is the density, E, is the activation energy, V, is the activation volume, n is the stress exponent, C is the cohesion, Qz. and Ol. correspond to
the abbreviations of Quartzite and Olivine, Pegy 1s the effective internal friction angle, c is the thermal conductivity,  is the Young’s modulus, v is the Poisson’s ratio, C,, is the specific heat capacity, H; is the radiogenic heat
production, a and p are the thermal expansion and compressibility, respectively, Q; is the lithology-related latent heating, and T and T; are the solidus and liquidus temperature, respectively. Values are taken from Turcotte
and Schubert (2016), Gerya (2019), Sternai (2020) and references therein.
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Fig. 4. On the left panel the model setup showing the initial domain, the thermal state and the yield strength profile. The strength envelope is calculated at the
timestep #2 of the reference model with a strain rate of 1*10~%s~!. The values indicated are used in the parametric study. Colors refer to different rock types. Ty, is
the temperature at the bottom of the model, T is the mantle potential temperature. On the right panel the graphical representation of the theoretical problem
referring to feedbacks between surface processes and deep-seated processes (Cloetingh et al., 2023). Sediments from rift flank load the extensional rift basin pro-
moting flexure and weakening of the lithosphere. A lower-crust flow from the center of the rift moves outward facilitating uplift. Extension and necking of the
lithosphere promote asthenospheric upwelling causing decompression rock melting. It is noted that basin load generates an overpressure opposed to adiabatic

upwelling of the mantle material.

Table 2

Summary of the parametric study conducted on a total of 43 numerical exper-
iments analyzing multiple set of initial values for crust thickness (Hcrst), mantle
potential temperature (T;), extensional velocities (v.), effective diffusivity (k).

Heruse (km) T, °C) Ve (mm/yr) k (mm/yr)
RUNS 1-10 25 1310-1360 2.5 0.01-1
RUNS 11-24 25 1300-1340 3.5 0.01-1
RUNS 25-28 25 1270-1290 4.5 0.01
RUNS 29-31 25 1250-1270 5.5 0.01
RUNS 32-43 30 1300-1340 3.5 0.01-1

partial decompression mantle melting before breakup.

The mantle temperature controls the generation of asthenospheric
melts. Progressive 10 °C increase in mantle potential temperature leads
to a large increase in the amount of generated melts, with hotter simu-
lations anticipating the beginning of melting (Fig. 7). Crustal melting is
mostly controlled by the crust thickness and the Moho temperature
before complete lithospheric mantle rupturing (Fig. 5B). In comparison
with the 25 km thick reference crust, simulations with a 30 km thick
crust involves a tenfold increase in crustal melting at its peak and
delayed continental breakup by ~8 Ma due to higher Moho tempera-
tures, which promote distributed lower crustal ductile deformation
(Fig. 7). The amount and timing of decompression mantle melting is
largely independent of the initial crustal thickness and remain directly
related to the mantle potential temperature.

In ultra-slow rift systems, surface process efficiency, that is the
ability to deliver sediments from uplifted rift flanks to the basin, affects
both the magmatic evolution and timing of breakup. In set-ups with a 25
km-thick crust, an increase in surface erosion/deposition rates from 0.01
to 1 mm/yr leads to twice as much crustal partial melting (Fig. 8A). In
set-ups with a 30 km-thick crust (Fig. 8B), however, the effect of surface
processes on crustal melting is negligible. In hot (T, = 1340 °C) simu-
lations shown in Fig. 8A and B, higher sedimentation rates inhibit
asthenospheric melting during later rifting and shortly before the
breakup. During the early stages of melting, the effect of surface pro-
cesses is difficult to assess (Fig. 8A, B). In slightly cooler simulations (T,
= 1310 °C) and a 25-km-thick crust, asthenospheric decompression
melting is inhibited by efficient surface processes (Fig. 8C). A nearly
~25% difference in cumulative melt volume is observed between a high
sedimentation rate model (1 mm/yr, blue column Fig. 8C) and a low

sedimentation rate model (0.01 mm/yr, orange column Fig. 8C).
Whereas in models with a 30 km thick crust (see Fig. 8D), the reduction
of asthenospheric decompression melting due to efficient surface pro-
cesses is prominent even before the breakup.

Fig. 9 provides a visual representation of the role of surface processes
in affecting decompression mantle melting. Lowering the mantle po-
tential temperature below 1340 °C and 1300 °C prevents decompression
rock melting when the velocity of extension is 2.5 mm/yr and 3.5 mm/
yr, respectively, in low sedimentation rate simulations (~ 0.01 mm/yr)
(Fig. 9). Around these thresholds, the magmatic behavior of the system
may be influenced solely by the effects of surface processes (Fig. 9B, C).
Sedimentation seems also to affect the timing of breakup (Fig. 8C, D). A
delay of ~1 to 6 Myr is observed with less efficient surface processes and
sediment starvation in the basin, which reduces flexure and subsidence.
A thicker sedimentary wedge can mechanically weaken the brittle crust,
thereby promoting early crustal rupturing (Fig. 8).

4.2. Model limitations

In this study, numerical models are focused on matching geological
constraints such as the total extension, the ultra-slow extension velocity,
and the timing of decompression mantle melting. A bi-dimensional setup
is used to easily compare the effect of multiple parameters on rift evo-
lution since inception of lithospheric necking to breakup and following
oceanization. Obviously, our 2-D models cannot capture the natural
complexity of the entire West Antarctic Rift System, which underwent at
least a phase of Cretaceous diffuse extension and migration of the
extension locus in the Cenozoic. Limitations arise from (1) the impos-
sibility to account for strike-parallel rifting dynamics, particularly dis-
regarding the strike-slip strain in WRS (Granot and Dyment, 2018; Sauli
etal., 2021), (2) the presence of inherited structures and juxtaposition of
tectonic units (Tinto et al., 2019; Olivetti et al., 2023) which may have
conditioned rift basins architecture (Perron et al., 2021).

Surface processes are modeled by a diffusion law which approxi-
mates the source-to-sink system between the TAM front and the WRS
basins, with surface processes efficiency assumed to be time-
independent. Sediment transport along the rift axis (e.g., Jourdon
et al., 2018) is not included in simulations. However, in the natural
system considered, along-rift sediment transport is thought to be
negligible, as fluvio-glacial sediment transport and deposition is mostly
orthogonal to the rift axis.
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Fig. 6. Results of the parametric study showing timing and volume of crustal (orange-colored) and asthenospheric (red-colored) melting for different extension
velocities. Dotted lines indicate lithospheric breakup. It is noted that different scales for the melt volume have been used. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Partial melting of crustal and asthenospheric material is treated
solely as rock melting proportional to temperature in the range between
lithology-specific solidus and liquidus curve defined in the setup
(Table 1). Fluid-assisted rock melting and migration of melts to the
surface are neglected for the sake of simplicity, as previously done by
other studies (e.g., Bowling and Harry, 2001; van Wijk et al., 2001;
Schmeling, 2010).

5. Discussion

The aridification of Antarctica began during the Middle Miocene
Climate Transition (Cramer et al., 2009; Levy et al., 2019; Verret et al.,
2023), marking a shift from warmer and wetter (the Middle Miocene
Climate Optimum) to colder and drier conditions (Fig. 3B). This tran-
sition led to extinction of the tundra biota and a significant decrease of
erosion in the Victoria Lands (e.g., Lewis et al., 2008). Geomorphic ev-
idence for low erosion rates following the Middle Miocene Climate
Transition are reported in many locations along the Victoria Lands, also
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confirmed by preservation of dated surfaces ~14 Ma old (Spector and
Balco, 2021, and references therein). The sedimentation rate history in
the WRS basins (Fig. 3A) depicts, therefore, a strong correlation between
climate cooling and the response of the erosional/depositional system.

The onset of volcanism and magmatism in the WRS sector occurred
in two distinct phases: the Meander Intrusive Complex (~ 48 to 23 Ma)
and the McMurdo Volcanic Group (~ 15 Ma to present) (Fig. 3).
Meander Intrusive rocks originated from Eocene decompression of
lithospheric domains enriched by very-small-degree partial melting,
associated with the Cretaceous wide rifting (Rocchi and Smellie, 2021).
For this reason, Eocene to Miocene magmatism in northern Victoria
Land would be modeled only considering the ~100 Myr West Antarctic
Rift System mantle evolution. Magmatic emplacement was controlled by
an intracontinental transfer zone accommodating extension between the
Northern Basin and the Victoria Land Basin and Eocene strike-slip tec-
tonic (Salvini et al., 1997; Ferraccioli et al., 2008). Plutons are limited
(Fig. 2B), and it is difficult to reconcile their spatial distribution with
magmatism governed by lithospheric necking along the entire WRS.

After an amagmatic phase of ~10 Myr, well-developed narrow rift-
ing in the WRS region involves the generation of increasing volumes of
melts (Fig. 3C). Prior to 14 Ma, only minor occurrences of volcanics have
been recorded in few outcrops along the TAM front (e.g., Mount
Morning) (Fig. 8D) (Armienti and Baroni, 1999; Panter and Martin,
2021; Smellie and Martin, 2021; Smellie and Rocchi, 2021) and in
offshore cores (McIntosh, 1998). Major volcanoes are superimposed
over termination of young tectonic structures, such as the Terror Rift
(Miocene to present), as suggested by deformation on volcanoclastic
deposits (e.g., Vignaroli et al., 2015). The McMurdo Volcanic Group is
interpreted as a magmatic province emplaced as proto-seaward-dipping
reflectors (sensu Mutter et al., 1982; Menzies et al., 2002) in an aborted
continental rift (Rocchi and Smellie, 2021) due to a change in plate
motion (Granot and Dyment, 2018).

Our numerical models indicate that ultra-slow rifting can generate a
variable volume of magmas depending on the quantity of sediments
delivered into the basin, somewhat similarly to fast rift systems (e.g.,
Sternai, 2020; Stiiwe et al., 2022). Conditions under which such
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relationship finds expression are: (1) mantle potential temperature
equal or higher than 1300 °C, (2) ultra-slow extension velocity and (3)
sedimentation rates in the range between 0.01 and 1 mm/yr, conditions
that match well the geodynamics of the WRS. It is therefore suggested
that the large amount of Paleogene and early Miocene sediments
deposited into the rift basins inhibited partial decompression mantle
melting, whereas post-Middle Miocene Climate Transition sediment
starvation contributed to enhance the regional magmatism (Fig. 10).
Inhibition of decompression melting due to sediment loading occurs
more efficiently when the crust is very thin. Consistently, WRS basins
show an average sedimentary sequence thickness of ~4-5 km, with
maximum values of ~10-14 km, similar to or greater than crustal
thicknesses which are estimated between 5 and 20 Km (Busetti et al.,
1999).

Our modeling suggests that high mantle potential temperatures and a
highly stretched crust are the primary favorable conditions for a strong
coupling between surface processes and magmatism in ultra-slow rift
systems. For the conditions explored here, mantle potential tempera-
tures above 1300 °C are required to enable variable sediment loads to
foster or inhibit mantle melting (Fig. 9). Mantle potential temperatures
between 1300 °C and 1340 °C are moderately hotter than normal sub-
continental T,, commonly around ~1200-1250 °C (e.g., Reston and
Morgan, 2004). Perinelli et al. (2006) constrain T}, of near-primary melts
in McMurdo Group alkali volcanic in the range between 1250 and
1350 °C using geothermometric data from peridotite xenoliths. Our
models suggest that a mantle potential temperature between 1250 and
1300 °C requires extension velocities >3.5 mm/yr to generate
asthenospheric melts (Fig. 9A). It is also noteworthy that around the
limit between melting and no-melting (Fig. 9A), the magma-generation
threshold may be modulated by modifying the sedimentation rates
(Fig. 9B-C). Hot temperatures at the lithosphere-asthenosphere bound-
ary may be a consequence of the multi-stage evolution of the West
Antarctic Rift System, so that warm, narrow rifting in WRS is a result of
the Cretaceous to Paleogene wide rifting phase (Huerta and Harry,
2007). Another possible contribution to relatively high mantle temper-
atures, however, could be upwelling due to regional mantle flow at the
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boundary with the craton since the Eocene (Faccenna et al., 2008;
Panter et al., 2018).

An average 3.5 mm/yr velocity is consistent with: first, the onset of
mantle-sourced magmatism across the WRS region after at least ~35
Myr of amagmatic rifting (Fig. 10C), and second, the basins width.
Conversely, the Adare Basin shows the presence of oceanic crust at its
center, formed following rapid seafloor spreading between 43 and 26
Ma. If Adare Basin extension started around 60-65 Ma at ~10 mm/yr,
the thinned crust would have completely broken after <20 Myr (Cande
et al., 2000). Overall, the timing of this breakup is consistent with
similar modeling performed at 10 mm/yr (Sternai, 2020). Although
spreading rates may have changed along the Cenozoic evolution of the
WRS, a constant extension velocity facilitates the comparison with other
natural systems. Additionally, considering that the magmatic (Fig. 3C-D)
and depositional history (Fig. 3A) are similar for all WRS basins, results
presented here may well represent the overall regional-scale geo-
dynamic evolution. Under these assumptions adopted here, the upper
range of mantle potential temperatures proposed by Perinelli et al.
(2006) is suitable for the study area.

Surface processes active on a highly stretched crust are more effec-
tively able to modulate decompression melting, since the thermo-
mechanical effects of sediments are transmitted to greater depths. The
stretching factor of the West Antarctic Rift System is estimated on
average as greater than ~2 (Wilson and Luyendyk, 2009; Tankersley
et al., 2022), and nearly ~6 for the WRS region (Wilson and Luyendyk,
2009), coherently with a thinned crust of ~5-10 km in Victoria Land

12

Basin (Busetti et al., 1999). We speculate that, in the middle Miocene,
the crust was stretched to at least a stretching factor of 5, considering
that minor horizontal extension occurred since that time (Granot and
Dyment, 2018; Sauli et al., 2021). The West Antarctic crust, thickened to
~45-55 km (Fig. 10B) (Bialas et al., 2007; Huerta and Harry, 2007;
Harry et al., 2018) due to Paleozoic to Early Cretaceous convergence,
was affected by wide rifting in Late Cretaceous (~ 105 Ma). Simulations
with an initial crustal thickness of ~30 km (e.g., Fig. 8D) at the wide-to-
narrow rifting transition (i.e., ~ 60-65 Ma) (Fig. 10A) match the
magmatic evolution. If the crustal thickness at the time of the wide-to-
narrow rifting transition was thinner, it would have ruptured even in
an ultra-slow extension scenario. The modulation of magmatism exerted
by sediment loading occurs during relatively late rifting stages but prior
to oceanization, when the crust is already highly stretched (Fig. 8D).
In addition to asthenospheric melting, our models suggest that some
crustal melts can be generated a few tens of millions of years before the
crustal breakup. Initial crustal melts forming at the Moho are generated
by heating due to rising hot asthenospheric material, in combination to
thermal blanketing due to sediment deposition into the rift basin, as also
suggested by previous studies (Stephenson et al., 1989; Burov and
Cloetingh, 1997; Buiter et al., 2008). Crustal partial melting occurs near
the Moho and may generate a wide spectrum of magmatic products
(Viereck, 1988; Gans, 1989; Schenker et al., 2012). We suggest that
melts may laterally migrate exploiting lower crust ductile flow (Burov
and Cloetingh, 1997), nevertheless this remains unconstrained by field
data and is an open field of study (Cloetingh et al., 2023; Sternai, 2023).
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Crustal melting at Moho levels and crustal underplating may also help
thickening the crust beneath the TAM and contribute to uplift of the rift
shoulders by isostasy, similarly to thermal buoyancy compensation as
suggested in literature (e.g., ten Brink et al., 1997; Brenn et al., 2017).

A secondary effect of surface processes observed in numerical sim-
ulations is the modulation of the timing of continental breakup, which
may be delayed by ~1-5 Myr (depending on the crustal thickness,
mantle potential temperature and extension velocity) when the imposed
sedimentation rate is low. In models run by Sternai (2020), which ac-
count for extension rate of 10 mm/yr and relatively low mantle potential
temperatures (1200-1250 °C), the breakup is delayed by about 2-3 Myr
when the sedimentation rate is high. This behavior is related to thermal
blanketing and flexural stresses that weaken the upper lithosphere
contributing to advantage viscous over brittle deformation and thus
promoting stretching (Burov and Cloetingh, 1997; Sternai, 2020).
Conversely, in ultra-slow rifts the asthenospheric material has enough
time to cool down and strengthen during upwelling regardless of the
high initial mantle potential temperature. High sedimentary loading
thus fosters flexural brittle deformation anticipating the breakup. The
decrease of sedimentation rates in the WRS region may inhibit the brittle
strain related to flexure and promote the stretching phase before the
onset of oceanization.

6. Conclusion

Numerical experiments suggest that the amount of asthenospheric
melts in ultra-slow continental rifts with a 30 km thick initial crust and
mantle potential temperatures higher than 1300 °C may be conditioned
by the regional erosion/sedimentation rates. These conditions apply to
the western Ross Sea basins and Transantarctic Mountains coast, where
a wide alkali province was emplaced in the middle Miocene, synchro-
nous to global climate cooling as well as regional aridification and
sediment starvation in the rift basins. The synchronicity between the
onset of magmatism and reduced sedimentation rates in absence of
major tectonic changes points to surface processes as a leading factor
behind the McMurdo Group alkali volcanic activity. Overall, a load-
controlled modulation on partial mantle melting is possible in ultra-
slow continental rifts even before the breakup stage, when the
extended lithosphere has been stretching for tens of Myr. In the Ross Sea,
middle Miocene climate aridification and decreasing sedimentation
rates could have extended the stretching phase prior to complete crustal
rupturing.
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