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ABSTRACT

Two-dimensional finite element models simulating extension of the West 
Antarctic Rift System (WARS) exhibit three classes of behavior, which are de-
pendent upon the pre-rift thermal state of the upper mantle. All of the mod-
els begin with relatively cool East Antarctica lithosphere juxtaposed against 
warmer West Antarctica. The models all undergo an initial period of exten-
sion that is broadly distributed across the WARS. Class 1 models continue 
to extend in this way for more than 80  m.y. before abruptly developing a 
lithospheric neck at the edge of the model furthest from East Antarctica. The 
behavior of Class 1 models is dominated by a horizontal temperature gradi-
ent caused by juxtaposition of the warm WARS lithosphere against the cooler 
East Antarctica lithosphere. This produces a corresponding strength gradient, 
which causes a neck to eventually develop at the warm, weak edge of the 
model. Class 1 models have relatively high pre-rift temperatures at the base 
of the crust (>800 °C), which inhibits focusing of strain during the first 80 m.y. 
of extension. In Class 2 models the rift axis develops within the interior of the 
WARS. Class 2 models differ from Class 1 models in that the net heat produc-
tion in the crust plays a larger role in determining the temperature at the top 
of the mantle prior to and during rifting. Necking at the edge of these models 
is inhibited because crustal thinning leads to cooling and strengthening of 
the lithosphere at the edge of the model. This causes the locus of extension 
to shift toward the weaker interior of the WARS. In Class 3 models, the rift 
axis forms where the pre-rift lithosphere transitions between relatively cool 
and thick East Antarctica and warmer and thinner West Antarctica. In these 
models, syn-extensional cooling and strengthening of the lithosphere causes 
the locus of strain to shift into the transitional region rather than the interior 
of the WARS. Class 3 models resemble the evolution of the WARS, which 
underwent a period of broad extension during the Late Cretaceous through 
late Paleogene Periods and more focused extension near the West Antarc-
tica/East Antarctica boundary during the Neogene Period. All Class 3 models 
require the mantle potential temperature during the Late Cretaceous through 
Paleogene phase of broad extension to be no greater than 1270 °C, suggest-
ing that an active mantle plume was not present beneath the WARS during 
the early stages of extension.

INTRODUCTION

The West Antarctic Rift System (WARS) is a 750–1000-km-wide continental 
extensional province lying beneath the Ross Sea and Ross Ice Shelf between 
Marie Byrd Land on the east and the Transantarctic Mountains (TAM) at the 
edge of the East Antarctic craton on the west (Fig. 1). The timing and distribu-
tion of extension in the WARS are not tightly constrained, particularly beneath 
the West Antarctic Ice Sheet. However, it is clear that widespread extension be-
gan by Late Cretaceous time and continued at least into the Pleistocene Epoch 
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Figure 1. Location map and major tectonic features of the Ross Sea and West Antarctic Rift 
System (WARS). The Location of the Transantarctic Mountains (TAMS) and boundaries of the 
WARS (dashed lines) are shown in the inset. Dotted line—Late Cretaceous through Cenozoic ba-
sins and uplifts (Davey et al., 2006); black dots—drillholes penetrating Late Cretaceous through 
Cenozoic stratigraphy; red shading—Cenozoic alkaline magmatic rocks; RI—Ross Island. Relief 
from ETOPO2 global relief data set (National Geodetic Data Center, 2006).
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(Cooper and Davey, 1985; Lawver and Gahagan, 1994; Davey and Brancolini, 
1995; Busetti et al., 1999; Cande et al., 2000; Decesari et al., 2008b; Siddoway, 
2008). During the Late Cretaceous and Paleogene Periods, extension was dis-
tributed irregularly across the breadth of the Ross Sea. Since early Neogene, 
extension has focused near the sides of the rift, particularly in the western Ross 
Sea near the boundary between East and West Antarctica (Cooper et al., 1987a; 
Storey et al., 1992; Davey and Brancolini, 1995; Davey et al., 2000; Hamilton 
et al., 2001; Fielding et al., 2008b; Hall et al., 2008; Henrys et al., 2008; Nardini 
et al., 2009; Paulsen et al., 2014).

Cenozoic alkaline rocks emplaced on the flanks of the rift have trace ele
ment and isotopic characteristics similar to oceanic island basalts (OIB) (Kyle, 
1990; LeMasurier and Rex, 1991; Hole and LeMasurier, 1994; Weaver et al., 
1994; Hart et al., 1997; Tonarini et al., 1997). High amplitude magnetic anom-
alies indicate similar magmatic rocks are widespread beneath the Ross Ice 
Shelf and Ross Sea, with the total volume of syn-rift magmatic rocks esti-
mated to be comparable to many large igneous provinces (Behrendt et al., 
1994, 1996, 1997). The large volume and broad distribution of magmatic 
rocks emplaced during rifting and the similarities of their trace element abun-
dances to OIB have led some to postulate that a mantle plume or plumes 
underlay the WARS during all or some of the rifting episode (LeMasurier 
and Rex, 1991; Behrendt et al., 1994, 1996, 1997; Hole and LeMasurier, 1994; 
Weaver et al., 1994; Rocholl et al., 1995; LeMasurier and Landis, 1996; Storey 
et  al., 1999; Wörner, 1999; LeMasurier, 2006). This is consistent with rela-
tively low seismic velocities in the upper mantle beneath parts of the WARS 
(Danesi and Morelli, 2000; Sieminski et al., 2003; Morelli and Danesi, 2004; 
Lawrence et al., 2006a; Gupta et al., 2009; Accardo et al., 2014; Chaput et al., 
2014; Heeszel et al., 2016; O’Donnell et al., 2017). Others, however, have ar-
gued that trace element and isotopic trends in the magmatic rocks are more 
consistent with a metasomatized upper mantle source rather than an upwell-
ing hot mantle plume (Futa and LeMasurier, 1983; Weaver et al., 1994; Rocholl 
et al., 1995; Hart et al., 1997; Wörner, 1999; Panter et al., 2000; Rocchi et al., 
2002, 2005; Finn et al., 2005; Perinelli et al., 2006; Cooper et al., 2007; Nardini 
et al., 2009; Scott et al., 2014).

Seismic data provide images only of the modern state of the mantle 
and are unable to distinguish between hot versus compositionally altered 
mantle. Thus, the question of whether Mesozoic WARS rifting was associated 
with a mantle plume remains unresolved. An alternative constraint on the 
syn-rift mantle temperature is offered by geodynamic models, which have 
shown that the overall structural evolution of continental rifts are sensitive 
to the pre-rift thermal state of the lithosphere and upper mantle (Braun and 
Beaumont, 1987, 1989; Bassi, 1991; Buck, 1991; Hopper and Buck, 1993; Buck 
et al., 1999; van Wijk and Cloetingh, 2002). In this paper, we present a series 
of finite element models of rifting to investigate the range of lithosphere and 
upper mantle thermal conditions that are consistent with the mechanical 
evolution of the WARS. Specifically, we seek to place bounds on the thermal 
conditions that produce models that simulate an initial prolonged period of 

broad extension followed by a later period of more focused extension near 
the East Antarctica/West Antarctica boundary. We show that this mechanical 
behavior requires asthenosphere potential temperatures no greater than the 
global average.

GEOLOGY OF THE WEST ANTARCTIC RIFT SYSTEM

Geography and Tectonic Setting

From Late Paleozoic time to ca. 105 Ma, the region now occupied by the 
WARS lay on the overriding plate of a convergent margin between East Gond-
wana and the Phoenix Plate (Lawver et al., 1992; Lawver and Gahagan, 1994) 
(Fig. 2). The extensional tectonic setting and modern crust thickness in the 
Ross Sea (~20–22 km average—Trey et al., 1999; Chaput et al., 2014; Heeszel 
et al., 2016) suggest that the region had relatively thick crust (>35 km) prior 
to extension. This has led to the inference that, prior to extension, the WARS 
and neighboring Zealandia formed an elevated orogenic plateau behind the 
convergent margin that was similar in scale to the modern Andean Altiplano 
(Studinger et al., 2004; Bialas et al., 2007; Fitzgerald et al., 2008; Huerta, 2008; 
Wilson and Luyendyk, 2009; Wilson et al., 2012a). The presence of an elevated 
plateau is not universally accepted (e.g., Lisker and Laufer, 2013), but the pres-
ence of a thicker crust throughout most of the WARS prior to extension ap-
pears to be required if crust volume is conserved (or, as is more likely in the 
WARS, if crust volume slightly increased due to magmatic intrusion).

A brief period of back-arc extension occurred between 180 and 175 Ma, co-
incident with the early stages of the breakup of Gondwana and emplacement 
of the Ferrar magmatic rocks in an elongate belt parallel to the western margin 
of the rift (Elliot, 1992; Studinger et al., 2004; Ferraccioli et al., 2009). Widespread 
and persistent extension began ca. 105 Ma, when the Phoenix-Pacific spreading 
ridge collided with the East Gondwana margin (Storey et al., 1992; Davey and 
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of west antarctic Gondwana margin ca. 
110 Ma showing early collision of Phoenix/
Pacific spreading system with New Zea-
land. Red dashed line shows trend of 
incipient West Antarctic Rift. SA—South 
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Zealand. Major tectonic blocks compris-
ing West Antarctica are: AP—Antarctic 
Peninsula; E—Ellsworth Mountains; T—
Thurston Island block; MAD—Madagas-
car; MB—Marie Byrd Land. Modified after 
Fitzgerald (2002) and Torsvik et al. (2008).
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Brancolini, 1995; Luyendyk, 1995; Eagles, 2003; Eagles et al., 2004, 2009; Torsvik 
et al., 2008). Faults, mylonites, redbeds, and alkaline magmatic rocks indicate 
that broadly distributed extension continued throughout the WARS and Zea-
landia at least until New Zealand separated from Marie Byrd Land ca. 85 Ma 
(Lawver and Gahagan, 1994; Weaver et al., 1994; Luyendyk et al., 1996; Cande 
et al., 2000; Luyendyk et al., 2001; Larter et al., 2002; Luyendyk et al., 2003; Kula 
et al., 2007; Siddoway, 2008; Siddoway et al., 2004; Schwartz et al., 2016).

It is uncertain whether extension continued into the Paleogene, or if the 
latest Cretaceous through early Cenozoic was a period of tectonic quiescence 
(Cooper and Davey, 1985; Cooper et  al., 1991; Lawver and Gahagan, 1994; 
Davey and Brancolini, 1995; Fitzgerald, 2002). In either case, accumulations 
of thick faulted strata in the Ross Sea and magmatism on both flanks of the 
rift make it clear that extension was again (or still) under way in the Eocene 
(Cooper and Davey, 1985; Cooper et  al., 1991; Davey and Brancolini, 1995; 
Busetti et al., 1999; Davey et al., 2000). Seismic reflection profiles in the Ross 
Sea image four major N-S–striking fault bounded basins (from west to east, 
the Victoria Land Basin/Northern Basin, Central Trough, and Eastern Basin) 
that in composite form the broad WARS extensional province (Fig. 1). Drilling 
shows these basins to be filled with up to 14 km of strata ranging up to Middle 
Eocene in age, with un-drilled deeper strata on the seismic profiles inferred 
to be Paleocene or Late Cretaceous (Barrett et  al., 1987; Bartek et  al., 1996; 
Wilson et al., 1998, 2012b; Hamilton et al., 2001; Powell et al., 2001; Roberts 
et al., 2003; Barrett, 2007; Naish et al., 2007; Acton et al., 2008; Decesari et al., 
2008a; Fielding et  al., 2008a, 2008b). On the western margin of the WARS, 
Paleogene extension in the Victoria Land and Northern basins was coeval with 
and structurally linked to seafloor spreading in the Adare Trough to the north 
of the western Ross Sea between 43 and 26 Ma (Cande et al., 2000; Davey 
et al., 2006, 2016; Granot et al., 2010, 2013).

A Late Oligocene unconformity separates Paleogene and older syn-rift 
strata from Neogene strata in the Ross Sea (Barrett et al., 1987; Bartek et al., 
1996; Hamilton et al., 2001; Powell et al., 2001; Roberts et al., 2003; Barrett, 
2007; Naish et  al., 2007; Acton et  al., 2008; Decesari et  al., 2008a; Fielding 
et al., 2008a, 2008b; Wilson et al., 1998, 2012b). Strata below the unconformity 
thicken toward the basin axes, onlap the interbasin highs, and are faulted 
throughout the Ross Sea, indicating extension across the breadth of the WARS 
during Paleogene time. The Neogene strata dominantly record broad post-rift 
thermal subsidence, indicating an end of extension by Late Oligocene time 
across most of the WARS. Extension continued into the Neogene Period on the 
margins of the rift. On the western margin, the Terror Rift in the central Victoria 
Land Basin contains Miocene and younger strata that are much thicker than in 
the more easterly basins, and normal faults cut through the entire sedimentary 
sequence (Cooper and Davey, 1985; Cooper et al., 1987b, 1991; Trey et al., 1999; 
Hamilton et al., 2001; Müller et al., 2005; Fielding et al., 2008b; Hall et al., 2008; 
Henrys et al., 2008; LeMasurier, 2008). Neogene extension was accompa-
nied by a continuation of the alkalic magmatism in the western WARS/TAM re-
gion that began in the Paleogene Period, renewed alkalic magmatism in Marie 
Byrd Land (Hole and LeMasurier, 1994; Weaver et al., 1994; Tonarini et al., 1997; 

Mukasa and Dalziel, 2000; Rocchi et al., 2002; Nardini et al., 2009; Armienti 
and Perinelli, 2010), and a change from an extensional to transtensional stress 
regime (Wilson, 1995; Jones, 1996; Salvini et al., 1997; Müller et al., 2007; Ros-
setti et al., 2006; Paulsen and Wilson, 2009; Paulsen et al., 2014). The faults and 
ongoing alkaline magmatism show that extension in the Terror Rift continued 
at least until the Pleistocene Epoch, and may be ongoing today.

Structure of the Lithosphere and Upper Mantle

The crust thickness has been estimated from gravity data, surface wave 
tomography, and receiver functions. On the east flank of the rift, in Marie Byrd 
Land, the crust is 25–30 km thick (Winberry and Anandakrishnan, 2004; Chaput 
et al., 2014; O’Donnell and Nyblade, 2014; An et al., 2015). The thickness of the 
crust in the interior of the WARS is variable, ranging from 10 to 21 km in the 
Ross Sea basins, up to 24 km beneath the inter-basin highs, and as great as 
37 km in the un-extended Ellsworth Mountains block between the Ross Sea 
Embayment and Weddell Sea Embayment (Davey, 1981; McGinnis et al., 1985; 
Davey and Brancolini, 1995; Trey et al., 1999; von Frese et al., 1999; Bannister 
et al., 2000, 2003; Ritzwoller et al., 2001; Llubes et al., 2003; Ferraccioli et al., 
2011; Jordan et al., 2013, 2017; O’Donnell and Nyblade, 2014). On the west side 
of the rift, the crust thickness increases westward from 25 to 34 km near the 
Ross Sea coast (on the western flank of the Victoria Land Basin) to 35–40 km 
beneath the TAM. The crust within the interior of East Antarctica, outside of the 
WARS tectonic domain, ranges from 34 km near the South Pole to 40–60 km 
in the central East Antarctic craton (Behrendt and Cooper, 1991; Busetti et al., 
1999; Trey et al., 1999; Bannister et al., 2000; Ferraccioli et al., 2001; Ritzwoller 
et al., 2001; Bannister et al., 2003; Llubes et al., 2003; Winberry and Ananda-
krishnan, 2004; Lawrence, 2006b; Studinger et al., 2006; Hansen et al., 2009, 
2016, 2010; Pyle et al., 2010; Finotello et al., 2011; Chaput et al., 2014; An et al., 
2015; Graw et al., 2016).

Surface-, S-, and P-wave tomography shows the upper mantle beneath the 
WARS to have lower average seismic velocities than beneath East Antarctica 
(Danesi and Morelli, 2000; Ritzwoller et al., 2001; Sieminski et al., 2003; Morelli 
and Danesi, 2004; Winberry and Anandakrishnan, 2004; Lawrence et al., 2006a; 
Watson et al., 2006; Hansen et al., 2014; An et al., 2015; Heeszel et al., 2016; 
O’Donnell et al., 2017). No broad regional plume-like features are evident in 
the seismic velocity structure at wavelengths greater than 200 km, but nar-
rower low-velocity anomalies are present beneath Marie Byrd Land (extending 
to >400 km depth) and Ross Island (extending to ~200 km depth) (Danesi and 
Morelli, 2000; Sieminski et al., 2003; Morelli and Danesi, 2004; Watson et al., 
2006; Hansen et al., 2014). The Marie Byrd Land velocity anomaly is consis-
tent with a 200–300-km-wide plume sourced within or below the mantle tran-
sition zone (Hansen et al., 2014; Lloyd et al., 2015). The Ross Island anomaly 
is elongated northward and southward parallel to the TAM front, and extends 
inland 50–100 km from the coast (underlying the TAM) (Danesi and Morelli, 
2000; Morelli and Danesi, 2004; Lawrence et al., 2006b; Watson et al., 2006; 
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Gupta et al., 2009; Hansen et al., 2014). Fast uppermost mantle velocities are 
observed beneath the rift basins in the Ross Sea, consistent with their inferred 
pre-Neogene age (high velocities indicate post-rift cooling) (Lloyd et al., 2015). 
An exception is the Bentley Subglacial Trough in the eastern WARS, where 
slow upper mantle velocities indicate Neogene extension (Emry et al., 2015; 
Lloyd et al., 2015). Modern heat flux data are sparse and variable, with most 
data ranging from 70 to 115 mW m–2 within the WARS and adjacent regions 
near the Transantarctic Mountain Front (Blackman et al., 1987; Berg et al., 1989; 
Behrendt and Cooper, 1991; Vedova et  al., 1992; Busetti et  al., 1999; Bucker 
et al., 2001; Morin et al., 2010; Schroder et al., 2011).

A decrease in shear-wave velocities at the top of the asthenosphere indi-
cates that the lithosphere is ~80–100 km thick in the central WARS and 200–
220 km thick in East Antarctica (Roult et al., 1994; Morelli and Danesi, 2004; 
Lawrence et al., 2006a). The velocity structure beneath the TAM and the region 
bordering the East Antarctica coast of the Ross Sea is transitional between 
that of the stable, cool, and thick East Antarctic lithosphere and the warmer, 
thinner, and more recently tectonically active West Antarctic lithosphere. The 
relatively thin crust and low upper mantle seismic velocities that characterize 
the WARS extending inland ~50–100 km from the coast to beneath the central 
TAM (Bannister et al., 2003; Winberry and Anandakrishnan, 2004; Lawrence 
et al., 2006b; Watson et al., 2006).

Magmatic History of the WARS

In Marie Byrd Land, alkaline magmatism associated with extension be-
gan soon after the Pacific-Phoenix spreading ridge collided with the Mesozoic 
convergent margin ca. 100  Ma (Weaver et  al., 1994; Davey and Brancolini, 
1995; Mukasa and Dalziel, 2000). These early-rift alkaline rocks are enriched 
in less-compatible trace elements compared to mid-ocean ridge basalts 
(MORB), with Nd isotopic compositions indicating source enrichment between 
500 and 600 Ma, and trend toward more depleted trace element geochem-
ical signatures with decreasing age. Cenozoic alkalic magmatism occurred 
on both flanks of the rift, beginning ca. 48 Ma in Northern Victoria Land and 
ca. 30 Ma in Marie Byrd Land, and continuing into the present (LeMasurier 
and Rex, 1991; Hole and LeMasurier, 1994; Mukasa and Dalziel, 2000; Rocchi 
et al., 2002; Rilling et al., 2008; Nardini et al., 2009). The Late Cretaceous and 
Cenozoic mafic igneous rocks in the WARS region have trace element distri-
butions similar to those of ocean island basalts, being enriched in large ion 
lithophile elements compared to MORB. The broad distribution of syn-rift ig-
neous rocks and their geochemical attributes have led to the suggestion that a 
mantle plume, or multiple plumes, are responsible for syn-rift magmatism in 
the WARS, at least during the Cenozoic Era (LeMasurier and Rex, 1991; Esser 
et al., 2004; Hole and LeMasurier, 1994; Weaver et al., 1994; LeMasurier and 
Landis, 1996; LeMasurier, 2006, 2008). The argument for a modern plume or 
plumes is supported by aeromagnetic data that indicate up to 5 × 105 km3 of 
magmatic rocks of inferred Cretaceous or younger age beneath the Ross Sea 

and Ross Ice Shelf (Behrendt et al., 1994; Behrendt et al., 1996; Behrendt et al., 
1997), by seismic tomographic images showing narrow low velocity regions 
in the mantle (Sieminski et al., 2003; Hansen et al., 2014), and by uplift of the 
Marie Byrd Land Dome since Late Oligocene time (LeMasurier, 2006).

Rocchi et al. (2005) noted that, given the long duration of rifting, the rate 
of melt production is much less than in most large igneous provinces that 
have been associated with mantle plumes. Thus, a hot mantle plume is not 
necessary to explain the large volume of magmatic rocks within the WARS, 
although a long-lived fertile magma source would be required instead. Fur-
thermore, although a Cenozoic plume is advocated by many, it is not clear 
that a plume is required to explain Late Cretaceous magmatism. Decompres-
sion melting of lithospheric mantle that was metasomatically enriched during 
the long period of subduction prior to the Late Cretaceous Period has been 
proposed (Weaver et al., 1994; Panter et al., 2000, 2006; Rocchi et al., 2002, 
2005; Perinelli et al., 2006; Armienti and Perinelli, 2010; Aviado et al., 2015), as 
has melting of a heterogeneous asthenosphere containing pockets of fertile 
metasomatized material or fossil remnants of an older (pre-rift) mantle plume 
(Rocholl et al., 1995; Hart et al., 1997; Wörner, 1999; Finn et al., 2005; Cooper 
et al., 2007; Nardini et al., 2009), melting of rising asthenosphere beneath the 
subducted Phoenix-Pacific spreading system (Mukasa and Dalziel, 2000), and 
successive melting of a geochemically stratified mantle that includes depleted 
asthenosphere, enriched lithosphere, and fossil plume sources (Rocholl et al., 
1995; Wörner, 1999; Perinelli et al., 2006; Aviado et al., 2015).

PREVIOUS GEODYNAMIC MODELS OF RIFTING

Buck (1991) showed that extension of thick continental crust tends to fa-
vor formation of broad extensional provinces rather than narrow rift zones. 
The reasons for this are twofold. First, a thick crust leads to relatively high 
temperatures at the top of the mantle. High temperatures minimize lateral 
differences in strength, inhibiting strain localization that is required to initiate 
necking (formation of a narrow region of focused lithospheric thinning). Sec-
ond, with necking poorly developed, crustal thinning is distributed over a rela-
tively broad area and the rate of thinning is concomitantly low. As a result, the 
upper (lithospheric) mantle beneath the thinning crust has time to cool during 
extension, becoming stronger and promoting a shift in extension to adjacent 
regions. The continuously and perhaps progressively shifting loci of extension 
combine to produce a broad extensional province (Harry et al., 1993; Hopper 
and Buck, 1996; van Wijk and Cloetingh, 2002). In contrast, a relatively thin 
crust leads to a relatively cool upper mantle. At cool upper mantle tempera-
tures, structurally or compositionally induced lateral variations in strength in 
the uppermost mantle become relatively pronounced. Small variations in, for 
example, crust thickness, lead to localization of strain. With extension localized 
in a narrow area, crustal thinning progresses rapidly. This inhibits cooling and 
strengthening of the upper mantle, causing deformation to remain localized 
and promoting formation of a narrow rift.
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Extrapolating these model behaviors to the pre-rift WARS provides an 
understanding of the Late Cretaceous through late Paleogene period of 
broadly distributed extension throughout the WARS. Toward this end, Bialas 
et al. (2007) explored a series of finite element models to simulate the Creta-
ceous phase of broad extensional collapse of a postulated WARS orogenic pla-
teau. Their models, which have a relatively thick pre-rift crust in West Antarctica 
(55 km) compared to East Antarctica (32 km), show that a necessary condition 
for broad rifting is a relatively warm uppermost mantle, with temperatures at 
the base of the crust >675 °C. At lower temperatures, a narrow rift behavior 
emerges in their models. Conversely, in order to retain high elevations in the 
Transantarctic Mountains, which they model as a stranded remnant of the col-
lapsed Mesozoic plateau, uppermost mantle temperatures prior to rifting must 
be below ~850 °C. At higher temperatures, the lower crust beneath the Trans
antarctic Mountains becomes weak and flows laterally, preventing formation 
of an isostatic root beneath the mountains and inhibiting formation of the 
Transantarctic Mountain uplift.

Van Wijk et al. (2008) also examined a plateau collapse model, focusing 
on extension at the boundary between the stable East Antarctica craton and 
the postulated West Antarctica orogenic plateau. Like the Bialas et al. model, 
these models require a moderately warm temperature at the base of the crust 
(~750 °C) to produce wide rifting in the WARS. Also like the Bialas et al. mod-
els, their models show that the Transantarctic Mountains uplift may form as 
a remnant edge of the collapsed orogenic plateau, with the tectonic bound-
ary between East and West Antarctica playing a key role in controlling the 
positions of rift localization in the Victoria Land Basin and the Transantarctic 
Mountains uplift.

Huerta and Harry (2007) developed a series of finite element models to in-
vestigate the cause of the transition from a broad extensional province in Late 
Cretaceous through Late Oligocene time to focused rifting within the Victoria 
Land Basin during Neogene time. In these models, West Antarctica prior to rift-
ing is represented with a relatively thick crust but thin lithosphere in compari-
son to East Antarctica. These models show that the transition from a prolonged 
period of Cretaceous through Paleogene broad rifting to focused rifting during 
Neogene time may be a result of the thermal evolution of the WARS litho-
sphere and its pre-rift mechanical and thermal structure rather than a result 
of changes in plate boundary forces or basal boundary conditions. The thick 
crust beneath West Antarctica is the weakest part of the system prior to rifting, 
and so begins to extend first, forming the broad WARS extensional province. 
Cooling of the mantle during rifting strengthens the lithosphere. Eventually, 
the interior of the extending WARS becomes stronger than the unextended 
(and initially stronger) region between the WARS and the East Antarctic cra-
ton. The locus of extension then shifts westward, into the relatively narrow 
region where the lithosphere transitions between East and West Antarctica. 
Consistent with the results of Bialas et al. (2007) and van Wijk et al. (2008), 
the models of Huerta and Harry (2007) require temperatures at the base of the 
crust ranging from 680 to 780 °C in order to reproduce the tectonic evolution 
of the WARS. At lower temperatures, a narrow rift develops early, precluding 

formation of the broad region of extension in the Ross Embayment. At higher 
temperatures, extension never localizes to form a narrow Neogene rift at the 
boundary between East and West Antarctica.

NEW MODEL CONSTRAINTS ON THE THERMAL 
EVOLUTION OF THE WARS

Purpose

The geodynamic models described above suggest that the evolution of the 
West Antarctic Rift System was sensitive to the pre-rift thermal state of the lith-
osphere. Here, we expand on the previous modeling studies to examine a 
larger parameter space in order to determine whether WARS-like rift behavior 
(the transition from broad extension to narrow rifting near the boundary be-
tween East and West Antarctica) can be achieved in models with plume-like 
mantle temperatures. The models shown here complement those of Huerta 
and Harry (2007) by examining a broader range of pre-rift temperature condi-
tions in the lithosphere and asthenosphere and a broader range of thicknesses 
for the pre-rift WARS crust. We show that the transition from broad to focused 
rifting is a robust model behavior over a broad range of initial geometrical and 
thermal conditions. The position at which the narrow rift ultimately forms de-
pends strongly on the initial thermal state of the lithosphere and upper mantle.

Model Setup and Variables

The modeling method is described in detail by Huerta and Harry (2007). 
The finite element method is used to solve the Stoke’s equation to simulate in-
compressible viscoplastic flow in a rheologically layered lithosphere (Dunbar 
and Sawyer, 1989). The heat equation, including radiogenic heat production in 
the crust, is solved to track the thermal evolution of the model. Ductile defor-
mation obeys a power law creep rheology that is dependent upon temperature 
and strain rate:

	 ε σ= −A en
Q

RT
c

,	 (1)

where A, n, and Qc are physical properties depending on the lithology, T is tem-
perature, and R is the Universal Gas Constant (Carter and Tsenn, 1987; Ranalli 
and Murphy, 1987). Flow laws for dunite and diorite are used for the crust and 
mantle, respectively. Plastic yielding at high stress is simulated by imposing a 
depth-dependent maximum stress according to Byerlee’s law:

	 σmax = +C C PL0 1 ,	 (2)

where PL is lithostatic pressure, C0 is the unconfined rock strength, and C1 is 
a physical constant. Rheological and physical properties used in the models 
are given in Table 1. Constant extension rate and zero heat flux boundary con-
ditions are applied at the sides of the models. Lithostatic stress and constant 
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temperature boundary conditions are applied at the base of the model. The 
models are started in thermal equilibrium.

The model setup is identical to that used by Huerta and Harry (2007) 
(Fig. 3). The East Antarctica structure is the same in all models, with a 39-km-
thick crust and 180-km-thick lithosphere. West Antarctica has a thicker crust 
and thinner lithosphere prior to rifting (the thickness of both is varied between 
models). The eastern (Marie Byrd Land) side of the rift is not modeled. The 
thickness of the crust is tapered linearly across a 60-km-wide transition zone 
between East and West Antarctica. The base of the lithosphere is defined by 
an isotherm, with the temperature being a model variable. The depth of the 
isotherm, defining the pre-rift thickness of the lithosphere, is 180 km in East 
Antarctica and is a model variable in West Antarctica. The lithosphere thick-
ness is tapered linearly across a 150-km-wide transition zone between the East 
and West Antarctica portions of the model. The edges of the regions of transi-
tional crust and lithosphere thicknesses coincide on the West Antarctica side 
of the models, such that the transitional lithosphere extends further beneath 
the East Antarctic craton than the transitional crust. Assuming the lithosphere 
is in thermal equilibrium with the underlying mantle (not modeled), the initial 
temperature at the base of the model corresponds to the mantle potential tem-
perature when adiabatically corrected to surface pressure.

Key parameters that were varied between different simulations are the 
thickness of the pre-rift WARS crust and lithosphere (ranging from 40 to 
55 km and 150–200 km, respectively), the amount of heat generation in the 
crust (the product of the thickness of the heat producing layer and the rate 
of heat production, ranging from 37 to 93 mW m–2), and the asthenosphere 
potential temperature Tp (the adiabatically corrected boundary condition at 
the bottom of the model) (Table 2). Model Tp ranges from 1240 °C (slightly 

cooler than the global average) to 1367 °C (within the range suggested for 
a modest mantle plume). The model thermal properties combine to result 
in an initial mantle heat flux in West Antarctica ranging from 10 to 32 mW 
m–2. The mesh geometry and time step size were chosen by testing selected 
models with progressively finer discretizations until successive models pro-
duced deformed meshes with a global root mean square difference in node 
positions at 50 m.y. of less than 100 m. The finer of the two discretizations in 
the model pair passing this test was used for all models. Additional model 
suites were examined (not shown here) to investigate the effects of varying 
the amount of heat generation in the East Antarctica lithosphere, the thick-
ness of the East Antarctica lithosphere, the extension rate, and the widths of 
the regions in which the crust and lithosphere are tapered between East and 
West Antarctica. These parameters were found to affect the timing at which a 
lithospheric neck forms (marking the onset of narrow rifting development in 
the model), but they do not determine whether and where a lithospheric neck 
forms. All simulations were terminated when the crust in the necking region 
was thinned to less than 5 km.

RESULTS

Extensional Styles and Space-Time Trends

In all of the models, West Antarctica is laterally homogeneous and is ini-
tially weak in comparison to East Antarctica due to its thicker crust and warmer 
geotherm. Consequently, extension is initially broadly distributed throughout 
the WARS in all models. As extension progresses, the lithosphere is subject to 

TABLE 1. MODEL PARAMETERS

Thermal parameters WARS crust EA crust Mantle

Thermal conductivity, W m–1 °C–1 2.5 2.5 3.4
Specific heat, J kg–1 °C–1 875 875 1250
Coefficient of thermal expansion, °C–1 3.1 × 10–5 3.1 × 10–5 3.1 × 10–5

Rheologic parameters Crust Mantle

Viscous rheology*

A, s–1 Pa–n 5 × 10–18 4 × 10–25

Q, kJ mol–1 219 498
n 2.4 4.5
ρ, kg m–3 2850 3300

Plastic rheology†

S, MPa 60 60
B, MPa km–1 11 11

Note: WARS—West Antarctic Rift System; EA—East Antarctica.
*σ = [ε/A] 1/neQ/nRT

†σ = S + Bz
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the competing processes discussed previously: thinning, which mechanically 
weakens the lithosphere by decreasing the cross sectional area over which 
extensional stress is distributed; and cooling, which strengthens the litho-
sphere by increasing the strength of the ductile portion of the lithosphere (es-
pecially the uppermost mantle). These competing effects control the long-term 
behavior of the model, particularly where and when a lithospheric neck devel-
ops and whether the neck evolves into a narrow rift or whether it strengthens 
and is abandoned.

The models are differentiated into three classes on the basis of their neck-
ing behavior (Fig. 4). As noted above, all of the models begin with an initial 
period during which extension is distributed across the breadth of the pre-
existing region of thicker crust in West Antarctica. Class 1 models continue 
in this way for more than 80 m.y., forming a broad extensional province that 

lacks a defined rift axis or lithospheric neck (Fig. 4A). With continued exten-
sion, Class 1 models ultimately develop a lithospheric neck at the edge of the 
model furthest from East Antarctica (Fig. 4B). Experimentation with wider 
models (additional columns added to the West Antarctica edge of the model) 
shows this to be a robust behavior. Wider Class 1 models take longer to neck, 
but all of them ultimately neck at the edge of the model furthest from East 
Antarctica. In Class 2 and Class 3 models, the initial period of broad extension 
lasts only 20–60 m.y., and is followed by a period of more focused lithospheric 
necking and formation of a narrow rift axis within the interior of the model. 
In Class 2 models, the neck forms within the interior of the broad extensional 
province (the region of initially thickest crust), resulting in a narrow central 
rift flanked by wide areas of previously extended crust (Fig. 4C). In Class 3 
models, the neck forms at the western edge of the extensional province, in the 
region where the crust and lithosphere thicknesses were transitional between 
East and West Antarctica prior to rifting, and in a position coinciding with the 
modern location of the Victoria Land Basin (Fig. 4D). Class 3 models resemble 
the tectonic evolution of the WARS.

The models all have similar starting geometry and extension rate, with the 
primary differences being the pre-rift thicknesses of the West Antarctica crust 
and lithosphere, the temperature at the base of the lithosphere, and the rate of 
heat production and thickness of the heat producing layer in the West Antarc
tica crust. These variables control the pre-rift thermal state of the model litho-
sphere, which we characterize with the key parameters Tp (the mantle potential 
temperature, which is the temperature at the base of the lithosphere adiabat-
ically corrected to surface pressure) and Tm (the temperature at the top of the 
mantle, which depends on Tp, and the rate and distribution of heat produc-
tion in the crust). The models define a triangular shaped array in pre-rift Tp-Tm 
space (Fig. 5). The top (high Tm) boundary of the array results from limiting the 
models to those with lower crust temperatures below the solidus (~900 °C). 
The left and right boundaries of the array have positive slopes because in-
creasing Tp leads to higher Tm, in general. Models outside these boundaries 
require that net crustal heat production be either unrealistically low (high Tp 
boundary) or unrealistically high (low Tp boundary), given the range of Tp ex-
amined here (discussed above). In this study we did not examine models with 
Tm <650  °C. Huerta and Harry (2007) found that models occupying this por-
tion of the parameter space develop necks at the edge of the model furthest 
from East Antarctica (similar to the Class 1 models shown here) within the first 
20–40 m.y. after the onset of extension (their class iii models).
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Figure 3. Finite element model mesh prior to extension. All models discussed in the text have 
similar starting geometry. The East Antarctica crust is 39 km thick in all models, and the pre-
rift lithosphere is always thicker and the crust thinner in East Antarctica than in West Antarc-
tica. The thicknesses of the crust and lithosphere are tapered over overlapping 60-km-wide 
and 150-km-wide transitional regions beginning 1050 km from the left (East Antarctica) edge 
of the model. Geometrical parameters varied between models are the thicknesses of the West 
Antarctica lithosphere (105–200 km) and West Antarctica crust (40–55 km). Thermal parame-
ters varied between models are the temperature at the base of the lithosphere (ranging from 
1300 to 1400 °C, equating to a mantle potential temperature ranging from 1240 to 1367 °C), the 
thickness of the radiogenic layer within the crust (30–45 km), and the volumetric crustal heat 
production rate (1.4–3.1 × 10–6 mW m–3). A constant extension rate of 7 mm yr–1 is applied at the 
West Antarctica edge of the model (arrow) and lithostatic and adiabatic boundary conditions are 
applied at the bottom. Representative yield stress curves are shown for East Antarctica (lower 
left) and West Antarctica (lower right) prior to extension assuming a nominal strain rate of 10–15 
s–1 and the temperature profile shown at bottom center. V.E.—vertical exaggeration.

TABLE 2. MODEL VARIABLES

Variable Range of investigation

Mantle potential temperature 1240–1380 °C
WARS crust heat generation 37–93 mW m–2

WARS pre-rift crust thickness 40–55 km
WARS pre-rift lithosphere thickness 105–200 km

Note: WARS—West Antarctic Rift System.
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Different necking behaviors over time are associated with specific areas 
in the model Tp-Tm parameter space (Fig. 5). Overlap between these regions 
is relatively minor, and is due to small variations in the pre-rift thickness of 
the crust, the volumetric rate of heat production, and the thickness of the 
heat producing layer. All of the models have broadly distributed extension 
during the first ca. 20 m.y., and transition from broad to focused rifting within 
120 m.y. The time at which the rift neck forms differs between the various 
model classes. Necks first appear in Class 2 and 3 models 20 m.y. after the on-
set of extension. Most develop lithospheric necks within 60 m.y., and all mod-
els displaying these types of necking behaviors develop necks within 80 m.y. 

after the onset of extension. In contrast, the Class 1 models do not begin to 
develop necks until 100 m.y. after the onset of extension. The Class 3 models 
that develop necks earliest have relatively low temperatures at the base of 
the crust (Tm <780 °C) and base of the lithosphere (Tp <1300 °C) and relatively 
low surface heat flux (Qs <75 mW m–2, not shown). The Class 2 models that 
develop necks earliest lie at nearly the opposite end of the model parameter 
space from Class 3 models, with moderately high mantle potential tempera-
tures (Tp >1300 °C), high temperatures at the base of the crust (Tm >850 °C), 
and higher surface heat flow (Qs >77 mW m–2). Class 1 models occupy the 
intervening parameter space.
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B

Figure 4. Finite element model behaviors. (A) All models begin with a simi-
lar geometry, differing in initial thermal state and the thickness of the West 
Antarctica crust and mantle. (B) Class 1 models (dominant behavior)—defor
mation is uniformly distributed throughout West Antarctica, forming a 
broad extensional province lasting for ca. 100 m.y. (C) Class 1 models (late 
behavior)—continued extension leads to abrupt formation of a lithospheric 
neck and narrow rift at the edge of the model furthest from East Antarctica. 
(D) Class 2 models (late behavior)—a lithospheric neck develops within the 
interior of West Antarctica after an initial period of broad extension in West 
Antarctica. (E) Class 3 models (late behavior)—a lithospheric neck develops 
near the East Antarctica/West Antarctica boundary after a period of broad 
extension in West Antarctica. Crossed bars indicate the edges of the transi-
tion zone between cratonic East Antarctica and the thermally more juvenile 
lithosphere of West Antarctica.
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Figure 5. Model behavior as a function of temperature at the base of the crust 
(Tm) and asthenosphere potential temperature (Tp) at intervals of 20 m.y. after 
the onset of extension. Symbols indicate the style of extension of each model 
at the times noted: uniform broad extension throughout West Antarctic Rift 
System (WARS) (gray squares), necking at the edge of the model (red aster-
isks), necking within the WARS interior (blue crosses), necking within the 
transition zone between East and West Antarctica (green crosses). Model 
parameter space is bounded by regions requiring unrealistically low crustal 
heat production (Qc) if a given Tm is to be maintained at higher Tp (right bound-
ary), unrealistically high Qc if a higher Tm is to be achieved with a given Tp (left 
boundary), and lower crust temperatures approaching the solidus (top bound-
ary). Overlap between model behaviors within the parameter space results 
primarily from differences in how heat generation in the crust is partitioned 
between volumetric heat production and the thickness of the heat producing 
layer. Dashed box indicates parameter space occupied by class iii models of 
Huerta and Harry (2007) that developed necks at the West Antarctica edge 
of the model within 40 m.y. after the onset of extension. The style of extension 
at 120 m.y. is used to define the model classes discussed in the text.
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Model Class 1—Broad Extension within the WARS 
Culminating in Neck at Edge of Model

In Class 1 models, deformation is broadly distributed across West Antarc-
tica for ca. 80 m.y. or more before focusing at the edge of the model (Fig. 6; 
Supplemental Animation 11). All of the Class 1 models have relatively high 
temperatures at the top of the mantle (Tm >780 °C) (Fig. 5). In some models this 
is due to relatively high asthenosphere temperatures and/or a thin lithosphere, 

whereas in other models this is due to relatively high heat production in the 
crust. The warm upper mantle results in a substantially weaker pre-rift West 
Antarctica lithosphere in comparison to East Antarctica, causing broad exten-
sion throughout the WARS and in the transition zone between the WARS and 
East Antarctica during the early stages of extension.

In the following, we discuss the behavior of the Class 1 model shown in Fig-
ure 6 in the context of feedbacks between changes in the thickness of the crust 
(and the stretching factor β, which is the ratio of crust thickness before and af-
ter extension), the temperature of the uppermost mantle, and the net strength 
of the lithosphere as a function of time (t) and horizontal position (x). The net 
strength of the lithosphere is calculated at each time and each horizontal posi-
tion in the model by integrating the yield stress over the thickness of the lith-
osphere. The yield stress as a function of depth is computed using the model 
thermal and rheological structures and assuming a constant strain rate of 10–15 
s–1. We focus specifically on the evolution of the model at six locations: position 
PWAE, at the West Antarctica edge of the model; PWAI, near the center of the ex-
tending WARS province; PTZW, at the West Antarctica edge of the region where 
the pre-rift crust and lithosphere thicknesses are transitional between East and 
West Antarctica (hereafter referred to as the transitional region or transitional 
lithosphere); PTZI, in the interior of the region of transitional lithosphere; PTZE, 
at the East Antarctica edge of the region of transitional lithosphere; and PEAI, in 
the interior of East Antarctica.

The strength of the lithosphere in West Antarctic resides primarily within 
the crust during the first ca. 50 m.y. of extension (Fig. 7A, 7B). As extension pro-
gresses, the uppermost mantle cools and becomes progressively stronger, be-
coming the strongest part of the WARS lithosphere by 70 m.y. The net strength 
of the WARS lithosphere decreases during this time (Fig. 7G), indicating that 
mechanical weakening due to thinning of the lithosphere dominates over ther-
mal strengthening due to cooling in the WARS. The uppermost mantle in the 
transitional region between East and West Antarctica is initially moderately 
stronger than in West Antarctica (and becomes progressively stronger from 
east to west) (Figs. 7C, 7D). The mantle becomes stronger with time in this 
region (due to cooling), as in the WARS, but the lithosphere undergoes less 
thinning (because the transitional region has greater strength than West Ant-
arctica). As a consequence, the net strength of the lithosphere within the transi-
tional region increases with time (Fig. 7G). The uppermost mantle in East Ant-
arctica is initially much stronger than in West Antarctica and in the transitional 
region, resulting in a much larger net strength (Figs. 7E, 7F). Consequently, East 
Antarctic undergoes little extension and retains its pre-rift thermal structure and 
strength throughout the duration of the model simulation (Fig. 7G).

Extension and crustal thinning are uniformly distributed across the breadth 
of West Antarctica during the first 70 m.y. of extension, forming a broad ex-
tensional province analogous to the WARS (Figs. 6, 8A, and 8B, note parallel 
contours showing similar amounts of thinning over the breadth of the West 
Antarctica portion of the model and the nearly parallel trajectories of the West 
Antarctica reference positions PWAE and PWAI indicating similar amounts and 
rates of thinning at different positions within the WARS). Thinning in this 
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100 m.y.
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500 km
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Strain Rate10–15 10–11 s–1
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Figure 6. Typical Class 1 model showing second invariant of the strain rate. 
Black lines indicate finite element mesh. Squares at top of mesh indicate refer-
ence positions shown in Figures 7 and 8. From left to right: PEAI, PTZE, PTZI, PTZW, 
PWAI, and PWAE. Moderately high strain rate is broadly distributed throughout 
West Antarctica for the first 100 m.y. of extension. By 120 m.y. extension has 
become strongly focused within a narrow rift at the edge of the model furthest 
from East Antarctica. Minor extensional strain extending into the East Antarc-
tica crust during the first 75 m.y. in this model is decoupled from the under
lying unstrained mantle by a detachment at the base of the crust (narrow 
layer of high strain rates). High strain rates at the base of the lithosphere near 
the center of the model result from flow of the lowermost lithosphere mantle, 
away from the transitional lithosphere separating East and West Antarctica 
and into the extending West Antarctic Rift System region. The simulation was 
terminated at 120 m.y. when the crust in the necking region had thinned to 
less than 5 km. See Supplemental Animation 1 [text footnote 1].

1Supplemental Animations 1–3. Class 1, Class 2, and 
Class 3 models. Please visit https://​doi​.org​/10​.1130​
/GES01594​.S1 or access the full-text article on www​
.gsapubs​.org to view the Supplemental Animations.
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region is relatively rapid during the first 20 m.y. and becomes progressively 
slower between 20 and 70 m.y. as the WARS widens (Fig. 8A, note closely 
spaced crust thickness contours prior to 20 m.y. and increasingly wider spac-
ing afterward). Rapid thinning (promoting mechanical weakening) and min-
imal cooling (inhibiting thermal strengthening, Fig. 8C) combine to result in 
a decrease in the strength of the WARS lithosphere during the first 20 m.y. of 
extension (Fig. 8D, note PWAE and PWAI trajectories crossing lithosphere strength 
contours). The strength of the lithosphere in most of the WARS region is rela-
tively constant between 20 and 70 m.y., indicating that mechanical weakening 
due to thinning of the WARS lithosphere during this time is approximately 
balanced by thermal strengthening as the uppermost mantle cools.

The uppermost mantle in the westernmost WARS is cooler than in the inte-
rior of the WARS during the first 20 m.y. of extension (Fig. 8C, note small west-
ward decrease in upper mantle temperature between reference positions PWAI 
and PTZW). This is due to its proximity to the cooler East Antarctica lithosphere. 
Because it is initially cooler (and hence stronger) than the rest of the WARS 
(Figs. 8C, 8D), the part of West Antarctica adjacent to the transitional litho-
sphere undergoes less extension. This forms a narrow region of anomalously 
thick crust in the western WARS that becomes progressively more pronounced 
between 20 and 70 m.y. (Fig. 8A, between reference positions PWAI and PTZW).

The western part of the transitional region differs from East Antarctica only 
in that the depth to the bottom of the model lithosphere (defined by the mod-
el’s basal isotherm) decreases eastward, resulting in sharp horizontal gradients 
in mantle temperature and lithospheric strength prior to extension (Figs. 8C, 
8D). This area evolves similarly to East Antarctica, undergoing little thinning 
and thus retaining close to its pre-rift thermal structure and strength (Figs. 7 
and 8G, note trajectories of reference positions PTZI and PTZE). The eastern part 
of the transitional region is an area where the pre-rift thickness of both the 
crust and lithosphere change (the lithosphere thickness decreasing eastward 
as the crust thickness increases). This results in correspondingly sharp hori-
zontal gradients in the uppermost mantle temperature, net strength of the lith-
osphere, and amount of crustal stretching in this region (Figs. 8B–8D). The cen-
tral part of the region of transitional lithosphere, positioned between initially 
cooler East Antarctica and extending and cooling West Antarctica, becomes 
the warmest part of the upper mantle after ca. 2 m.y. (Fig. 8C).

The difference in the amount of stretching between the eastern and west-
ern WARS creates a gradient in the net strength of the lithosphere that dom-
inates the model behavior after 70  m.y. (Fig. 8D). The strength gradient (a 
result of the initial temperature gradient caused by juxtaposition of West Ant-
arctica against cooler East Antarctica) promotes more rapid extension toward 
the eastern edge of the model. This, in turn, leads to more rapid mechanical 
weakening, causing extension to become progressively more focused toward 
the West Antarctica edge of the model (Fig. 8A, note trajectories of reference 
positions PTZW and PWAI become parallel to crust thickness and β contours, in-
dicating a cessation of thinning in these areas, at successively later times after 
70 m.y.). The western WARS and the region of transitional lithosphere cool and 
strengthen slightly as extension wanes in these areas (Figs. 8C, 8D).
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The behavior described above is common to all Class 1 models. The tem-
perature difference between East and West Antarctica results in an initial period 
of uniform broad extension in the WARS region. A temperature gradient in the 
upper mantle across the WARS, caused by its juxtaposition against cooler East 
Antarctica on one side, produces a horizontal strength gradient that ultimately 
leads to progressive focusing of extension at the West Antarctica edge of the 
model. The timing of the transition from broadly distributed extension to pro-
gressively more focused extension varies between Class 1 models depending 
on the initial temperature difference between East and West Antarctica, the 
initial thickness of the West Antarctica crust and lithosphere, and the steepness 
of the crust and lithosphere thickness gradients in the transitional lithosphere 
between East and West Antarctica.

Model Class 2—Necking within the Interior of West Antarctica

Class 2 models initially behave similarly to the Class 1 models, beginning 
with a period of broadly distributed extension that is followed by a transition 
to narrow rifting (Fig. 9; Supplemental Animation 2 [footnote 1]). In Class 2 
models, the lithospheric neck develops within the interior of West Antarctica, 

in the central part of the region of thickened crust, rather than near the model 
edge as in the Class 1 models.

The East Antarctica lithosphere is much cooler in the Class 2 models than 
in the Class 1 models, and the West Antarctica lithosphere is warmer and thus 
weaker. As a result, the strength gradient across the region of transitional lith-
osphere and the difference in net strength of the lithosphere between East and 
West Antarctica is much more pronounced (Figs. 10, 11C and 11D). As in the 
Class 1 models, the upper mantle at the western edge of the model is initially 
weak, and becomes stronger with time (Fig. 10A). The upper mantle in the cen-
tral WARS also is initially weak, but unlike the Class 1 models and the western 
edge of the Class 2 models, the central WARS upper mantle remains relatively 
weak throughout the duration of the model simulation (Fig. 10B). The transi-
tional lithosphere, like the East Antarctic lithosphere, has a relatively strong 
upper mantle in comparison to West Antarctica (Figs. 10C, 10D) and is thus 
minimally involved during extension (Figs. 11A, 11B). Consequently, it retains 
nearly its initial thermal and strength structure throughout the duration of the 
model simulation (Figs. 10G, 11C, and 11D).

The period of broadly distributed extension in the Class 2 models evolves 
similarly to the Class 1 models, beginning with a ca. 15 m.y. (in the model 
shown here) period of rapid thinning of the lithosphere that is accompanied by 
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Figure 8. Typical Class 1 model thermal 
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in Figure 6. (A) Thickness of the crust. 
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the top of the mantle. (D) Net strength of 
the lithosphere. Solid red lines show po-
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minimal cooling (Fig. 11). The net strength of the WARS lithosphere decreases 
slightly during this time (Fig. 11D). This period of syn-extensional weakening of 
the WARS lithosphere is followed by a period of decelerating cooling between 
15 and 40 m.y. as the rate of thinning in the WARS decreases (Fig. 10C, note 
change in contour spacing after 15 m.y.).

Focusing of strain during the later stages of extension in the Class 2 models 
is due to the same processes as in the Class 1 models. Horizontal temperature 
and strength gradients develop in the Class 2 models as a result of juxtapo-
sition of the warm West Antarctica lithosphere against cooler East Antarctica 
(Figs. 11C, 11D). This promotes progressive focusing of extension toward the 
east, away from the cooler and stronger part of the WARS that is adjacent to 
East Antarctica, beginning ca. 40 m.y. (Figs. 11A, 11B). The primary difference 
between Class 1 and Class 2 models is that thermal strengthening dominates 
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60 m.y.

78 m.y.

Class 2
500 km

15
0 

km

Strain Rate10–15 10–11 s–1

East Antarctica West Antarctica

Figure 9. Typical Class 2 model showing second invariant of the strain rate. 
Black lines indicate finite element mesh. Squares at top of mesh indicate ref-
erence positions shown in Figures 10 and 11. From left to right: PEAI, PTZE, PTZI, 
PTZW, PWAI, and PWAE. Moderately high strain rate is initially broadly distributed 
throughout West Antarctica. Extension becomes more focused and a narrow 
rift develops within the interior of West Antarctica after 60 m.y. High strain 
rates at the base of the lithosphere near the center of the model result from 
flow of the lowermost lithosphere mantle into the extending West Antarctic 
Rift System region and away from the region of transitional lithosphere sep-
arating East and West Antarctica. The simulation was terminated at 78 m.y. 
when the crust in the necking region had thinned to less than 5 km. See 
animation in Supplemental Animation 2 [text footnote 1].
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at the eastern edge of the rift in the Class 2 models, whereas mechanical weak-
ening dominates in the Class 1 models. In Class 2 models, the eastern edge of 
the model is able to cool sufficiently during extension to eventually become 
stronger than the less extended interior part of the WARS (at ca. 40 m.y. in 
the model shown here). This is because the crustal heat production is greater 
in the Class 2 models, and so thinning of the crust has a greater impact on 
the upper mantle temperature. As the lithosphere becomes dynamically (ther-
mally) strengthened at the edge of the model and in the western WARS, de-
formation becomes constrained to the interior of the WARS. Because strain is 
focused in a relatively narrow region, lithosphere thinning is relatively rapid, 
permitting only minimal cooling. This further (mechanically) weakens the lith-
osphere (Fig. 10G) and leads progressively to formation of a lithospheric neck 
and narrow rift axis in the central WARS.

Model Class 3—Necking near the East Antarctica/
West Antarctica Boundary

As in the Class 1 and Class 2 models, the Class 3 models initially undergo 
a period of broadly distributed extension followed by a transition to more 
focused extension and ultimately formation of a narrow lithospheric neck 

(Fig. 12; Supplemental Animation 3 [footnote 1]). In Class 3 models, the litho-
spheric neck forms within the transition zone between East and West Ant-
arctica. Class 3 models correspond to the class i models of Huerta and Harry 
(2007), and most closely resemble the evolution of the WARS, where broad ex-
tension was followed by narrow rifting near the East Antarctic flank of the rift.

The strength of the lithosphere in the Class 3 models evolves similarly to 
the Class 1 models. The upper mantle is initially weak beneath West Antarctica 
and begins to strengthen ca. 30 m.y. (in the model shown here) after extension 
begins (Figs. 13A, 13B). Unlike the class 1 models, the West Antarctica litho-
sphere is initially too thick to result in substantial mechanical weakening in this 
region. Thermal strengthening of the lithosphere dominates over mechanical 
weakening, and the net strength of the WARS lithosphere increases with time 
(Fig. 13G, positions PWAE and PWAI). The strength of the upper mantle changes 
significantly across the region of transitional lithosphere (Figs. 13C–13E). The 
upper mantle in the eastern part of the transitional region is initially weak, and 
strengthens with time, although not as much as in the WARS. The strength of 
the upper mantle in the western part of the transitional region lies between that 
of the eastern transitional region and East Antarctica, and strengthens only 
slightly with time. Thinning of the lithosphere and crust is more pronounced 
in the eastern transitional region in the Class 3 models than in the Class 1 and 
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Figure 11. Typical Class 2 model thermal 
and mechanical evolution. Model is shown 
in Figure 9. (A) Thickness of the crust. 
(B) Stretching factor β. (C) Temperature at 
the top of the mantle. (D) Net strength of 
the lithosphere. Solid red lines show po-
sitions through time of reference points 
located at the West Antarctica edge of the 
model (PWAE), within the interior of West 
Antarctica (PWAI), in the middle of the region 
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Class 2 models. As a result, mechanical weakening outpaces thermal strength-
ening, causing the net strength of the lithosphere in the transitional region to 
decrease with time in Class 3 models (Fig. 13, position PTZI). The upper mantle 
and net strength of the East Antarctica lithosphere is strong at the onset of 
extension, due to the relatively thick and cool lithosphere in Class 3 models, 
and is little affected by extension (Figs. 13E–13G).

The initial period of broad rifting in the Class 3 models evolves similarly to 
the other models, with an early phase of rapid thinning and mechanical weak-
ening of the lithosphere that involves minimal cooling (Fig. 14, between 0 and 
10 m.y. in the model shown). This is followed by progressively decelerating 
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40 m.y.

60 m.y.

64 m.y.

Class 3
500 km

15
0 

km

Strain Rate10–15 10–11 s–1

East Antarctica West Antarctica

Figure 12. Typical Class 3 model showing second invariant of the strain rate. 
Black lines indicate finite element mesh. Squares at top of mesh indicate ref-
erence positions shown in Figures 13 and 14. From left to right: PEAI, PTZE, PTZI, 
PTZW, PWAI, and PWAE. Moderately high strain rate is initially broadly distributed 
throughout West Antarctica. Extension becomes more focused and a narrow 
rift develops in the transition zone between East and West Antarctica by 
60 m.y. Minor extensional strain extends into East Antarctica in this model, 
with a detachment at the base of the crust (narrow layer of high strain rates) 
decoupling deformation in the crust and mantle. High strain rates at the base 
of the lithosphere near the center of the model result from flow of the lower
most lithosphere mantle into the extending West Antarctic Rift System re-
gion and away from the region of transitional lithosphere separating East 
and West Antarctica. The simulation was terminated at 64 m.y. when the 
crust in the necking region had thinned to less than 5 km. See animation in 
Supplemental Animation 3 [text footnote 1].
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Figure 13. Yield stress for Class 3 model as a function of depth and time at selected horizontal 
positions. Model is shown in Figure 12. Yield stress is computed using the model temperature 
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thinning and more rapid cooling of the WARS lithosphere (from 20 to 30 m.y. 
in the model shown). The net strength of the lithosphere in the WARS is rela-
tively stable during this period (Fig. 14D). Beginning at ca. 30 m.y., the rate of 
crustal thinning in the interior of the WARS begins to decrease and the litho
sphere begins to cool more rapidly (Figs. 14A–14C). Thermal strengthening 
begins to dominate over mechanical weakening, and the net strength of the 
WARS lithosphere begins to increase (Figs. 13G and 14D). As the interior of the 
WARS becomes stronger, extension focuses in the now relatively weaker east-
ern part of the region of transitional lithosphere between East and West Ant-
arctica. Once strain begins to focus, mechanical weakening dominates over 
thermal strengthening (Fig. 13G, position PTZI), as in the Class 1 and Class 2 
models, leading to rapid formation of a narrow rift in the eastern part of the 
transitional region (Fig. 14).

The cause for necking in Class 3 models is similar to that in Class 2 models. 
As the heat-producing layer in the West Antarctica crust thins during the early 
stages of rifting, the uppermost mantle cools and becomes stronger. In Class 2 
models, this is most pronounced at the model’s edge, causing extension to shift 
to a position in the interior of the WARS between the dynamically strengthen-
ing edge of the model and the stronger transitional lithosphere between East 
and West Antarctica. In Class 3 models, the difference in strength between the 

transitional lithosphere and West Antarctica is not as large as in the Class 2 
models. This allows the cooling and dynamically strengthening interior of the 
WARS to eventually become stronger than the as yet un-extended transitional 
lithosphere. Once this transition in strength occurs, deformation begins to focus 
in the now-weaker narrow transitional region, creating a narrow rift near the 
boundary between East and West Antarctica (e.g., Huerta and Harry, 2007).

The Class 3 models mimic in general terms the evolution of the WARS, with 
an initial period of broad rifting followed by formation of a narrow rift near the 
East Antarctica/West Antarctica boundary. All but two of the Class 3 models 
have a mantle potential temperature equal to or below 1280 °C, and none have 
a mantle potential temperature above 1310 °C (Fig. 5).

DISCUSSION

Discussion of Model Behaviors

Necking in the models is initiated by lateral gradients in the strength of the 
lithosphere, which produce stress gradients that focus strain. High tempera-
tures minimize variations in strength, and thus inhibit focusing of extension 
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Figure 14. Typical Class 3 model thermal 
and mechanical evolution. Model is shown 
in Figure 12. (A) Thickness of the crust. 
(B) Stretching factor β. (C) Temperature at 
the top of the mantle. (D) Net strength of 
the lithosphere. Solid red lines show po-
sitions through time of reference points 
located at the West Antarctica edge of the 
model (PWAE), within the interior of West 
Antarctica (PWAI), in the middle of the region 
where the pre-rift crust and lithosphere 
thicknesses are transitional between East 
and West Antarctica (PTZI), and within the 
interior of East Antarctica (PEAI). Dashed 
red lines mark the boundaries of the region 
with transitional pre-rift lithosphere (PTZW 
on the eastern, or West Antarctica side, 
and PTZE on the western, or East Antarctica 
side). C.I.—contour interval.
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and formation of narrow rifts. If the upper mantle is very hot and remains hot 
during extension, lateral variations in strength remain minimal during exten-
sion. Lateral stress gradients are then subdued, strain localization is inhibited, 
and formation of a broad extensional province is favored (model Class 1, Figs. 
5–8). At lower mantle potential temperatures, lateral strength variations in 
the uppermost mantle are more pronounced, producing stress gradients that 
promote strain focusing and ultimate formation of a narrow rift. The position 
at which the narrow rift axis forms depends on the thermal evolution of the 
lithosphere within the WARS and within the region of transitional crust and 
lithosphere thickness between the WARS and East Antarctica (model Classes 
2 and 3, Figs. 9–14).

Juxtaposition of the warm West Antarctica lithosphere against the cooler 
East Antarctica craton creates a small horizontal temperature gradient that is 
initially present across West Antarctica in all of the models. The horizontal tem-
perature gradient has a relatively small influence on the behavior of the rift 
during the early stages of extension when temperatures are high enough to 
inhibit strain localization. As extension progresses and the mantle cools, the 
lateral variation in strength produced by the temperature gradient begins to 
influence the rift behavior and strain begins to progressively focus toward the 
warmer edge of the model furthest from East Antarctica. This occurs between 
20 and 80 m.y. in the models examined here. The necking behavior after the 
end of the initial period of broad extension in the models depends on whether 
strengthening of the lithosphere due to cooling (thermal strengthening) domi-
nates over weakening of the lithosphere due to thinning (mechanical weaken-
ing) at the edge of the model.

In Class 1 models (Figs. 6–8), cooling of the WARS lithosphere is limited 
during extension and mechanical weakening at the edge of the model domi-
nates the rift evolution. Because cooling is limited, the broad phase of exten-
sion is protracted, lasting more than 80 m.y. After the initial phase of broad ex-
tension the geotherm within the WARS stabilizes, and the lateral temperature 
gradient becomes the dominant cause of strength variations in the lithosphere. 
Thinning becomes slightly more rapid at the model edge due to its slightly 
higher temperature and correspondingly lower strength. Stress at the edge of 
the model then becomes more concentrated, promoting more rapid strain and 
leading to progressively and relatively rapidly focusing of deformation and for-
mation of a narrow rift at the model edge. Mechanical weakening dominates 
over thermal strengthening at the edge of the Class 1 models because the net 
heat production in the crust is low in comparison to heat flux from the mantle. 
Cooling due to the reduction in the thickness of the radiogenic layer in the 
crust during extension is thus minimal, and is countered by conduction of heat 
from the rising asthenosphere. In Class 1 models, the balance between cooling 
due to reduced radiogenic heat production (a result of thinning of the crust 
during extension) and warming due to the rising asthenosphere tips in favor 
of warming (or, at least, maintaining relatively warm temperatures) within the 
rift. This balance may be achieved with a range of mantle potential tempera-
tures and crustal heat production rates, as long as the deep mantle rather than 
the crust dominates the thermal evolution of the uppermost mantle.

In Class 2 and 3 models, thermal strengthening dominates over mechanical 
weakening at the edge of the model. This is achieved by having radiogenic 
heat production in the crust play a more important role on determining the 
temperature of the uppermost mantle than in the Class 1 models. In such in-
stances, thinning of the crust during extension results in pronounced cooling 
of the uppermost mantle and strengthening the lithosphere in the incipient rift 
zone at the eastern edge of the model. In Class 2 models, the locus of deforma-
tion is bounded on the west by strong lithosphere within the transition zone 
(Figs. 9–11). This causes stress to concentrate within a relatively narrow region 
in the interior of the WARS, between the two strong regions. Concentration 
of stress in this relatively narrow region leads to rapid thinning of the litho-
sphere. This in turn inhibits conductive cooling, allowing mechanical weaken-
ing to dominate over thermal strengthening. This leads to progressively more 
focused extension and formation of a narrow rift within the WARS interior, 
between the strong transition zone and the dynamically strengthened edge of 
the model. A similar process occurs in Class 3 models, but the neck develops in 
the transition zone between East and West Antarctica rather than in the interior 
of the WARS (Figs. 12–14).

The key difference between the Class 2 and Class 3 models is the initial 
lithosphere strength within the region of transitional lithosphere between East 
and West Antarctica. In Class 3 models, the transitional lithosphere is suffi-
ciently strong to remain undeformed during the early stages of extension. The 
lithosphere beneath the WARS undergoes cooling and strengthening during 
extension, eventually becoming stronger than the unextended transitional 
lithosphere. When this occurs, deformation migrates into the transitional litho-
sphere. Focusing of extension in the narrow transitional lithosphere results in 
rapid thinning, minimizing thermal strengthening, and promoting progressive 
narrowing of the rift.

A subset of the models examined by Huerta and Harry (2007) (their class 
iii models) considered a much cooler lithosphere than the models shown here 
(Tm <680  °C). Their results show that if the lithosphere is much cooler than 
in the models examined here, the thermal evolution of the lithosphere has 
little impact on the evolution of the rift. At cooler temperatures, the horizontal 
temperature gradient in West Antarctica dominates model behavior from the 
beginning, producing a strong strength gradient that leads to rapid necking (in 
less than 40 m.y. after the onset of extension) at the edge of the model furthest 
from the cool East Antarctic craton.

Comparison to the Tectonic Evolution of West Antarctica

The Class 3 models exhibit a structural behavior that is broadly consis-
tent with the evolution of the western half of the West Antarctic Rift System, 
undergoing an initial period of broad extension and then transitioning rela-
tively abruptly to focused rifting within the transitional lithosphere between 
East and West Antarctica. In our best fitting model (Fig. 12), West Antarctica 
is initially weaker than East Antarctica (1.5 × 109 N m–1 versus 3.1 × 109 N m–1) 
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due to a thicker crust prior to extension (45 versus 39 km) and a higher geo-
thermal gradient in the tectonically younger West Antarctica lithosphere (the 
uppermost mantle temperatures in West and East Antarctica prior to rifting 
are 799 °C and 665 °C, respectively). The location of the future Victoria Land 
Basin lies in the eastern part of the 60 km-wide transitional region between 
East and West Antarctica and has an intermediate crust thickness, upper man-
tle temperature (787 °C), and net strength (1.7 × 109 N m–1). During the early 
stages of extension, strain is distributed throughout the relatively weak West 
Antarctica lithosphere (Fig. 12, 20 m.y. and 40 m.y.). The transitional region in 
the model, between East and West Antarctica, is initially stronger than West 
Antarctica and undergoes relatively little extension during this time (Figs. 12 
and 13). At the relatively slow extension rate used in the models shown here, 
the West Antarctica lithosphere has time to cool sufficiently to eventually be-
come stronger than the transitional region. The style of extension changes at 
this time, as deformation shifts into the transitional region and the broad West 
Antarctic Rift becomes inactive (Fig. 12, 60 m.y.). Because the transitional re-
gion is relatively narrow, stress is highly focused and the strain rate is high in 
this area. This results in rapid necking of the lithosphere, which inhibits cooling 
and strengthening and promotes formation of the narrow Terror Rift by 60 m.y. 
after the onset of extension. The 60 m.y. elapsed time between the onset of ex-
tension and formation of the narrow rift in the model matches the time elapsed 
between the Late Cretaceous onset of extension in the WARS and focusing 
of extension in the Terror Rift during the late Paleogene Period. The modeled 
width of the WARS and Victoria Land Basin, the thickness of the crust, heat 
flow, and elevation are in general agreement with the modern WARS (Table 3).

Implications for the Thermal State of the WARS Mantle—
Plume, or No Plume?

All but two of the Class 3 models have an asthenosphere potential tempera-
ture less than 1280 °C and all have a potential temperature less than 1310 °C 
(Fig. 5). At higher temperatures, the models either develop a neck within the in-
terior of the WARS (Class 2 models), or develop a neck at the edge of the model 
after a prolonged (ca. 100 m.y.) period of broadly distributed extension (Class 1 
models). The asthenosphere potential temperature required for Class 3 model 
behavior is below the 1350–1400 °C suggested for mantle plumes (White and 

McKenzie, 1989; Sleep, 1992; Hawkesworth and Gallagher, 1993; Cagney et al., 
2015), arguing against the presence of a hot mantle plume beneath the WARS 
during rifting in the Late Cretaceous through Paleogene Periods. The mantle 
potential temperature is in agreement with the relatively low temperature esti
mated by Perinelli et al. (2006) from pyroxene thermobarometry (1250 °C< Tp 
<1350 °C).

Model Limitations and Alternative Scenarios

Although the model results presented here, like those of Huerta and Harry 
(2007), support the argument that pre-rift and early-rift asthenosphere tem-
peratures beneath the WARS were well below those typical of mantle plumes, 
there are several rifting scenarios involving mantle plumes that are not incom-
patible with the model results. First, the models impose a constant (adiabatic) 
thermal boundary condition at the base of the lithosphere. The models do not 
consider the effects of a late arriving (Cenozoic) plume (Hole and LeMasurier, 
1994; LeMasurier and Landis, 1996; Hart et al., 1997; Sieminski et al., 2003). A 
late change in the temperature at the base of the lithosphere would not affect 
the earlier structural evolution of the rift in the models. Koptev et al. (2015) 
describe such a model for the East African Rift, showing that extension may 
focus at a cratonic edge and form a narrow rift above a rising hot plume, as in 
our Class 3 models. Second, the Class 3 models all require that a significant 
proportion of the heat that maintains the temperature of the uppermost mantle 
come from the crust. This is because the interior of the WARS must become 
cooler and stronger during rifting for the locus of extension to shift into the 
Victoria Land Basin region. Cooling and strengthening of the initially warm 
WARS lithosphere occurs in the Class 3 models because the crust, which is 
the heat generating layer, becomes thinner during extension. An alternative 
scenario, accomplishing a similar thermal evolution, would be to impose a 
transient heat source in the middle and lower crust. Magmatic intrusions em-
placed during the long period of subduction along the WARS plate boundary 
may have provided such a heat source. Such intrusions may have provided 
sufficient heat to promote initially broad rifting, even if heat production in the 
crust was lower than in the models. Cooling of these fossil intrusions would 
promote subsequent strengthening of the lower crust, perhaps sufficiently to 
cause a shift in the locus of extension into the Victoria Land Basin, even in the 
presence of a higher asthenosphere potential temperature than imposed in 
the models shown here. Third, the two dimensional models examined here all 
impose a constant rate and direction of extension throughout the rifting epi-
sode. The timing of focusing of extension in the Victoria Land Basin is roughly 
coincident with the appearance of NNW-striking transtensional faults along 
the western WARS margin (Wilson, 1995) and with the cessation of seafloor 
spreading in the Adare Trough (Cande et al., 2000; Davey et al., 2006, 2016; 
Granot et al., 2010, 2013). These observations suggest a change in the regional 
stress regime during the middle Cenozoic, which may have caused a focusing 
of extension even if the asthenosphere was much warmer than in the Class 3 

TABLE 3. COMPARISON OF BEST FIT MODEL TO WARS

Model constraint WARS Model

Modern WARS surface heat flux 7011–115 mW m–2 72 mW m–2

Modern WARS crust thickness 17–35 km 29
Modern WARS extension factor β ~2 1.9
Modern Victoria Land Basin width 180 km ~200 km
Onset of focusing in Victoria Land Basin Late Paleocene–Late Oligocene 60 m.y.

Note: WARS—West Antarctic Rift System.
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models (e.g., Salvini et al., 1997; Storti et al., 2008). Fourth, as noted by Davey 
et  al. (2016), the Paleogene phase of rifting in the Victoria Land Basin may 
be unrelated to the Late Cretaceous through Late Paleogene rifting episode 
that included the central Ross Sea basins and may instead be associated with 
propagation of the seafloor spreading system in the Adare Trough southward 
into the Northern Basin. Although we did not explicitly model this process, 
we note that in such a scenario, a plume beneath the central Ross Sea would 
have kept the lithosphere weak in that region and would have favored propa-
gation of Adare Trough extension into the interior of the Ross Sea rather than 
into the Northern Basin and Victoria Land Basin along the western margin. 
Finally, the low mantle potential temperatures required by the models do not 
preclude melting of a fossil plume (metasomatically enriched mantle), either in 
the asthenosphere or the lithosphere, as discussed in the Introduction.

SUMMARY

Finite element models show that extension of a juvenile or thermally reacti
vated lithosphere with warm and thick crust that is juxtaposed against older, 
colder cratonic lithosphere results in formation of a broad long-lived (lasting 
several tens of m.y.) extensional province. The formation of the broad exten-
sional province is a robust model behavior occurring over a wide range of 
choices for the asthenosphere potential temperature, initial lithosphere thick-
ness, initial crust thickness, and distribution of radiogenic heat production in 
the crust. Model behavior subsequent to formation of the broad extensional 
province depends on the interplay between shallow heat sources (the radio-
genic crust) and deep heat sources (the asthenosphere). These two attributes 
compete to determine whether the thinning lithosphere undergoes mechani-
cal weakening during extension as a result of concentrating extensional stress 
over an ever-thinning lithosphere cross section, or thermal strengthening as a 
result of cooling of the lithosphere. The interplay between thermal strengthen-
ing and mechanical weakening of the lithosphere during extension results in 
three distinct classes of model behavior, differentiated on whether and where 
extensional strain localizes to form a distinct rift axis after the initial period of 
diffuse deformation.

Class 1 models do not develop lithospheric necks during the first ca. 80 m.y. 
of extension. The high uppermost mantle temperatures prior to extension in 
these models (Tm >780  °C) minimize lateral strength variations in the litho-
sphere, inhibiting focusing of strain. The high asthenosphere temperatures 
minimize cooling during extension, keeping the lithosphere hot and weak and 
preventing lateral strength variations from emerging until substantial litho-
spheric thinning and cooling has occurred. Once that occurs, strengthening 
of the lithosphere within the extended and cooling WARS causes deformation 
to shift toward the edge of the model furthest from the cool East Antarctica 
craton. Focusing of extension in the relatively narrow region at the edge of the 
model results in accelerated thinning of the lithosphere, allowing mechanical 
weakening to dominate over thermal strengthening at the edge of the model. 

Given sufficient extension (between 80–100 m.y. after the onset of extension in 
the model shown here), a distinct lithospheric neck and narrow rift ultimately 
form at the edge of the Class 1 models. Mechanical weakening dominates 
over thermal strengthening at the edge of these models because the pre-rift 
uppermost mantle temperature is only weakly dependent upon crustal heat 
generation. It results primarily from the warm and/or shallow asthenosphere 
rather than heat from the crust. Thinning of the heat producing layer thus has 
less impact on the temperature of the lithospheric mantle than does the rising 
hot asthenosphere. As a result, the rift axis remains warm, and deformation 
becomes progressively more focused.

In Class 2 models, the rift axis forms within the interior of the broad exten-
sional province beginning ca. 40 m.y. after the onset of extension. The Class 2 
models that are earliest to neck are among the warmest of the models tested, 
lying at the high end of the model Tp-Tm parameter space (initial Tm >890 °C 
and Tp >1290 °C). All Class 2 models have initial thermal properties lying in 
the range 1290 °C< Tp >1340 °C, Tm >820 °C, and Qs >73 mW m–2. Rift behavior 
in the Class 2 models is dominated by thermal strengthening at the edge of 
the model. In these models, crustal heat generation strongly influences the 
temperature at the top of the mantle. Thinning of the crust during extension 
results in pronounced cooling and strengthening at the edge of the model, 
causing deformation to shift into the now weaker interior of the broad exten-
sional province.

Class 3 models behave similarly to Class 2 models, except the narrow rift 
forms within the transition zone between the formerly thicker crust of West 
Antarctica and the East Antarctica craton rather than within the interior of the 
developing WARS extensional province. The first Class 3 models to develop 
narrow rift axes begin to form lithospheric necks between 20 and 40 m.y. after 
the onset of extension, and all models of this type form distinct lithospheric 
necks within 80 m.y. The Class 3 models that are earliest to neck are among the 
coolest of the models tested, lying at the low end of the model Tp-Tm parameter 
space (initial Tm <780 °C and Tp <1270 °C) and opposite the parameter space 
position of the earliest Class 2 models. The difference in the position at which 
the rift axis forms in the Class 2 and Class 3 models depends on the relative 
strengths of the transition zone and WARS lithosphere at the end of the early 
(broad) phase of extension. In Class 2 models, the WARS lithosphere remains 
weaker than the transition zone, leading to necking within the interior of the 
broad extensional province. In Class 3 models, the WARS lithosphere cools 
sufficiently to eventually become stronger than the unextended transition 
zone. This causes extension to shift into the transition zone, focusing strain 
and forming a narrow rift.

The starting model geometry approximates that of the West Antarctic Rift 
System (WARS) west of Marie Byrd Land prior to the onset of extension, with a 
thickened West Antarctica crust simulating the thermally juvenile arc and back-
arc juxtaposed against the East Antarctic craton prior to the onset of extension. 
The Class 3 models, in which rifting localizes within the transition zone be-
tween the craton and thicker West Antarctica crust, match in general terms the 
large-scale structural evolution of the WARS. In particular, the Class 3 models 
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match the distinctive transition from a prolonged period of broadly distributed 
extension beginning in the Late Cretaceous Period to a more focused style of 
extension within the Victoria Land Basin since Late Paleogene time. The best 
fitting Class 3 model (Figs. 12–14) matches the estimated duration and amount 
of extension in the WARS, the thickness of the crust following extension, and 
the timing, position, and width of extension in the Victoria Land Basin. All 
Class 3 models require mantle potential temperatures below 1310 °C, suggest-
ing that a hot mantle plume was not present beneath West Antarctica during 
the Late Cretaceous and Paleogene Periods.
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