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Abstract The Transantarctic Mountains form the longest and highest extensional mountain range on Earth,
marking the boundary between the Antarctic craton and the Mesozoic-Cenozoic rifted Ross Sea lithosphere.
During the Cenozoic, deep offshore troughs, such as the Terror Rift, developed at the front of the Transantarctic
Mountains in response to transtensional dextral kinematics that overprinted an older phase of orthogonal rifting.
On land, few direct age constraints of Cenozoic faulting exist, and evidence of fault activity is often inferred
from fission track age dating. In this study, we focused on the Convoy Range block in southern Victoria Land, a
region with limited field surveys and thermochronological data. We present the results of multiscale structural
analysis, geothermometry, and apatite fission-track thermochronology aimed at reconstructing the fault
architecture and timing of deformation. The fault pattern is dominated mainly by nearly N-S striking normal
faults, with a subordinate system of right-lateral transtensional faults. Brittle deformation is accompanied by
diffuse propylitic alteration and carbonatization, providing evidence of hydrothermal fluid-rock interaction in a
mesothermal environment (~175-325°C). Fission track ages of fault rocks as young as ~23 Ma are interpreted
as local thermal resetting along faults, potentially constraining the age of deformation. These results document a
case of structurally controlled hydrothermal fluid flow coeval to Cenozoic transtensional reactivation in
Victoria Land, with important implications for the onset of Cenozoic volcanism in the region.

Plain Language Summary Extensional tectonics caused by the prolonged stretching between East
and West Antarctica has shaped the landscape of the Transantarctic Mountains. We investigated brittle
deformation zones in the granitic Paleozoic basement of the Convoy Range in southern Victoria Land, where
evidence of a fossil, structurally controlled hydrothermal activity was identified. The timing of these thermal
anomalies in fault zones can be detected using apatite fission-track thermochronology, which resets at
temperatures above ~120°C. Our analysis reveals an episode of thermal reset around 23 Ma (early Miocene).
Hot fluid circulation altered the granitic basement, leading to the formation of hydrothermal minerals like
chlorite, whose chemistry indicates formation temperature ranging ~175-325°C. This heating event overlaps
with the tectonic activity in the nearby Terror Rift. Our findings suggest that fluid circulation assisted by
Cenozoic faulting within the rifted lithosphere impacted the thermal structure of the coastal escarpments of the
Transantarctic Mountains. This work provides insights into possible links between Cenozoic rifting and
McMurdo volcanism, mediated by brittle tectonic structures located onshore, offset from the rifting axis.

1. Introduction

High-elevation rift flanks are commonly observed along the borders of passive margins and extensional basins,
resulting from the interplay among uplift driven by thermo-mechanical processes, isostatic response (Stern
et al., 2005; van der Beek et al., 1994), and surface lowering due to erosion (Braun, 2018; Braun & van der
Beek, 2004). Significant research is focused on understanding the long-lasting nature of rift margins (for a review,
Wildman et al., 2019), incorporating a range of erosional scenarios, derived from quantitative analysis of surface
processes and topographic evolution (Braun, 2018; Gallagher et al., 1998). However, the erosive nature of high-
elevation rift flanks limits the effectiveness of techniques used to determine the rates and timing of tectonic
activity, particularly during the initial phases of rifting, when the main build-up of topography occurred. Studying
syn-rift sedimentary sequences in extensional basins adjacent to uplifted flanks allows for precise constraints on
rifting dynamics (e.g., Braun & Beaumont, 1989) and the source-to-sink history. Meanwhile, fault system
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propagation and structurally controlled landscape evolution can be interpreted using low-temperature thermo-
chronology, especially in crystalline basement rocks (Fitzgerald, 1992; Gallagher et al., 1998). Nonetheless,
direct constraints on the age of tectonic activity are often lacking.

The age of faulting is typically determined by dating fault rocks, such as pseudotachylytes (e.g., Di Vincenzo
et al., 2004, 2013, 2019; Murakami et al., 2006; Zanchetta et al., 2011), or fault-related mineralization, such as
carbonate and/or hematite coatings (Ault, 2020; Calzolari et al., 2018; Hansman et al., 2018; McDermott
et al., 2021; Nuriel, 2012; Roberts & Holdsworth, 2022; Watanabe, 2008). An alternative approach is to use
thermochronological systems to date minerals in the host rocks that were reset by the thermal anomaly due to
faulting (Tagami, 2012). Frictional heating is generally confined to the first few centimeters from the fault core,
whereas heating by syn-tectonic fluid circulation can impact a much broader portion of the fault damage zone
(Tagami, 2019).

Low-temperature apatite and zircon thermochronology is a valuable tool for constraining the timing of struc-
turally controlled fluid migration in paleo-hydrothermal systems, as demonstrated by the fluid-mediated
enhanced mobility of chemical species like rare earth elements (REE) (Milesi et al., 2020). Additionally,
quantitative analysis of grain age dispersion and confined tracks can be integrated with the architecture and
physical properties of the fault zone (Murakami & Tagami, 2004; Yamada et al., 2007; Wolfler et al., 2010).
Faulting and fluid flow are closely linked in most tectonic settings. Stress-induced increases in fluid pore pressure
help reducing the frictional yield limit, while fracture propagation enhances secondary permeability, providing
preferential pathways for fluid circulation. In continental rift systems, hydrothermal circulation is both spatially
and temporally associated with deep crustal discontinuities (Brune et al., 2017; Muirhead et al., 2016; Ring
et al., 2016; Tagami et al., 1988). Investigating brittle deformation structures that act as pathways for hydro-
thermal fluids is therefore crucial for understanding rift systems in both space and time (Brune et al., 2023; Pérez-
Gussinye et al., 2023).

The Transantarctic Mountains (TAM) represent the western high-elevation rift flank (Fitzgerald, 2002; Lisker &
Laufer, 2013; Olivetti et al., 2018) of the West Antarctic Rift System, a ~600 km wide continental rift, recognized
as one of the largest on Earth (Cooper et al., 1991; Elliot, 2013; Jordan et al., 2020; Siddoway, 2008). The TAM
are formed by the remnants of thickened lithosphere (Bialas et al., 2007; Tinto et al., 2019) through multiple
extension phases since the breakup of Gondwana (Harry et al., 2018; Siddoway, 2008). The landscape of the TAM
results from a complex interplay of continental rifting, passive margin uplift, fluvio-glacial erosion driven by
global climate variations, and deep Earth processes (Balestrieri et al., 2020; Brenn et al., 2017; Cooper
etal., 1991; Faccenna et al., 2008; Fitzgerald, 2002; Levy et al., 2019; Stern et al., 2005; Sugden & Denton, 2004;
Sugden & Jamieson, 2018). This landscape evolution occurred during the Cenozoic, coinciding with the onshore
propagation of intraplate strike-slip shearing across northern Victoria Land since the Eocene-Oligocene (Di
Vincenzo et al., 2004; Rossetti et al., 2006; Salvini et al., 1997). The transtensional stress regime established
during this period remains active today (Cianfarra et al., 2022; Dubbini et al., 2010; Vignaroli et al., 2015;
Wilson, 1995, 1999; Zanutta et al., 2017).

In this study, we investigate onshore rift propagation in southern Victoria Land, focusing specifically on the
Convoy Range block (Figure 1). We integrate a multi-scale structural analysis with petrographic observations and
apatite fission-track (AFT) thermochronology. Abrupt variations in age-elevation relationships from fault-
orthogonal sampling transects provide the first evidence of early Miocene anomalous, structurally controlled
heating events, likely caused by hydrothermal fluid-rock interactions along fault damage zones. Additionally,
microanalytical characterization of hydrothermal mineralizations can serve as a supplementary tool for refining
thermochronological modeling in fault zones.

2. Geological Background

The roots of the TAM were established during the Neoproterozoic-Early Paleozoic Ross Orogeny convergence
phase (Elliot, 2013; Goodge, 2020; Stump, 1995) and are exposed in the basement rocks of Victoria Land
(Figure 1). In southern Victoria Land, these basement rocks consist of metasedimentary and metavolcanic se-
quences of the Wilson Group and Skelton Group (Goodge, 2020), intruded by plutons of the Granite Harbor
Intrusive Complex, emplaced during the Ross Orogeny (530-480 Ma; Elliot, 2013). The Granite Harbor Intrusive
Complex is composed primarily of granodioritic plutons, locally intruded by pink-colored alkali granites (Irizar
Granite, 489.9 + 4.4 Ma; Rocchi et al., 2009), and mafic to felsic dyke swarms (Rocchi et al., 2009). After the

FIORASO ET AL.

2 of 26



Y ed N | . .
M\I Geochemistry, Geophysics, Geosystems 10.1029/2024GC012005

ADVANCING EARTH
AND SPACE SCIENCES

Continent
4000 m

-1000 m

Ross Sea shelf
Om

-1000 m

Deep sea

5 -1000 m
-6000 m

_~" Basin-bounding fault

-2~ Inferred/certain fault
McMurdo Volcanics

g Beacon Supergroup,
Ferrar Supergroup

I Admiralty Intrusives

~ Granite Harbour

~Intrusives Complex

= Byrd Group,
Robertson Bay Group
Bowers Supergroup

B Beardmore Group

I Skelton Group

I Wilson Group

I Nimrod Group

Figure 1. Map of the Transantarctic Mountains and the Ross Sea embayment. The geological framework is adapted from
Zurli, Perotti, and Cornamusini (2024). Topography and bathymetry were derived from the BedMachine DEM (Morlighem
et al., 2020). Fault data are sourced from Aitken et al. (2023).

cessation of the Ross Orogeny, the orogenic landscape was carved into the Kukri Erosion Surface (Woolfe &
Barrett, 1995). This unconformity hosted the deposition of the terrestrial siliciclastic Beacon Supergroup (Cor-
namusini et al., 2023) in the Transantarctic Basin (Elliot, 1975). This basin was infilled by sediments derived from
the Ross Orogen in Devonian times and, later, primarily from the Gondwanide Orogen during the Permian-
Triassic (Zurli, Liberato, et al., 2024). During the Early Jurassic (~182.5 Ma), the Ferrar Large Igneous Prov-
ince was emplaced along the TAM (Elliot et al., 2021b), consisting of: (a) dolerite sills, dikes, and intrusions
(Ferrar Dolerite); (b) extrusive flood lavas (Kirkpatrick Basalt); and (c) a variety of volcaniclastic deposits (Elliot
and Fleming (2021); Elliot et al., 2021b). Ferrar intrusions are often found in the upper portions of the Granite
Harbor plutons, near the Kukri Erosion Surface, or cutting through the Beacon Supergroup sequence (Cox
et al., 2012).

As Gondwana fragmented and Australia-Antarctica spreading occurred, the West Antarctic Rift System started
along the boundary between the East Antarctic cratonic lithosphere and the West Antarctic lithosphere. The latter
was involved in convergence processes with the Paleo-Pacific plate (Jordan et al., 2020). Distributed extension in
the West Antarctic Rift System domain and along the TAM is recorded as early as the Cretaceous (~105 Ma;
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Bialas et al., 2007; Fitzgerald, 2002; Huerta & Harry, 2007; Siddoway et al., 2004). During the Cenozoic, cooling
and strengthening of the West Antarctic lithosphere led to a westward migration of crustal thinning, transitioning
to narrow rifting (Wilson & Luyendyk, 2009). E-W motion between East and West Antarctica initiated renewed
rifting and ultraslow seafloor spreading, recorded between 43 and 26 Ma in the Adare Basin (Davey et al., 2016).
Facing the TAM front, the Ross Sea was compartmentalized into deep graben-like structures (Victoria Land Basin
and Northern Basin) separated by transfer zones (Ferraccioli et al., 2009). By the Upper Oligocene (~26 Ma), E-
W orthogonal rifting ceased, and deformation in the western Ross Sea transitioned into oblique rifting, which
persisted until ~11 Ma (Granot & Dyment, 2018; Sauli et al., 2021; Storti et al., 2007, 2008; Vignaroli
etal., 2015). Present-day deformation is consistent with observations of faulting in post-Miocene sediments in the
Terror Rift and Quaternary volcanism (Sauli et al., 2021). Active rifting is also accompanied by the emplacement
of an alkaline volcanic province (Smellie & Martin, 2021; Smellie & Rocchi, 2021), which extends from the TAM
rift flank to the Adare Trough oceanic seafloor (Durkin et al., 2023). Geochemical data indicate that these magmas
originated from partial melting of the asthenosphere, enriched by material related to a lithospheric slab subducted
along the Gondwana-Pacific convergent margin (Panter et al., 2018). After middle Miocene, volcanism occurred
throughout the rifted region, forming onshore volcanic fields, shield volcanoes, stratocones, and scoria cones
(Rocchi & Smellie, 2021), as well as offshore volcanic islands and structures in the Victoria Land Basin (Rilling
et al., 2009).

2.1. Cenozoic Tectonics

In northern Victoria Land, from the Southern Ocean margin to the Ross Sea, Cenozoic NW-SE dextral intraplate
shearing has exploited major crustal discontinuities between terranes that were accreted during the Ross Orogeny
(Salvini et al., 1997; Storti et al., 2007). The timing of tectonic activity in this region has been constrained by
dating pseudotachylytes in fault rocks, yielding *°Ar/*°Ar ages that range from 45 to 48 Ma to ~30 Ma (Di
Vincenzo et al., 2004, 2013). This tectonic activity was synchronous with the onset of the Meander intrusive
magmatism (Rocchi et al., 2002), the exhumation of the TAM (Balestrieri et al., 2020; Fitzgerald, 2002; Prenzel
et al., 2018; Rossetti et al., 2003; Storti et al., 2008), and the seafloor spreading of the Adare Trough (Cande &
Stock, 2006). The eastern terminations of strike-slip faults along the N-S trending TAM front (Rossetti
et al.,, 2006) partially overlap with transtensional faults bounding the Neogene Terror Rift Basin (Sauli
etal., 2021), suggesting a connection in deformation geometry and activity between the intraplate dextral shearing
and the Ross Sea rifting (Storti et al., 2007). Onshore, Cenozoic faulting displays an interplay between NW-SE
dextral strike-slip faults and normal faults parallel to the TAM front (Sauli et al., 2021; Vignaroli et al., 2015). The
timing of faulting is constrained by cross-cutting relationships with the McMurdo volcanic products, extending
into the Quaternary (Vignaroli et al., 2015). Present-day active tectonics in this region is further supported by GPS
data (Dubbini et al., 2010; Zanutta et al., 2017).

In southern Victoria Land, the TAM front strikes NNW, following inherited Neoproterozoic-Paleozoic crustal
anisotropies that have shaped the architecture of the Mesozoic-Cenozoic rifting (Stump, 1995; Wilson, 1995).
The structural characteristics of the rift suggest strain partitioning along en-echelon arrays of NNE-to NE-striking
normal and oblique dextral slip faults, as well as ENE-striking left-lateral oblique slip faults (Olivetti et al., 2018;
Storti et al., 2008; Wilson, 1995, 1999). Although direct evidence of Cenozoic faulting in the granitic basement is
limited, the large-scale morphological alignments of glacial valleys and escarpments imply tectonic control
during rift-flank formation and erosion (Fitzgerald, 1992; Olivetti et al., 2018; Sugden & Denton, 2004). Onshore,
direct age constraints on faulting are scarce but include post-3.9 Ma tectonic activity at Mount Morning, where
faults offset a McMurdo dyke (Martin & Cooper, 2010). Offshore, in the Cape Roberts Basin, NNE-striking fault
activity is constrained between ~32 and 24 Ma, based on the stratigraphic age of faulted Oligocene sediments
(Hamilton et al., 2001). The period of major tectonic activity and subsidence in the Terror Rift is placed between
29 and 13 Ma, as suggested by cross-cutting seismic unconformities (Sauli et al., 2021) and the change in position
of the East-West Antarctica Euler pole (Granot & Dyment, 2018). The NNW-striking fault system between the
Cape Roberts Basin and the TAM coast is the dominant structural feature in the region, controlling the tectonic
uplift of the rift-flank and downfaulting the Paleozoic Beacon Sandstone to depths of ~3 km, as seen in the CRP-3
core (Cape Roberts Science Team, 2000). Thermochronological data from nearly vertical profiles along the TAM
further support fault-related exhumation, linking block faulting to enhanced uplift around 50 Ma (Fitzger-
ald, 1992, 2002).
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Figure 2. Map of the study area in the Convoy Range sector. Great circles in stereoplots illustrate fault data, while density
contours indicate the distribution of vein and extensional fracture poles (all data are shown in lower hemisphere equal-area
stereographic projection). Lithologies and faults were redrawn from Cox et al. (2023). Sampling points are marked by green
hexagons (rock samples for minero-petrographic analysis) and blue polygons (rock samples for apatite fission-track
thermochronology). Topography is sourced from the REMA DEM (Howat et al., 2022).

Structural and fault data for the Convoy Range block in southern Victoria Land remain sparse, with most of the
major tectonic features inferred from geological mapping (Capponi et al., 2020, 2024; Cox et al., 2012) (Figure 2).
The tectonic framework of the region comprises a set of NNW-SSE striking faults offshore along the TAM front,
and a series of transverse NE-SW oriented faults. These NE-SW faults delineate the boundary between the
Convoy Range block and adjacent blocks, such as the Dry Valleys block, along key glacial valleys such as the
Mackay and Benson glaciers (Cox et al., 2012; Fitzgerald, 1992). Further to the north, similar transverse fault
structures are hypothesized beneath the Mawson Glacier, demarcating the separation of the Prince Albert block
from the Convoy Range block (Figure 2). Recent detailed structural mapping in the Kirkwood Range has revealed
a complex fault pattern, with dip-slip to oblique-slip faults striking in NE-SW, NW-SE, and E-W orientations
(Capponi et al., 2024).

2.2. Exhumation Across the Transantarctic Mountains

The simple stratigraphy of the TAM has enabled an effective reconstruction of the rift flank's prolonged exhu-
mation and uplift history, which spans over 100 million years. The onset of exhumation coincides with the
beginning of widespread rifting in the Cretaceous (Fitzgerald, 1992, 2002; Miller et al., 2010). Exhumation
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processes accelerated significantly between 55 and 50 Ma, in conjunction with the opening of the western Ross
Sea basins (Fitzgerald, 1992). A further phase of rapid exhumation is associated with the development of per-
manent glacial conditions in East Antarctica, around the Eocene-Oligocene boundary (Balestrieri et al., 2020; He
et al., 2021; Miller et al., 2010; Olivetti et al., 2018; Prenzel et al., 2018). Despite these periods of increased
exhumation, the average exhumation rate remained relatively low at approximately 100 m per million years
(Fitzgerald, 2002). More recent exhumation is only detectable in a few areas along the TAM front (Balestrieri
etal., 2020; Miller et al., 2010; Olivetti et al., 2018; Storti et al., 2008), indicating that the landscape likely evolved
at very low rates after around 15-10 Ma (Sugden & Denton, 2004).

In the Convoy Range block, the available AFT data are limited to 14 samples documented in previous studies
(Fitzgerald, 1992; Storti et al., 2008), mostly located in the southernmost region near Granite Harbor (Figure 2).
Data collected on the north side of the Mackay Glacier valley in the Granite Harbor area (Fitzgerald, 1992) align
with results from the opposite side, around Mt. England (Dry Valleys). Segmentation of crustal blocks along
NNW-striking faults, such as the Evans Fault (Gunn & Warren, 1962), and NE-SW faults, may explain observed
discrepancies in AFT spatial distributions. In the Kirkwood Range, between the Mt. Creak summit and Tripp
Island, fission-track ages (Storti et al., 2008) are similar to the broader TAM exhumation trends, and an exhumed
Partial Annealing Zone (PAZ) is inferred to exist at ~1,100 m.

3. Methods
3.1. Structural Analysis

Structural analysis has been conducted at various scales to elucidate the geometry and kinematic of faults along
the studied sector of the TAM front, as well as their relationships with thermochronological data. Structural data
from faults and related fractures (including joints and veins) were collected from 22 geo-referenced field sites
(Table S1 in Supporting Information S1) during the 33rd and 34th PNRA expeditions (Italian National Research
Program in Antarctica). A total of 765 structural measurements were collected (see Table S2 in Supporting In-
formation S1 for details). Fault kinematics were derived mostly from abrasion striae and, subordinately, from
slickenfibers (Fe-oxides) which were frequently found on major fault surfaces. Fractures measured in this work
mostly refer to mode-1 fractures (i.e., joints). To analyze the fault and fracture populations, contouring and
polymodal Gaussian distribution statistics were employed. This approach facilitated the separation of azimuthal
and kinematic groups by using the pitch angle measurements (e.g., Storti et al., 2008 and references therein).

Remote sensing analysis was conducted using QGIS 3.34.3 software, incorporating data from the Reference
Elevation Model of Antarctica (REMA; Howat et al., 2022), BedMachine DEM (Morlighem et al., 2020), and
satellite imagery from the Landsat Image Mosaic of Antarctica (LIMA). This analysis aimed to characterize
deformation patterns at both the regional and field site scales. Additionally, geological literature and published
geological maps (Capponi et al., 2020, 2024; Cox et al., 2012, 2023) were used to supplement the structural data
and enhance the understanding of the geological context.

3.2. Minero-Petrographic Analysis

Rock samples (refer to Table S3 in Supporting Information S1) stored at the National Museum of Antarctica —
section of Siena were prepared for microanalytical investigations utilizing various techniques: transmitted-light
optical microscopy, scanning electron microscopy (SEM), and electron microprobe analysis (EMPA). Optical
microscopy was performed on 12 standard thin sections to identify the mineralogical phases and brittle micro-
structures present within the samples. The SEM was employed for high-resolution imaging using the back-
scattered electron (BSE) technique and for analyzing the elemental composition through semiquantitative
energy-dispersive spectroscopy (EDS). Imaging and EDS spectra were obtained using a TESCAN SOLARIS
dual-beam SEM (Department of Geosciences, UNIPD) and a FEI Quanta 400 SEM (Department of Life Sciences,
UNISD). Electron wavelength-dispersive microprobe analyses were conducted using an Oxford Instruments Wave
Spectrometer mounted on the TESCAN SOLARIS SEM (Department of Geosciences, UNIPD), and a Jeol JXA-
8230 microprobe (CNR-Firenze), both operating at 15 kV and 5 nA. Point analyses with a width of 3 pm were
performed to quantitatively determine the elemental composition of chlorite, which was subsequently used in
geothermometry calculations executed with WinCCac 1.1 software (Yavuz et al., 2015).
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For the chlorite analysis, the semi-empirical model proposed by Bourdelle and Cathelineau (2015) was utilized to
predict formation temperatures for low-temperature chlorite (<350°C). This model employs a graphical plot
based on silicon (Si) and R** (divalent cations on octahedral sites), bypassing thermodynamic calculations. It is
essential that chlorites be in equilibrium with quartz-bearing rocks (aSiO, = 1), and contamination from smectite
is addressed by excluding analyses where Na,O + CaO + K,O > 0.5 wt% (Bourdelle, 2021).

The bulk qualitative mineralogy of the rock samples was assessed through X-ray powder diffraction (XRPD)
using a PANanalytical diffractometer (Department of Geosciences, UNIPD). This analysis evaluated the presence
of mineralogical phases associated with hydrothermal alteration. Additional techniques, including Raman
spectroscopy and X-ray fluorescence analysis, were also performed on the rock samples to further characterize
their minero-chemical composition. Detailed information regarding these methods and results can be found in the
supplementary information (Text S1 and S2 in Supporting Information S1).

3.3. Thermochronology

Apatite fission-track (AFT) thermochronology is a suitable method for detecting the cooling/heating history in the
upper crust (3—5 km below the surface) of geological terranes dominated by granitic bedrock, such as those in the
TAM region. Fission tracks are linear damage features produced in apatite crystals by the spontaneous nuclear
fission decay of ***U, which are retained based on heating and the duration of residence at specific temperatures.
In the temperature range between 60°C and 120°C, the sector of the upper crust defined as the Partial Annealing
Zone (PAZ) (Gleadow & Fitzgerald, 1987), fission tracks are partially annealed. The density of fission tracks on a
polished crystal surface along with other parameters (density of induced tracks, neutron radiation, Zeta factor)
provide information on the duration over which tracks accumulate (Hurford, 2019). The length of confined fission
tracks (tracks fully contained within the crystal lattice) indicates the duration of stagnation of crystals in the PAZ
(Ketcham, 2019).

During progressive exhumation of a crustal section, if a constant relative spacing is maintained between samples,
the upper layers pass through the PAZ earlier than the lower layers. The sampling strategy of collecting rocks
along vertical profiles allows for the derivation of apparent exhumation rates under certain assumptions
(Gleadow & Fitzgerald, 1987). Analyzing the age-elevation relationship (AER) of fission-track samples enables
qualitative detection of: (a) changes in exhumation rates (Fitzgerald, 1992; Miller et al., 2010), (b) the presence of
tectonic structures (Fitzgerald, 1992; Miller et al., 2010), and (c) heating events (Balestrieri et al., 1997).
Quantitative analysis was performed using HeFTy software (Ketcham, 2005). Further details on the thermo-
chronology method can be found in the supplementary information (Text S1 in Supporting Information S1).

In our case study, 13 rock samples collected from the Granite Harbor Intrusive Complex lithologies were obtained
along near-vertical profiles (e.g., Mt. Perseverance) and wide, fault-orthogonal transects at Mt. Gauss and Mt.
Endeavor. The aim of the thermochronological sampling was to intercept damage zones of Cenozoic transtensive
faults and constrain the tectonic activity that shaped the Southern Victoria Land landscape.

4. Structural Data

The collected structural data are presented using stereographic projections from individual sampling locations and
are divided into three zones: the Convoy Range in the southwestern portion of the study area, the Granite Harbor
in the southeastern coastal portion, and the Mt. Gauss-Mt. Murray region in the northern portion (Figure 2).
Significant georeferenced field sites are included, along with outcrop descriptions and remote sensing
observations.

4.1. Convoy Range Area

In the Convoy Range, structural data have been collected within the Beacon Sandstones, which predominantly
exhibit dip-slip extensional faults, with subordinately occurring strike-slip faults. These faults are oriented along
three main directions: NNW-SSE, NNE-SSW, and E-W (Figures 2 and 3). On the eastern side of Mt. Gran (Stop
3), a conjugate system of extensional faults, striking nearly E-W (60°-~110°N) has been measured (Figures 2 and
3b). In the same area, joint networks show variable orientations ranging from N-S to E-W (5°-90°N) (Figure 2).
On the northern side of Mt. Gran (Stop 4), dip-slip faults are grouped into a single set of NNE-SSW-striking
structures (Figure 2). At Mt. Razorback (Stop 15), normal faults predominantly strike NNW-SSE (340°N)
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Figure 3. Field sites showing Devonian sandstone outcrops in the Convoy Range. Tectonic structures are illustrated at
varying scales of observation: (a) centimetric scale, (b) metric scale, and (c) decametric scale. White solid lines indicate main
faults, dashed lines indicate minor shear fractures and joints.

(Figure 2). Conversely, fractures are clustered into two subsets oriented at right angles to each other, with di-
rections along NNE-SSW (0°—45°N) and ESE-WNW (80°-130°N) (Figure 2). At Flagship Mountain, all the
previously described structural orientations have been observed. The average orientation is NE-SW (~40°N)
(Figure 2), and extensional fractures are clustered into two subsets, nearly NNW-SSE (310°-360°N) and ENE-
WSW (60°-90°N), similar to those at Mt. Razorback (Figure 2).

At the Mt. Gran and Alatna Valley outcrops, millimeter-to meter-scale dip-slip offsets have been observed
(Figures 3a—3c). The faults are arranged in conjugate sets. Polished fault planes exhibit a weathered reddish
coating (Figure 3b), but there is no evidence of significant fault breccias or cataclasites. While brittle deformation
in this area is frequent and pervasive, there is no indication of major down-faulting, as would be expected at the
TAM front (Fitzgerald, 1992).

4.2. Granite Harbor Area

In the Granite Harbor sector, from the Mackay Glacier to the Fry Glacier, the Granite Harbor Intrusive rocks are
intersected by a set of faults arranged into two subsets. The first subset is oriented N-S (340°-30°N) and is visible
at Stops 5, 6,7, 14, 17, 20, and 25. The second subset is oriented NE-SW (30°-50° N), visible at Stops 14, 17, and
25 (Figure 2). Veins (Figure 2) at Stops 6 and 20 exhibit the same orientation as the fault zones (N-S), whilst at
Stop 5, veins and extensional fractures show an average NE-SW orientation consistent with a right lateral
transtensive kinematics inferred on fault planes.

The southern wall of Mt. Perseverance, facing the Benson Glacier, reveals the presence of two fault subsets
identified through remote sensing analysis (Figure 4a) and field observations (Figures 4c and 4d). The southern
escarpment of Mt. Perseverance consists of a ~4 km-wide band of distributed sub-vertical and predominantly dip-
slip faults, oriented N-S (Figure 4a). On the southeast wall, the NE-SW oriented fault set is highlighted by se-
lective erosion on fault plane surfaces, creating a series of triangular facets (Figure 4a). Centimeter-to meter-scale
dip-slip offsets are evident in outcrops along fault planes marked by a reddish altered coating (Figure 4c). A
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Figure 4. The Mt. Perseverance study area. (a) Tectonic lineaments (black solid lines) detected by remote sensing near
sampling locations. (b) The inferred sense of motion is illustrated by offset ridges, which are cut by several parallel structures
arranged en-echelon with the trend of the TAM front. The northern wall of Benson Glacier reveals multiple fault planes
shown by polished surfaces, reddish by alteration of fault rocks (c, d, ). White solid lines indicate main faults, dashed lines
indicate minor shear fractures and joints. The uninterpreted figure is shown as Figure S1 in Supporting Information S1.

subvertical vein set filled with quartz, calcite, and chlorite, as well as millimeter-sized blackish seams and cat-
aclasite, is coherent with the extensional stress field (vertical 6, axis) which generated the normal fault at Stop17
(Figure 4e). Strike-slip offsets can be inferred from dissected ridges (Figure 4b), along a shear zone consistent
with the partitioning of oblique-slip deformation.

4.3. Mt. Gauss and Mt. Murray Area (Mawson Glacier)

The structural architecture of the Mt. Gauss area (Stops 21 and 22) includes fault zones oriented along two main
directions: NNE-SSW (0°-40°N) and WNW-ESE (280°-305°N) (Figure 2). In the Mt. Murray sector, on the
northern side of Mawson Glacier (Stops 32, 33, and 34), faults exhibiting normal kinematics strike from NNW-
SSE to NW-SW (Figure 2). Additional structural data from Mt. Murray (Figure S3 in Supporting Information S1)
reveal the presence of a fault zone striking NE-SW (Stops 11-2017, 25-2017, and 28-2017) and ENE-WSW
(Stop 29-2017). The orientation of fracture networks (Figure S3 in Supporting Information S1) is consistent
with the fault data.

At Mt. Gauss, a breccia pipe (Stop 21, Figures 5a and 5b), ~0.5-1.5 m wide, and Ross post-collisional Vegetation
Lamprophyre dykes (Rocchi et al., 2009; see Table S4 in Supporting Information S1) (crosscut the Irizar Granite
(Figure S2 in Supporting Information S1). The breccia pipe primarily consists of angular fragments of Irizar
granite, along with subordinate fragments of meta-sediments, meta-rhyolites, and other metamorphic basement
materials, indicating the presence of the Wilson Metamorphic Complex and Johnnie Walker Formation
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Figure 5. (a-b) The Mt. Gauss site where breccia within the Irizar Granite has been found. (c) A panoramic view to the south from Stop 21, where the Irizar Granite is cut
by a felsic Irizar dike, as noted in Rocchi et al. (2009), the inferred fault is shown in white dashed lines. (d) Fault zone observed at Stop 21; dashed lines indicate minor
shear fractures and joints. (e) Map of Mt. Gauss showing main faults that intersect sampling sites; solid lines indicate certain faults, dashed lines indicate inferred faults.
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(Tessensohn et al., 1992) beneath the Irizar Granite plutons. Sharp contacts between the pipe and the host rock
have been reactivated by faulting, as highlighted by a millimeter-sized dark cataclasite vein at Stop 21 (Figure 5a).
The entire western ridge (Stop 22) of Mt. Gauss is intersected by faults, spaced several hundred meters apart,
striking WNW-ESE, similar to a fault zone described by Capponi et al. (2020) south of Mt. Gauss.

Glacial morphologies in the Mawson Glacier area are significantly influenced by structural elements. The
northern side of the glacier follows the fault zone that extends from the base of Mt. Murray to Charcot Cove and
Cape Hickey (Figure S3 in Supporting Information S1), while the southern side aligns with the deformation
pattern observed at the Mt. Gauss field sites (Figures 5d and 5e). The ~70° clockwise rotation of the glacial outlet
axis coherently reflects the intersection of two distinct deformation patterns, from N-S to ENE-WSW.

4.4. Fault Analysis

Coastal mountain ridge escarpments, extending from Mt. Murray to Granite Harbor, are morphologically
developed along a NNW-SSE orientation, influenced by rift flank exhumation on a regional scale and faulting
associated with the Victoria Land Basin (see Sauli et al., 2021, and references therein). In contrast, the glacial
valleys dissecting the coastal ranges and piedmont plains are structurally controlled by: (a) N-S striking fault
zones (e.g., lineaments across Mt. Perseverance, Mt. Endeavor, and Tripp Island in Figure 6) and (b) NE-SW
striking fault zones (e.g., structures bounding the Mackay Glacier) as suggested in the literature (Figures 2 and
6). Mt. Perseverance is the best location to observe the interaction between these two main deformation trends.
The N-S trend can be traced continuously for more than 15-20 km using remote sensing (Figure 6). The NE-SW
trend is well-constrained by morphological evidence on the escarpments (Figure 4a). Just south of Mt. Perse-
verance, the Benson Glacier divides into two branches, following the deformation framework (Figure 6). Pre-
dominantly dip-slip NE-SW and ENE-WSW striking faults are arranged in en-echelon arrays at a 45° angle to the
TAM front, consistent with the partitioning of oblique rifting.

Collectively, 266 kinematic indicators (striae) were collected by measuring the pitch of abrasion striae and
slickenfibers on polished fault surfaces. All faults in the four sectors, analyzed through pole contouring and
Gaussian model distribution, exhibit slip pitch angles ranging from 0° to 180°, with best-fit lines suggesting
normal to transtensive and purely transcurrent faults across the different investigated sectors. In the northern
sector, the component of strike-slip deformation is dominant along NE-trending faults, as confirmed by the
investigated sites (Figure 6). In sector A (Mt. Murray), the main fault zone parallel to Mawson Glacier, striking
from N-S to ENE-WSW, shows offsets primarily associated with dip-slip kinematics (65% of fault planes
measured), with minor dextral (21%) and sinistral (15%) strike-slip components. In sector B (Mt. Gauss), NNE-
SSW striking faults display a slip angle distribution centered around ~90°, indicating pure dip-slip normal ki-
nematics with a minor dextral strike-slip component. In sector C (Granite Harbor Intrusives), most fault planes
striking N-S are clustered within a slip angle range of 60°-~120°, which is consistent with the kinematics measured
in sector D (Convoy Range), suggesting a normal kinematic regime.

5. Microstructural Observations

We present the microstructural features associated with rock deformation and mineralization along fault zones.
Samples were collected from: (a) the Mt. Endeavor ridge along one of the faults forming the shear zone between
the Kirkwood Range and Tripp Island; (b) the western ridge of Mt. Gauss (Figure 5); and (c) the base of Mt.
Perseverance (Figure 4).

5.1. Mt. Endeavor Fault Rock

In Figure 7, a granodiorite sample (02-01-19VF4), attributed to the Larsen Granodiorite unit (Capponi
et al., 2020) from Mt. Endeavor, shows evidence of shear zones visible both in hand-specimens and at the
microscale (Figures 7a and 7b). The host rock is a granitic rock made by equigranular crystals of plagioclase,
biotite, amphibole and large K-feldspar crystals (up to ~10 cm). At the hand sample scale offsets along K-feldspar
grains are visible. Dark seams characterized by grain-size reduction are bounded by sharp surfaces (Figure 7b).
Aggregates of fine-grained quartz, enveloped by matrix-filled shear fractures, are evident near the fault core
(Figure 7b). The fault core consists of large angular quartz crystals dispersed within a finer matrix of biotite, K-
feldspar, and plagioclase (albite) and amphibole (Figure 7b). Small ~10 pm zircons and apatite crystals have been
identified through SEM analysis. No chlorite or calcite has been found in these faulted rocks. The rock is
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Figure 6. Statistical analysis of fault populations in the Convoy Range block and Mt. Murray sector, utilizing fault pole
contour and pitch Gaussian polymodal distribution plots. Sectors include: (a) Mt. Murray, (b) Mt. Gauss, (c) Granite Harbor,
and (d) Convoy Range. Faults referenced in the literature are taken from Capponi et al. (2020, 2024), Cox et al. (2023), and
Fitzgerald (1992). Additional faults are delineated using remote sensing techniques. The uninterpreted map is shown in
Figure S4 in Supporting Information S1.

overprinted by a set of fractures filled with quartz and biotite are oriented in accordance with the dextral shear
sense (Figure 7a).

5.2. Mt. Gauss and Mt. Perseverance Hydrothermal Alteration

Propylitic alteration has been documented at Mt. Gauss within and around the fault and the breccia pipe (Stop 21)
and at Mt. Perseverance (Stop 17). The breccia at Mt. Gauss is chaotic, with clasts generally exhibiting an angular
shape and a fine-grained matrix of quartz, feldspar, and chlorite is recognized (Figures 8a, 8b, and 9a). Pseu-
domorphic replacement of biotite by chlorite and subordinate anatase is commonly observed (Figures 8b, 8d, 8f
and S5 in Supporting Information S1). In the breccia, apatite crystals are frequently found as inclusion in biotite
laths (Figure 8f). The breccia is also cut by calcite-quartz-chlorite veins (Figures 8b—8e). In the cataclasite
(Figures 9b—9d) and in the partially replaced biotite of the Irizar host rock (Figure 9c), we found aggregates of

FIORASO ET AL.

12 of 26



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2024GC012005

Figure 7. Mt. Endeavor 02-01-19 VF4 fault rock sample. (a) Scanned thin section imaged under cross-polarized light.
(b) Parallel-polarized light image of the fault core. Abbreviations: Bt — Biotite, Kfs — Potassium feldspar, P1 — Plagioclase, Qz
— Quartz.

microcrystals of (Ce)-bastnéesite (Figure S6 in Supporting Information S1). Large clasts of metasedimentary
rocks in the breccia pipe (Figure 8c) display a preserved primary layering (bedding). The protolith consists of
fine-grained sandstone/siltstone composed of quartz, plagioclase, and K-feldspar grains, which have been
partially recrystallized. Extensional fractures are filled with biotite, which is partially replaced by chlorite
(Figure 8d). As a result of pervasive fluid circulation, the undeformed Irizar Granite host rock exhibits significant
alteration through sericitization, chloritization, and carbonate (calcite and bastnéesite) precipitation.

On the southern wall of Mt. Perseverance, evidence of hydrothermal fluid circulation is documented along the
entire southern cliff. At Stop 19, XRPD qualitative analysis of a granodiorite sample highlights the presence of

Ryﬂlltlc: TR & o
v, clast #88 al N

Figure 8. (a) Hand specimen of Mt. Gauss breccia, sample 01-01-19VF5. Scanned thin sections of (b) the breccia and (c) a
metasedimentary clast (S is marked by dashed lines). (d) Micropicture (Parallel-polarized light) showing a quartz-chlorite
vein cutting across a metasedimentary clast. BSE images depict (e) a calcite-chlorite vein intersecting the breccia and

(f) chlorite-anatase pseudomorphosis on a biotite domain where fragments of apatite crystals are cut by chlorite.
Abbreviations: Ant — Anatase, Ap — Apatite, Bt — Biotite, Cal — Calcite, Chl -Chlorite, Kfs — Potassium feldspar, Pl —
Plagioclase, Qz — Quartz, Ser — Sericite.
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Figure 9. Scanned thin section showing the contact between the breccia and the Irizar Granite host rock, sample 01-01-
19VF6. (b) Micropicture (Cross-polarized light) of the cataclastic band. (c) BSE image of the altered biotite crystal within the
host rock. (d) BSE image showing the contact between the breccia and host rock, highlighting chlorite, anatase, and (Ce)-
bastndesite. (e) Micropicture (Cross-polarized light) and (f) BSE imaging of a vein from Mt. Perseverance (sample 31-12-
18VF4) showing the vein filling assemblage made of quartz, chlorite, and calcite. Abbreviations: Ant — Anatase, Bsn-Ce —
(Ce)-Bastniesite, Cal — Calcite, Chl — Chlorite, Kfs — Potassium feldspar, Qz — Quartz, Zrc — Zircon.

calcite and chlorite (chamosite and clinochlore) (Table S5 in Supporting Information S1). At the base of the cliff
(Stop 17), a cataclastic granodiorite sample (31-12-18 VF4) provided the same assemblage of calcite and chlorite
(chamosite and clinochlore). In contrast, a sample of undeformed granodiorite collected 20 m far from the faut
damage zone (sample 31-12-18 VEFY) is altered only by secondary chlorite (Figure S7 in Supporting Informa-
tion S1). Along the fault zone (Figures 4d and 4e), a ~2 cm-thick vein filled with large euhedral calcite-quartz
crystals associated with chlorite was found (Figures 9e and 9f).

5.3. Chlorite Geothermometry

The environmental temperature of fluid-rock interaction was estimated through WDS (Table S6 in Supporting
Information S1) and EMPA (Table S7 in Supporting Information S1) on chlorite crystals from Mt. Gauss and Mt.
Perseverance (samples 01-01-19VF5 and 31-12-18VF4). The temperatures, graphically estimated (Bourdelle &
Cathelineau, 2015), are organized into two distinct groups close to the Clinochlore/Daphnite composition (Figure
S8 in Supporting Information S1). Chlorites from Mt. Gauss are closely clustered, indicating formation
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Figure 10. Topographic profiles and apatite fission-track AER for (a, b) Mt. Gauss, (c, d) Mt. Endeavor, and (e, f) Mt.
Perseverance. In the age-elevation relationship plots, black symbols represent data collected in this study, while blue
diamonds indicate literature data (Fitzgerald, 1992; Guzzo et al., 2019; Storti et al., 2008). Dashed transparent red lines
delineate fault zones.

temperatures between 250 and 325°C, whereas chlorites from Mt. Perseverance is more widely distributed in
composition, suggesting formation temperatures between 175 and 325°C.

6. Thermochronology Results

In our study of the Convoy Range block, 13 rock samples were collected from Granite Harbor Intrusive Complex
lithologies (Irizar Granite, Larsen Granodiorite, Discovery Pluton granite) and analyzed using the fission-track
method. Fission-track and counting data are provided in the supplementary information (Tables S8 and S9 in
Supporting Information S1). Additional samples collected from Devonian sandstone and heavily deformed fault
rocks showed limited recovery of apatite grains. Sampling was performed along two orthogonal transects to the
chain: one from Mt. Gauss to Cape Day and the other from Endeavor to Tripp Island (Figure 2). A steep, near-
vertical wall in the Granite Harbor sector was also sampled to intercept fault zones observed through remote
sensing.

The first transect extends approximately 4 km in the NNE direction across the western ridge of Mt. Gauss
(Figure 10a), where three samples were collected at elevations ranging from 250 to 850 m. The AFT ages increase
slightly from 37.1 + 4.3 Ma to 40.2 + 4.4 Ma, showing ages and AER that are consistent with those from Mt.
Murray on the opposite side of Mawson Glacier (Figure 10b). At mid-elevation (527 m), a sample with an age of
23.9 £ 5.5 Ma is anomalously young compared to the trend of the AER and the regional age distribution, which
defines the supposed exhumation rate for this TAM sector. Approximately 20 km to the NE, at Cape Day
(Figures 2 and 10a), a sample dated at 26.4 + 2.4 Ma was found at sea level, which aligns with the AER for Mt.
Gauss (Figure 10b).

Along the second transect, which is approximately 5 km long and E-W oriented across the eastern ridge of Mt.
Endeavor (Figure 10c), four samples were collected at elevations ranging from 560 to 920 m. The AFT ages from
the base of the profile are as follows: 32.3 £ 3.0 Ma, 27.7 £ 2.6 Ma, 30.2 + 3.3 Ma, and 34.9 + 3.3 Ma. These ages
are younger than those reported in the literature (Storti et al., 2008) for Mt. Creak, but are similar to ages found on
Mt. Gauss. The age trend decreases from the top of the profile for the highest three samples, while the lower
sample and the Tripp Island sample show slightly older ages, following the same AER trend. The transect
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Figure 11. Thermal evolution of samples modeled using HeFTy software (Ketcham, 2005). (a) Time-temperature best fit
paths (solid lines) and weighted mean paths (dashed lines) for samples 02-01-19VF3, 02-01-19VF4 and 31-12-18VF5. The
last 100 Myr of thermal evolution of sample 01-01-19VF15 without (b) and with (c) constraint boxes in the Cenozoic to test
the hydrothermal reheating hypothesis. Full time-temperature paths are shown in Figures S9 and S10 in Supporting
Information S1.

intersects a remotely inferred N-S fault zone extending from Mt. Perseverance into the Granite Harbor sector
(Figure 6).

The last profile, located on the southern wall of Mt. Perseverance (Figure 10e), is approximately 1 km long and SE
oriented, spanning elevations between 250 and 880 m. The lowermost sample yielded an age of 39.7 Ma,
consistent with literature data for the same elevation within the same sector. The uppermost sample is slightly
younger but remains consistent with the lowermost age. The local AER, combined with literature data, reveals a
trend similar to the regional AER, whereas an anomalously young sample located at 400 m above sea level is
dated at 23.4 + 2.1 Ma. This sample originates from a NE-SW striking fault zone detected through remote
imaging and analysis. Samples dated at 39.7 + 3.6 Ma and 37.4 + 4.3 Ma are respectively found at the bottom and
top of the profile. Ages reported in the literature (Fitzgerald, 1992) near the coast are older, consistent with the
structure observed on the opposite side of the Mackay Glacier.

Numerical modeling using HeFTy software enables quantitative reconstruction of the thermal histories of
samples based on observed data (grain ages, Dpar length, confined track length) and prior constraints chosen from
external data. Reconstructions of the final cooling phase are influenced by older geological events, which should
be considered in addition to simple interpretations of AER (see Prenzel et al., 2013). We established three time-
temperature constraint boxes (Figure 11a): (a) a Cambrian magmatic cooling for the basement rocks of Granite
Harbor Intrusive Complex; (b) residence at near-surface temperature during Beacon sandstone deposition, var-
iable in function of the distance from Kukri Erosion Surface; and (c) the reheating caused by the emplacement of
the Ferrar Large Igneous Province.

For the three samples, 31-12-18 VFS5 (at the base of Mt. Perseverance), 02-01-19VF3 (on Tripp Island), and 02-01-
19VF4 (at the base of the Mt. Endeavor profiles), the thermal histories (Figure 10a) align well with the observed
data. The observed ages and mean track lengths (MTL) are respectively: 39.7 = 3.6 Ma and 14.49 + 1.50 pm
(n=44);359+34Maand 14.41 + 1.33 pm (n = 48),32.3 £ 3.0 Ma and 14.33 + 1.43 pm (n = 45). Long MTL
values as in these samples are consistent with a short time over track annealing occurred at the PAZ level,
implying an accelerated exhumation synchronous to observed ages around the Eocene-Oligocene boundary.
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Thermal modeling of the lowermost sample from Mt. Gauss (01-01-19VF15), with an MTL of 13.93 + 1.61
(n =45), is complicated by the presence of a double peak in the confined track distribution (Figures 11b and 11c).
We run a model with the same constraint boxes already used in previous modeling runs (Figure 11b), and a model
with two additional constraint boxes (Figure 11c, see boxes 4 and 5) trying to better reproduce a short cooling/
exhumation phase followed by a reheating between 25 and 20 Ma. The thermal history allowed for partial
annealing of the confined tracks, producing a negative shift in the secondary peak of the Gaussian distribution.
However, the reheating did not sufficiently thermally reset the sample or decrease the AFT age.

7. Discussion
7.1. Tectonic Scenario

The Cenozoic structural pattern of Southern Victoria Land is dominated by en-echelon fault arrays, oriented
obliquely to the TAM front (Wilson, 1995). These fault arrays accommodate the regional stress regime through
partitioned dip-slip, oblique-slip, and strike-slip faults. In the Dry Valleys, the predominant NE-to-ENE striking
faults are mostly dip-slip, while the NNE striking faults exhibit a dextral oblique-slip component (Wilson, 1995).
This observation aligns with Riedel-type fracture arrays that trend obliquely to the TAM front. Further south, the
structural framework of the TAM front is dissected by E-W and ESE-WNW lineaments, which form the Dis-
covery accommodation zone. However, local subsidiary faults still follow the trends of Riedel-type fractures
(Olivetti et al., 2018; Wilson, 1999). In the Prince Albert block, normal and strike-slip synthetic shears are
oriented NNE to NE, whereas strike-slip antithetic shear faults are oriented ENE (Storti et al., 2008). Our new data
for the Convoy Range block indicate a dominance of N-S to NE-SW faults, primarily dip-slip and right-lateral
oblique-slip (Figure 6). Local variations in structural trends are attributed to the reactivation of inherited
Paleozoic lineaments and segmentation of the TAM front, as observed in the Cape Roberts Basin, which is located
just offshore of the Mackay Glacier (Hamilton et al., 2001). In the Convoy Range sector, fracture orientations may
be influenced by the preexistence of tectonic structures coeval with the Ferrar sills emplacement and an Early
Jurassic tensile stress field. Nevertheless, the investigation of pre-Cenozoic deformation is not univocal
considering that families of faults within the Beacon sandstone sequences are oriented coherently with the stress
field generally observed along the TAM front (e.g., Vignaroli et al., 2015, and references therein).

The consistent deformation patterns and landscape morphologies throughout southern Victoria Land suggest that
faulting occurs coevally along fault arrays striking at oblique angles to the TAM front. Considering the me-
chanical consistency of synthetic and antithetic shear zones, the faulting is synchronous with post-26 Ma oblique
rifting in the Terror Rift, as indicated by plate motion studies (Granot & Dyment, 2018) and seismic reflection
data (Sauli et al., 2021).

7.2. Thermochronological Evidence

Thermochronologic ages collected along vertical profiles or long fault-orthogonal transects can exhibit outlier
samples that deviate from regional trends due to differing thermal histories resulting from faulting, heating, or
specific landscape evolution processes. In an extensional setting, such as a rift flank, the strain may be accom-
modated by nearly vertical normal and oblique fault systems, which segment crustal blocks and cause differential
exhumation among them (Fitzgerald, 1992; Tron & Brun, 1991). These anomalies closely reflect the structural
architecture of the TAM front, where AFT ages near the coastline in piedmont sectors may be older than samples
taken at higher elevations far from the coast (Figures 10b—10f), suggesting a regional downfaulting to the east,
parallel to the margin. Small discrepancies in age-elevation relationships have been historically detected even in
steep vertical profiles, attributed to the motion of faulted blocks. Heating events may occur due to the presence of
magmatic intrusions near the sampling locations (e.g., Balestrieri et al., 1997), frictional heating recorded in
zircons (e.g., Murakami & Tagami, 2004), or hot fluid circulation (e.g., Wolfler et al., 2010). Additionally,
different exhumation styles can lead to local younging trends of thermochronological ages observed at large
scales in rift flanks, as a result of the interplay between isostasy and erosion (e.g., Gallagher et al., 1998).

It is noteworthy that the rejuvenation of AFT ages in fault zones compared to the host rock is attributed to thermal
events occurring above the partial annealing zone (PAZ) level (60-120°C), which makes the AFT thermo-
chronological system particularly suitable for detecting very shallow crustal processes. In contrast, zircons have
frequently been used to detect anomalies related to frictional heating in deeper fault zones (Tagami, 2012), given
that the corresponding PAZ closes at approximately 180°C.
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7.2.1. Mt. Gauss

On opposite sides of the Mawson Glacier, Mt. Gauss and Mt. Murray share a similar structural setting along the
TAM front, as well as a comparable tectonic and landscape evolution history. This is demonstrated by a consistent
gradient in age-elevation relationship (AER) (Figure 10b). From the summit of Mt. Gauss to the sample collected
at Cape Day, the AER aligns with a rapid Late Eocene exhumation phase, which coincided with significant
climate and geomorphic changes, including erosion of warm-based glaciers (He et al., 2021; McKay et al., 2022).
Although faults have been identified between the sampling points during field surveys, the dip-slip offset is
minimal, and no substantial vertical motions have affected the area. Only the Cape Hickey and Charcot Cove
samples along the coast are slightly older than those at the base of the escarpment (Guzzo et al., 2019). The mid-
elevation sample along the Mt. Gauss transect (01-01-19VF13), dated 23.9 + 5.5 Ma and based on seven grains
that form a coherent single population (P = 91.14%), is anomalously younger than AFT samples at similar el-
evations in the southern Victoria Land (SVL).

Considering the age of the AFT data, if the anomaly in the AER were solely the result of faulting, the vertical
offset must have occurred after 24 Ma. The scenario of a rapidly exhuming crustal block at the onset of the
Miocene does not align with the regional evolution of the TAM (Fitzgerald, 2002). Additionally, large fault
surfaces have not been identified either in the field or through remote sensing along the ridge of Mt. Gauss,
whereas several tectonic structures have been detected on the escarpment south of Mt. Perseverance (Figure 4a).
We also exclude that the observed AFT ages pattern reflects the effect of local isotherm warping due to abrupt
paleo-topography. The relative distances between samples, ~700 m (Figure 10a), appear too short to warp the
isotherms reproducing such different cooling histories. Moreover, the sampling profile would be misoriented (E-
W) respect to the rift flank at the regional scale (N-S). We propose a second hypothesis: that the young AFT ages
observed in samples collected from fault damage zones have been reset due to heating associated with a hy-
drothermal event that coincided with the Oligocene-Miocene activation of faulting along the TAM front.

The lowest sample, 01-01-19VF15, at the time of the hydrothermal event (~23 Ma), was located just above the
upper boundary of the unperturbed PAZ, which corresponds to a depth of approximately 2-2.5 km with a
geothermal gradient of 30—40°C/km. We suggest that deformation and mesothermal fluid circulation were pre-
dominantly surficial, occurring at depths of around 2 km or less. Sample 01-01-19VF15 reflects a unique
exhumation history, as deduced from thermal modeling (Figure 11c), which indicates a double peak in the dis-
tribution of confined tracks. This observation is consistent with a prolonged stagnation of apatite grains at
temperatures corresponding to the PAZ. We simulated this event using a constraint box centered at 23 Ma, within
the temperature range of 80—120°C (Figure 11c¢). The best-fit model reproduced a heating event followed by rapid
cooling during the Miocene.

7.2.2. Mt. Perseverance

At Mt. Perseverance (Figures 10e and 10f), the sample 31-12-18VF8, collected at an elevation of 400 m, appears
to have been reset by hydrothermal circulation, yielding an age of 23.4 + 2.1 Ma based on 20 grains (P = 91.78%).
This profile is intersected perpendicularly by a set of NE-SW striking faults characterized by dip-slip-to dextral-
oblique slip and a set of N-S dip-slip faults (Figure 4a). Samples 31-12-18VF8 and 31-12-18VF4 (Figure 4c) were
collected along the NE-SW striking fault planes and exhibit significant alteration, with mineralized veins cutting
through them (Figures 4e and 9e, 9f) (Table S4 in Supporting Information S1). In contrast, sample 31-12-18VF5
is situated outside the damage zone (Figure 4c). The N-S striking faults are part of a series of tectonic alignments
that extend from the northern side of the Mackay Valley to the outlet of the Fry Glacier. These faults separate the
Tripp Island structural high and cut through the lower portion of Mt. Endeavor (Figure 6). The N-S structural
trend is parallel to other lineaments, such as the Evans Fault, previously inferred from thermochronological
studies (Fitzgerald, 1992), which are consistent with our measured fault plane data.

At Tripp Island, we suggest that the AFT sample (02-01-19VF3) dated at 35.9 + 3.4 Ma is downfaulted toward the
basin approximately ~900 m, based on the elevation difference with the uppermost sample on Mt. Endeavor (02-
01-19VE8) (Figure 10d). This thermochronological ages trend could also result from escarpment exhumation by a
downwarping model (e.g., Gallagher et al., 1998). Similarly, at Mt. Perseverance (Figure 10f), the cumulative
displacement between samples 31-12-18VF7 and 31-12-18VFS is estimated to be around 700 m, suggesting the
lateral continuity of this fault zone (lineaments dashed in Figure 6 between Tripp Is. and Mt. Endeavor).
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Figure 12. (a) Three-dimensional block diagram illustrating the geological structure of Mt. Gauss. (b) Schematic
representation of a fault zone, highlighting its physical properties, such as permeability and fracture frequency, in relation to
the potential for apatite resetting. Abbreviations according to Choi et al. (2016): WR, wall-rock; DZ, damage zone; FC, fault
core. (c) Apatite fission-track age-elevation relationship for Mt. Gauss. Forward modeling was performed on sample 01-01-
19VF13, considering two scenarios: (d) non-reset and (e) reset due to hydrothermal flow. In panel (c) the modeled ages
referring to the two different scenarios are shown.

7.2.3. Early Miocene Hydrothermal Reset

Alteration is observed in all samples to different degrees; however, chloritization, carbonatation, and the resetting
of apatite grains primarily occur within the damage zone adjacent to the main fault planes. In the proposed
scenario, a 3-D conceptual model of Mt. Gauss (Figure 12a) is used to visualize the structurally controlled fluid
flow and the selective apatite resetting in zones affected by hydrothermal fluid circulation, mineralization and
alteration (Figure 12b). Examining the AER of Mt. Murray and Mt. Gauss at an elevation of approximately 500 m,
an AFT sample is expected to have an age of 35-40 Ma (Figure 12c¢). A simple forward modeling analysis
conducted with HeFTy software (Ketcham, 2005) indicates that a monotonic cooling/exhumation model can yield
a sample age of 37 Ma (Figure 12d). This model can be further complicated by introducing a phase of rapid
reheating above the PAZ temperature (Figure 12e). When temperatures rise to levels consistent with chlorite
formation, estimated to be at least ~230°C (Figure 12e), and remain elevated for more than 100 years (as derived
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from the Arrhenius plot of AFT annealing data; for a comprehensive review, see Hurford, 2019), the previous
exhumation history is effectively erased. Consequently, apatite grains record only the last phase of extremely
rapid cooling to the surface, after the thermal resetting induced by the mesothermal fluid-rock interaction at ca.
23 Ma. At Mt. Endeavor, apatite grains found in the shear zone (sample 02-01-19VF4) do not show evidence of an
early Miocene reset or reheating (Figure 11a). We infer that the deformation along that structure (Figure 7a)
occurred at crustal level beneath the PAZ before the Oligocene.

The scenario of formation of breccia bodies at Mt. Gauss (Figures 5d, 8, and 9) may result from one of these two
processes: (a) a steam explosion related to the interaction between Ferrar Dolerite sills and the Jurassic water table
(e.g., Elliot & Grimes, 2011), or (b) a hydrofracturing process associated with a Cenozoic hydrothermal event. In
both hypothesis, a late hydrothermal event led to pseudomorphous replacement of biotite by chlorite and anatase
as resulting from removal of cations (e.g., Fe, K, and Ti) during hydrothermal fluid circulation (Parneix
et al., 1985). The skeletal texture of titanium oxide mineralization (Figure 8d) suggests an undersaturated
environment concerning specific mineral phases. Generally, a hydrothermal environment evolves from a primary
mineralization phase to a waning phase, during which there may be secondary enrichment or dissolution of
previously precipitated phases. At Mt. Perseverance, open fractures were healed through a multi-stage miner-
alization process. The observed paragenetic sequence consists of: (a) euhedral quartz, (b) chlorite, (c) quartz
overgrowth, and (d) calcite (Figures 9e and 9f). This polyphase mineralization occurred at mesothermal condi-
tions as indicated by the chlorite thermometry, which provided temperature estimates ranging 175-325°C. The
precipitation of hydrothermal carbonates is generally linked to CO, degassing, as this process effectively removes
carbon species from fluids (Zheng, 1990). Additionally, due to the low solubility of calcite at hydrothermal
temperatures, CO, degassing plays a crucial role in calcite precipitation (Holland & Malinin, 1979; Zheng, 1990).
Within the clasts of the Mt. Gauss breccia (Figures 9c and 9d), bastnésite, a low-temperature REE fluorine
carbonate, occurs in association with alkaline volcanism (Zheng & Liu, 2019). Experimental studies indicate that
the solubility of LREE such as Ce and La decreases below 300°C (Louvel et al., 2022), with bastnisite primarily
precipitating between 160 and 240°C (Zheng & Liu, 2019). Moreover, an acceptable formation temperature for
anatase, the low-temperature TiO, polymorph in hydrothermal settings, ranges 200-300°C (e.g., Migaszewski &
Galuszka, 2023). These crystallization temperatures align well those obtained with the chlorite thermometry,
further confirming the complete reset of the apatite grains during Cenozoic fluid-rock interaction and structurally
controlled fluid flow. We therefore infer that the presence of bastnisite as part of the alteration assemblage in-
dicates hydrothermal fluids likely associated with the Cenozoic McMurdo volcanism. This hypothesis suggests a
structural connection with a lithospheric mantle enriched with carbonate-bearing silicate liquids, consistent with
the trace element geochemistry of McMurdo alkaline volcanic rocks (Martin et al., 2013; Panter et al., 2018).

7.3. Tectonic and Geodynamic Implications

The onset of the West Antarctic Rift System is believed to have occurred during the late Early Cretaceous
(Siddoway et al., 2004), coinciding with the early exhumation of the TAM (Fitzgerald, 2002). Therefore, hy-
drothermally altered faults such as the those in this study (Olivetti et al., 2018; Storti et al., 2008; Wilson, 1995,
1999) should be viewed as products of a late-stage tectonic reactivation of the rift shoulders. In this context, the
TAM rift front, shaped primarily by surface processes and locally supported by dynamic topography (Balestrieri
et al., 2020; Faccenna et al., 2008), experienced segmentation due to the onshore partitioning of rifting. As
demonstrated by our new AFT data and field surveys, the offsets estimated along dip-slip faults alone cannot fully
account for the observed Cenozoic landscape evolution. Only in specific areas, such as the Mt. Perseverance
sector, the cumulative offsets of wide fault zones may reach approximately 500-700 m.

7.3.1. Hydrothermal Fluid Circulation and Volcanism

During the Neogene-Quaternary period, extension in western Ross Sea (WRS) was accompanied by the onset of
widespread alkaline McMurdo Volcanic Group (Fioraso, Sternai, et al., 2024). This volcanic activity spans the
entire length of the Victoria Lands, from seamounts in the Adare Basin to the southern termination of the Victoria
Land Basin, where several shield volcanoes are situated (Rocchi & Smellie, 2021; Martin et al., 2021). Partial
melting of recycled materials leads to the formation of carbonate-rich silicate liquids in the asthenosphere, which
migrate into the lithospheric mantle, resulting in the production of metasomes (Panter et al., 2018; Panter &
Martin, 2023). We hypothesize a connection between the advection of hydrothermal fluids in highly fractured
fault damage zones and the onset of McMurdo volcanism. The oldest known volcanic products of the McMurdo
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Group are ash layers found in the CRP-2/2A core, dated at 24.98 Ma by “°Ar/*° Ar (McIntosh, 2000) and attributed
to Mt. Morning, the oldest recognized eruptive center in the McMurdo province (Smellie & Martin, 2021).
Consequently, the hydrothermal activity documented in this study aligns with the early phases of McMurdo
volcanism. In this context, the initial magmatic and hydrothermal fluids of the McMurdo Volcanic Group may
have exploited crustal discontinuities as preferential pathways, which were reactivated by Cenozoic oblique
rifting at the Oligocene-Miocene boundary. The McMurdo volcanism is predominantly focused along in-
tersections of tectonic structures and structural accommodation zones between basins (Ferraccioli et al., 2008;
Rocchi et al., 2002; Wilson, 1999), mirroring patterns observed in hydrothermal systems worldwide (Chiodini
et al., 2008; Frondini et al., 2008; Hutchinson et al., 2015; Ring et al., 2016; Rowland & Sibson, 2004). However,
it is important to note that no volcanic occurrences have been documented in the Convoy Range block, and the
nearest evidence of McMurdo volcanism is represented by an intrusion located offshore of Cape Roberts
(Hamilton et al., 2001). Thus, the hydrothermal circulation identified in this study may represent the only known
magmatic by-product of McMurdo volcanism in this region of the TAM.

On a broader scale, the TAM and western Ross Sea serve as critical zones where deep mantle materials are
recycled from older convergence phases and subsequently emitted at the surface as volcanic products and hy-
drothermal mineralization. The deep crustal structures enhance the connectivity of magmatic-hydrothermal fluids
to the surface, which are often enriched in CO, and other volatiles dispersed in aqueous solutions. Passive margins
and continental rift systems significantly influence the deep carbon cycle (Foley & Fischer, 2017; Lee
et al., 2016), CO, emissions, and climate over Mesozoic-Cenozoic timescales (Brune et al., 2017). A deep origin
for the hydrothermal fluids in the Convoy Range block may provide a link between a major CO, sink, such as the
paleo-Pacific subduction zone, and volcanogenic emissions along fractured fault zones within the Western
Antarctic Rift System, even in the absence of alkaline melts at the surface.

8. Conclusions

We present the first evidence of an early Miocene (~23 Ma) paleo-hydrothermal system in the Convoy Range
block of the Transantarctic Mountains, temporally constrained using thermochronology. Our main findings are as
follows:

¢ Fluid flow is associated with brittle deformation and faulting along N-S and NE-SW striking oblique- and dip-
slip normal faults.

o The structural architecture is developed by the onshore propagation of oblique rifting from the NNW-SSE
striking right-lateral fault system on the western border of the Victoria Land Basin, which intersects the
Transantarctic Mountain rift flank.

¢ Rock damage due to faulting and hydrofracturing has produced dilational fractures that host mineralized veins.
This process has also facilitated fluid-driven alteration processes, such as the propylitization of the granitic
host rock. The upward advection of hot fluids locally perturbed the thermal state of the investigated area,
suggesting temperatures sufficient to reset the apatite fission-track system.

o Fluid temperatures, estimated via chlorite thermochronometry, range between 175 and 325°C. These estimates
have been incorporated into thermochronological modeling to assess the effective resetting of apatite grains.

¢ The age of the hydrothermal system is consistent with the first occurrence of volcanogenic products in the
region, linking fluid circulation and CO, degassing with syn-rift melting in the mantle. We propose that the
fluids are primarily magmatic-hydrothermal, dissolved in silicate magma, and released from solution during
decompression and crystallization.
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