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S U M M A R Y 

Bedrock geology from Antarctica remains largely unknown since it is hidden beneath thick 

ice sheets. Geophysical methods such as gravity and magnetic inverse modelling provide a 
framework to infer crustal rock properties indirectly in Antarctica. Ho wever , due to limited 

availability of rock samples, validation against direct geological information is challenging. We 
present a new rock property catalogue containing density and susceptibility measurements on 

320 rock samples from nor ther n Victoria Land. This catalogue is used to assess the reliability 

of local and regional scale inverse results, including a new local high resolution magnetic 
inversion in the Mesa Range region and a pre viousl y published regional scale joint inversion 

of gravity and magnetic data in northern Victoria Land and the Wilkes Subglacial Basin. We 
compare our density and susceptibility measurements to global and local measurements from 

the literature to access the correlation to rock types and geological units. Fur ther more, the 
measured values are compared against inverted values. The close correspondence between 

inverted and measured rock properties allows us to predict locations of rock types where 
currently such information is missing. The utility of measured susceptibility and density 

relationships for interpreting inversion output provides a strong incentive to incorporate local 
rock samples into geophysical studies of subglacial geology across Antarctica. 

Key words: Gravity anomalies and Earth structure; Antarctica; Magnetic anomalies: mod- 
elling and interpretation; Rock and mineral magnetism; Joint inversion. 
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1  I N T RO D U C T I O N  

One of the largest challenges currently in solid earth research in 
Antarctica is reliable imaging of subglacial geology and crustal 
properties. The overwhelming majority of Antarctica’s geology is 
hidden beneath thick ice sheets limiting direct geological informa- 
tion to ice free regions at the coast, high mountain ranges and iso- 
lated nunataks. Geological structures and subice solid Earth prop- 
erties are therefore inferred most commonly from geophysical ap- 
proaches: airbor ne g ravity, magnetic and radar measurements (e.g. 
Goodge & Finn 2010 ; Ferraccioli et al. 2011 ; Riedel et al. 2012 ; 
Jordan et al. 2013 , 2022 , 2023 ; Aitken et al. 2014 ; Mieth & Jokat 
2014 ; Mieth et al. 2014 ; Gibson et al. 2015 ; Ruppel et al. 2018 ). 
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The caveat is that the complexity of geological structures, which 
can be inferred, depends on the flight line spacing and altitude of 
the airbor ne sur v e ys. High resolution surv e ys with tight flight line 
spacing ( ≤500 m) are rare in Antarctica and where conducted are 
usually limited to magnetic measurements over local (10 s of km) 
surv e ys (e.g. Wilson et al. 2007 ; Damaske et al. 2014 ; Ghirotto 
et al. 2023 ). 

Complementary to geophysical crustal forward modelling, 
magnetic-only and joint inversions of gravity and magnetic data 
have been successfully applied to different environments and scales 
to image cr ustal proper ties in terms of density and susceptibility 
distribution beneath the Antarctic ice sheet (e.g. L ösing et al. 2022 ; 
Jordan et al. 2023 ; Morales-Oca ̃ na et al. 2023 ; Lowe et al. 2023a ). 
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 remaining challenge is to directly link geological information
ith geophysical models. Petrophysical rock properties, namely

usceptibility and density, allow linking of these observations and
ross-validation of hypotheses arising from geological or geophys-
cal interpretation. 

Remaining open questions are how well inverted petrophysical
arameters correspond to laboratory derived petrophysical param-
ters measured on Antarctic rock samples, whether it is possible to
eparate and classify subglacial rock types based on inverted petro-
hysical properties, and what the possible limitations are. The lack
f linkage between Antarctic geophysical models and petrological
ata arises from a lack of density and susceptibility measurements
n the same rock samples in the literature and therefore, Antarc-
ic models are often validated against catalogues of global rock
roperties or rock samples from Australia (e.g. L ösing et al. 2022 ).

To answer these questions, we present a petrophysical catalogue
ontaining 320 measurements of susceptibility and density values.
hose measurements are performed on rock samples from northern
ictoria Land (nVL), which are archived by the German Federal

nstitute for Geosciences and Natural Resources (BGR) from over
0 yr of expeditions to nVL. Additionally, we present a new high
esolution local susceptibility inversion of the Mesa Range area
n nVL based on a helicopter magnetic surv e y with a 500 m line
pacing conducted by BGR in the 2009–2010 Antarctic season
Damaske et al. 2014 ). Gravity measurements on a comparable res-
lution do not exist for the local study area. Instead, we discuss
dditionally a coupled inverted susceptibility and density crustal
istribution model, on a regional scale in nVL and the Wilkes Sub-
lacial Basin (WSB), which has been pre viousl y published (Lowe
t al. 2023b ). This model is based on a joint inversion of gravity
nd magnetic airborne data, which accommodates the gravity reso-
ution and therefore adds an additional dimension that fully utilises
he advantages of joint inversion of potential fields, albeit with a
oarser grid resolution. 

.1 Regional g eolog y 

VL is located at the Pacific end of the Transantarctic Mountains
TAM), one of the largest non-collisional mountain chains world-
ide (Fig. 1 ). The basement formed by accretionary processes at the
ast Gondwana active continental margin during the late Ediacaran–
arly Palaeozoic Ross Orogeny e.g. (Goodge 2020 ). Geolo gicall y
he TAM consists of the western and inboard polymetamorphic and

agmatic Wilson Terrane, the central volcanic and clastic Bow-
rs Terrane, and the eastern turbiditic Robertson Bay Terrane. The
etamorphic basement of the Wilson Terrane comprises low- to

igh-grade (up to granulite-facies) metamorphic rocks, involving,
or example the Wilson metamorphic and polymetamorphic com-
lexes, the Berg Group or the Wilson Schists, as indicated in Fig. 2 .
he metamorphic country rocks are intruded by the voluminous
ranite Harbour Intrusive (GHI) Complex (here also including the

natectic Oates Coast granitoids listed in Fig. 2 ). The majority
f the plutonic rocks consist of granitoids with subordinate inter-
ediate to mafic varieties as well as some ultramafics. The Bow-

rs Terrane comprises very low- to low-grade metavolcanics and
ssociated metav olcaniclastics, w hich formed in an island arc or
ore-/backarc tectonic setting and grade into molasse-type clastic
etasedimentary rocks (Bowers Supergroup, Figs 1 and 2 ). The

utboard Robertson Bay Terrane consists of mostly distal turbidites
f the Robertson Bay Group deposited furthest from the continent
nterior (Figs 1 and 2 ). The W ilson-Bo wers terrane boundary is
efined by the strongly deformed Lanterman-Mariner Fault Zone
n the Lanterman Range and along the western margin of Mariner
lacier, whereas the Millen Schist Belt represents the boundary be-

w een the Bow ers and Robertson Ba y terranes. Post-Ross geology
s characterized by the mid-Palaeozoic felsic Admiralty Igneous
omplex comprising the Admiralty granitoids and the Gallipoli
 olcanics. They are unconformab l y overlain b y late Palaeozoic to
arly Jurassic clastic Beacon Supergroup and sills and lavas of the
urassic Ferrar Supergroup, that is Ferrar Dolerite and Kirkpatrick
asalt including the volcaniclastic Exposure Hill-type deposits (e.g.
ANOVEX Team 1987 ; Elliot et al. 2021 ). Youngest rocks in the

e gion involv e Cenozoic alkaline to peralkaline magmatic rocks of
he McMurdo Igneous Complex, related to West Antarctic rifting,
nd glacial sediments (Kyle & Cole 1974 ; Kyle 1990 ; Rossetti et al.
000 ; Giordano et al. 2012 ). 

 M E T H O D :  P E T RO P H Y S I C A L  

E A S U R E M E N T  A N D  I N V E R S I O N  

e conducted susceptibility and density measurements on 320 rock
amples from nVL. Susceptibilities of the rock samples were mea-
ured using a handheld KAPPAMETER KM-7 (Pocket Magnetic
usceptibility Meter). For each rock sample eight repeat measure-
ents were performed on different flat and, if possible, fresh sur-

aces. Density was measured by weighing the dry sample and divid-
ng this by the volume. The volume of the sample was determined
y suspending it from a string in a water container , allo wing it to
chieve equilibrium. The string offsets the difference of gravita-
ional and buoyancy forces acting on the sample. Consequently, the
uoyancy force acting on the sample can be quantified using a scale
ositioned at the base of the container. Density is then calculated
sing the density of water, the weight of the dry sample and the
eight of displaced water (eq. 1 ). 

ensity ρ = 

Weigh t rock Densit y water 

Weigh t displaced Water 
. (1) 

Inversion of magnetic data alone is carried out using the open-
ource scientific code JIF3D. The joint inversion model, also carried
ut in JIF3D, is discussed in depth in Lowe et al. ( 2023b ). The the-
retical background is given in detail in (Moorkamp et al. 2011 ;
oorkamp 2021 , 2022 ). Therefore, we restrict the description here

o a description of the objective function and its regularisation pa-
ameters. The objective function for the joint inversion � joint , as
escribed in Lowe et al. ( 2023b ), has five terms (eq. 2 ). Two mis-
t terms represent the difference between the gravity and magnetic
eld responses of the model and the observed fields. Two regulariza-

ion parameters relate to the two petrophysical quantities (density
nd susceptibility). JIF3D uses a finite difference approximation
o the spatial gradient for regularisation, meaning differences in
alues between adjacent cells are penalized. Therefore, a higher
egularization value leads to a smoother model with less variation.
 full description of the regularisation parameter can be found in
oorkamp et al. ( 2011 ). The last term is the Variation of Informa-

ion parameter, which enforces a coupling between both physical
uantities (Moorkamp et al. 2011 ; Moorkamp 2021 , 2022 ; L ösing
t al. 2022 ; Lowe et al. 2023b ). 

 joint = � d, grav + � d,mag + λ1 � reg,ρ + λ2 � reg,sus + λ3 � V I , (2) 

here � d, grav and � d,mag are the root-mean-square (RMS) misfit
etween observed and inverted gravity and magnetic data, respec-
i vel y, � reg,ρ and � reg,sus are regularisation parameters, and � V I is
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Figure 1. Geological map of nor ther n Victoria Land and Oates Land. Geological data taken from (Cox et al. 2023b ). Based on (Roland et al. 2002 ; L äufer 
et al. 2011 ; Pertusati et al. 2016 ). Inset shows study location (red box) in Antarctic context. 
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the coupling term based on the variation of information approach 
(Moorkamp et al. 2011 ; L ösing et al. 2022 ; Moorkamp 2022 ). 

For the local magnetic inv ersion ov er the Mesa Range, we use 
the joint inversion algorithm described above but with the coupling 
weights and all terms associated with the gravity data set to zero. 
The subsurface was discretized into a mesh with a horizontal cell 
size of 250 m and a vertical cell size of 100 m at the surface, which 
increased by a constant factor of 1.1 for each layer with depth to 
account for decreasing resolution of potential field data with depth 
and to limit the computational load ( Fig. S4 ). This results in a ver- 
tical thickness of the upper most cell layer of 100 m, while the layer 
beneath has a thickness of 110 m and so on. The deepest layer of 
cells has a thickness of 3400 m at a model depth of 32 701 m. This 
approach prevents the inversion from producing high frequency 
structures at depth, which cannot be resolved by the measured in- 
put data. For the upper boundary surface, bedrock information from 

BedMachine Antarctica (Morlighem et al. 2020 ) was used ( Fig. S3 ), 
while for the lower boundary surface, Curie Point Depth (CPD) esti- 
mates from (Lowe et al. 2023c ) are used ( Fig. S2 a). The Curie Point 
describes the Curie temperature of around 580 ◦C, the tempera- 
ture at which minerals that dominate the magnetic characteristics of 
crustal rocks lose their magnetic proper ties (Hagger ty 1978 ; Telford 
et al. 1990 ; Blakely 1996 ; N ú ̃ nez Demarco et al. 2020 ). Moreover, 
the inversion meshes are extended laterally with a 20 per cent buffer 
around the target area to reduce edge effects. The regularisation for 
the susceptibility is set to a value of 10. Suppor ting infor mation pro- 
vides alternative runs with varying regularisation values ( Figs S5 , 
S6 and S7 ). Further parameters for the local inversion are given in 
Table 1 . 
The regional joint inversion model (Lowe et al. 2023a ) is based on 
airbor ne g ravity and magnetic data (Reitmayr et al. 2003 ; Scheinert 
et al. 2016 ; Golynsky et al. 2018 ; Zanutta et al. 2018 ; Figs S1 a and 
b). The joint inversion model is also confined to the upper boundary 
condition defined by bedrock topography data from BedMachine 
Antarctica (Morlighem et al. 2022 ), while the boundary condition 
for the base of the model differs. For the susceptibility model the 
CPD values ( Fig. S2 a; Lowe et al. 2023c ) are used again as boundary 
condition while Moho depths ( Fig. S2 b; Pappa et al. 2019a ) are used 
for the density model. 

3  R E S U LT S  

3.1 Laboratory-measured susceptibility and density values 

Susceptibility and density measurements were conducted on 320 
rock samples from nVL including 248 rock samples stored in the 
National Polar Sample Archive (NAPA) in Berlin-Spandau, Ger- 
many and 72 samples stored at the BGR in Hannover, Germany 
(Fig. 2 ). The samples were pre-classified on the basis of geolog- 
ical formation (Fig. 2 a) and rock types (Fig. 2 b) by the sample 
collectors during the GANOVEX field activities. The location of 
the samples shows a bias towards the GANOVEX focus (Figs 2 a 
and b). Regardless, geological formations from across the whole 
of nVL are represented. In general, metamorphic and sedimen- 
tary rocks exhibit low susceptibility, while higher susceptibilities 
were measured for plutonic and volcanic rocks (Figs 2 c, e, 3a and 
c). Susceptibility measurements of granitoids from the GHI com- 
plex (Fig. 3 a) show a low mean and median value but include some 
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Figure 2. (a) Histogram of measured rock samples and location plot classified by geological formation. (b) Histogram of measured rock samples and location 
plot classified by rock type. (c) Susceptibility and density cross plot of measured rock samples classified b y geolo gical formation. (d) Zoomed in cross plot to 
low susceptibility range indicated in (c). (e) Susceptibility and density cross plot of measured rock samples classified by rock type. (f) Zoomed in cross plot to 
low susceptibility range indicated in (e). 
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Table 1. Inversion parameters. Inclination and declination are calculated 
for the for the midpoint and the acquisition date of the surv e y using DGRF 
calculator implemented in Oasis Montaj (Geosoft). 

Regularization susceptibility 10 
Error magnetics [nT] 10 
Min./Max susceptibility [SI] ±0.1 
Magnetic field strength [nT] 64 411 
Inclination [Rad] −1.4566 
Declination [Rad] 2.2756 
Maximum depth of susceptibility variation CPD 

Observation height Flight ele v ation 
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outliers with high susceptibility values. Outliers are defined as > 1.5 
times the interquartile ranges. 

Gabbros from the Oates Coast Granites and GHI complex fol- 
lowed by Kirkpatrick basalt (KPB) and Ferrar dolerites (FD) show 

the largest measured susceptibility ranges (ignoring outliers, Figs 3 a 
and c). 

Density measurements show larger variation across the forma- 
tions (Fig. 3 b). Distinct clusters of density values are evident for 
the FD, KPB and GHI complex, which are the dominant geological 
formations in the Mesa Range area (Fig. 3 b). This difference is even 
stronger when considering the dominant rock types for each forma- 
tion: dolerites for the FD (mean 2.88 g cm 

−3 ), basalt for the KPB 

(mean 2.75 g cm 

−3 , excluding the lighter Tuff samples) and granites 
for GHI complex (mean 2.6 g cm 

−3 ). The differences in suscepti- 
bility are more nuanced between KPB and FD with a mean value 
of 0.006 SI for FD and 0.0069 SI for KPB, while the median shows 
a larger difference with values of 0.003 SI for FD and 0.005 SI for 
KPB (Figs 3 a and c). Granites exhibit significantly lower mean and 
median susceptibility values (mean: 0.002 SI median: 8.12e-05 SI) 
compared to basalts and dolerites (Fig. 3 c). 

The FD, KPB and GHI complex show significant outliers in both 
susceptibility and density. The large range of overlapping density 
and susceptibility values including outliers does highlight the need 
for caution when attributing characteristic density and susceptibil- 
ity values to specific rock types (Fig. 3 ). Nevertheless, the com- 
bination of susceptibility and density measurements on the same 
rock samples decreases the uncertainty in clustering rocks based 
on those petrophysical properties. Our new density measurements 
are broadly in line with previous density measurements on rock 
samples from nVL (e.g. Barrett & F roggatt 1978 ), w hile the sus- 
ceptibility measurements for the GHI complex are broadly in line 
with susceptibility values reported in (Bozzo et al. 1992 , 1995 ). 

3.2 Comparison of the petr oph ysical measurements to 

literatur e v alues 

Density and susceptibility measurements are important to validate 
geophysical models. Both petrophysical quantities are reported in 
the literature for Antarctic rock samples, ho wever , usually den- 
sity and susceptibility values are reported separately (e.g. Maslanyj 
et al. 1991 ; Bozzo et al. 1992 , 1995 ; Sanchez et al. 2021 ). Due to 
the lack of Antarctic rock outcrops petrophysical measurements on 
rock samples from Australia (Barlow 2004 ) and the Indian shield 
(Subrahmanyam & Verma 1981 ) have pre viousl y been used to val- 
idate geophysical models (e.g. L ösing et al. 2022 ). Selected rock 
types of the petrophysical catalogue from this study are therefore 
compared to existing literature values to test the validity of this 
assumption. An obstacle to compare our measurements to litera- 
ture values is that often the petrophysical measurements are only 
reported as a mean value for the data set, sometimes a standard 
de viation is gi ven as w ell. Therefore, w e plot the reported mean 
values and where possible the standard deviation on top of the box- 
plots of our petrophysical catalogue (Figs 4 and 5 ). An exception 
is the Antarctic-wide PetroChron data set (Sanchez et al. 2021 ), 
which is a full data set. Therefore, it is possible to plot boxplots 
for the PetroChron data set as well, which allows the best possible 
comparison between both data sets (Fig. 5 ). 

Susceptibility values measured in this study and literature val- 
ues are overall in good agreement. Some reported mean values 
for granites, GHI, Amphibolite and FD from the literature fit the 
mean values of this study. Ho wever , there are exceptions to this 
observation. Most prominent, perhaps, are the mean susceptibili- 
ties reported for gabbros from the Antarctic peninsula. The mean 
v alues are significantl y higher and e ven outside the maximum of 
the box plot for the nVL rock samples from this study. Some of 
the mean susceptibility reported for granite rock samples from the 
Antarctic Peninsula and the Indian shield show significant high sus- 
ceptibilities outside the boxplot for nVL and are only matched by 
outliers from nVL. Similar behaviour is observed for Amphibolite 
and Gneiss. Overall, susceptibility measurements on rock samples 
from nVL (Bozzo et al. 1992 , 1995 ; Ohneiser et al. 2015 ) seem 

to agree best with our measurements conducted on rock samples 
from nVL (Fig 4 ). This shows that there is a geographical variation, 
that subsequently illustrates the need for caution if rock catalogues 
including rock samples from geo graphicall y distant locations, e ven 
other continents, are used for validation. 

Mean densities from this study are in strong agreement with 
density estimations on Antarctic rock samples from the PetroChron 
data set (Sanchez et al. 2021 , Fig. 5 ). A discrepancy between the 
two data sets is evident for basaltic rocks. Overall, the density 
range for basalt from PetroChron is tighter. Ho wever , the minimum 

and maximum illustrated by the boxplot overlap, especially when 
considering the outliers for the PetroChron data set. The outliers 
might indicate geographical clusters, which seems to align with the 
measurements from nVL rock samples from this study. A second 
mismatch between the two data sets is observed for syenite rocks. 
Here PetroChron seems to be in an agreement with measurements 
on rock samples from the Indian Shield, while measurements from 

this study report lower densities. It is worthwhile to point out that in 
this study only six measurements have been conducted on Syenite 
(F ig. 2 b), w hich might not be statistically significant. Fur ther more, 
density measurements on rock samples from the Indian Shield show 

overall a good agreement with measurements from this study and 
from PetroChron. Nevertheless, the main density of rocks from the 
Indian Shield are systematically higher compared to the Antarctic 
rock samples. This systematic shift might be related to geographical 
circumstances. 

Both comparisons between density and susceptibility measure- 
ments on rock samples from nVL to rock samples from the Antarctic 
Peninsula and Indian Shield indicate that geographical variability 
can be important (Figs 4 and 5 ). Therefore, it highlights the need 
for caution if such measurements are used to validate geophysical 
models. Geophysical joint inversion models report density and sus- 
ceptibility relationships as cross plots (L ösing et al. 2022 ; Lowe 
et al. 2023b ). Ho wever , if the density and susceptibility measure- 
ments have not been conducted on the same rock sample, then cross 
plots of density and susceptibility measurements might be inade- 
quate to validate geophysical inversion models. Mean and standard 
deviations of density and susceptibility measurements on Australian 
rocks are simultaneously reported by (Barlow 2004 ). This data set 
allows a cross plot comparison between measurements on nVL 

rock samples, from this study and Australian rock samples. All 
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Figure 3. Statistics of measured rock samples. (a) Boxplot of susceptibility measurements sorted by geological formation. (b) Boxplot of density measurements 
sorted b y geolo gical formation. (c) Boxplot of susceptibility measurements sorted by rock type. (d) Boxplot of density meassur ments sor ted by rock type. 
Outliers defined as > 1.5 times the interquartile ranges. 
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ock types show a systematic shift to higher mean susceptibility
alues for Australian rocks (Fig. 6 ). Similarly, the mean density
 alues are systematicall y higher for Australian rocks. This shift
einforces the idea of significant geographical variability in petro-
hysical characteristics in such data sets, especially, when consid-
ring the good agreement between density estimation for Antarctic
ocks from the PetroChron (Sanchez et al. 2021 ) data set and this
tudy. 

Therefore, rock samples geo graphicall y closel y located should
l wa ys be given preference before using global rock catalogues or
ock samples from neighbouring continents to validate geophysical
nv ersion models. Moreov er, this section illustrates that for mean-
ngful comparison it is crucial to have access to the full petrophysi-
al data set (Fig. 5 ) instead of relying on reported mean values and
tandard deviations. The internal variability of measurements for a
ertain rock type is not captured by mean values, while the boxplot
omparison (Fig. 5 ) between density estimation from this study and
etroChron (Sanchez et al. 2021 ) provides a) a higher confidence
n the comparison and b) illustrates internal variability for a given
ock type. 

 R E G I O NA L  J O I N T  I N V E R S I O N  O F  

A G N E T I C  A N D  G R AV I T Y  DATA  

egional scale VI inversion of magnetic and residual gravity air-
orne data ( Figs S1 a and b), which was corrected for gravity con-
ribution from the mantle and below using the (Pappa et al. 2019b )

art/ggae272_f3.eps
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Figure 4. Susceptibility measurements compared to literature values. Susceptibility measurements from this study presented as boxplots. Susceptibility mean 
measurements on Antarctic rocks displayed as stars (Maslanyj et al. 1991 ), cross (Bozzo et al. 1992 ), octagon (Bozzo et al. 1995 ) and x (Ohneiser et al. 2015 ). 
Mean susceptibility measurements on rocks from the Indian shield as Rhombus (Subrahmanyam & Verma 1981 ). 
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model with a cell size of 7.5 km in nVL and the WSB was car- 
ried out and pre viousl y described in (Lowe et al. 2023b ). We used 
geological classification polygons provided by GeoMap (Cox et al. 
2023a ) to sample the susceptibility and density values at a depth 
slice of 2 km below sea level (Figs 7 a and b) from the inversion 
model at the locations of specific outcropping rock types. The depth 
of 2 km was chosen, so that the density and susceptibility values 
sampled lie within the crust rather than in the domain of the ice 
sheet, where the inversion cells were set to 0 kg m 

−3 and 0 SI and 
excluded from the inversion, but also shallow enough that those 
cells likely correspond to geological classification from GeoMap 
(Cox et al. 2023a ) at the surface. 

Here we sample the GHI complex (Fig. 8 a) at a depth slice of 
2 km below sea level and plot the petrological relationship between 
susceptibility and density as red dots (Fig. 8 b) together with labo- 
ratory susceptibility (mean susceptibility of eight repeat measure- 
ments) and density measurements on GHI complex rock samples as 
b lue dots (F ig. 8 b). The inverted susceptibilities are relati ve v alues. 
Therefore, w e ha v e shifted the inv erted v alues b y 0.008 SI. The 
v alue, b y which the inverted susceptibilities were shifted was cho- 
sen so that the inverted low susceptibility cluster plots around the 0 
value and therefore resembles the range of measured susceptibilities 
more closely. Most of the measured and inverted susceptibilities are 
low values with occasional outliers. The amplitude range of outliers 
from the measured rock samples and the inverted values approx- 
imately match one another. The points with error bars marked in 
(Fig. 8 b) represent the means of measured and inverted values, while 
the error bars represent the standard deviations of the respective data 
sets. The inverted relative density values were shifted to absolute 
v alues b y adding the background density value of 2670 kg m 

−3 . 
Measured densities of the GHI complex samples show a larger 
range than recovered by the VI inversion, but the measured and 
inverted mean values are located close to one other. However, the 
density range of the inversion is much narrower compared to the 
measured density range and does not reproduce the measured high 
densities above 2900 kg m 

−3 (Fig. 8 b). 
Subdividing the rock samples from the GHI complex into rock 

types reveals some lithologies which are poorly fitted and some that 
are better fitted by the inversion (Fig. 8 d). Measured rock types that 
fall in the inversion density range are g ranites, g ranodiorites, gneiss 
and diorites, while denser rock types that are not well represented 
by the inversion include hornblendite, ultrabasites and gabbros. The 
poor representation of the denser rock types by the inversion can be 
explained by considering the 7.5 km cell size used in this regional 
inversion. A cell in the inversion mesh represents an average density 
and susceptibility value of all rock types present in the volume of 
the cell. In order to reproduce a cell with a density of 3200 kg m 

−3 

representing densities of hornblendite, the hornblendite needs to 
fill the full volume of a 7.5 km by 7.5 km lateral cell. Ho wever , 
high density lithologies are not dominant in the continental crust. 
Fur ther more, hor nblendite rocks have densities that are typically 
associated with density values commonly found in the mantle. The 
lesson here is that cells of the size used in a regional scale inversion 
cannot reproduce local small scale geolo gical v ariation. A regional 
inversion represents rather large-scale crustal variations and can 
only reproduce the density/susceptibility of the dominant crustal 
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Figure 5. Density measurements from this study compared to literature values. Density estimation from this study and PetroChron (Sanchez et al. 2021 ) 
display ed as bo x plots. Mean density estimation on rock samples from Indian Shield (Subrahmanyam & Verma 1981 ) are display ed as y ellow dots. The 
displayed errors bars illustrate the reported standard deviation. 
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ocks (average value of all rocks within a given cell). Fur ther more,
ne scale geological features are often limited to finite depth inter-
 als. For example, indi vidual outcropping sills usuall y do not exceed
hicknesses of ∼200 and 900 m for the Ferrar and the KPB, respec-
i vel y (Elliot & Fleming 2008 ; Elliot & Fleming 2018 ). A regional
nv ersion with v ertical cell size of 1 km (reasonable representation
f airborne data with 10 km flight line spacing) is unable to resolve
 xact v ertical dimension of such features and will overestimate the
hickness. To resolve features like the FD with a 200 m vertical
xtent, higher resolution airborne data is required. 

 H I G H  R E S O LU T I O N  L O C A L  

A G N E T I C - O N LY  I N V E R S I O N  

agnetic-only inversion is applied to a local helicopter high-
esolution magnetic surv e y of the Mesa Range in nVL, East Antarc-
ica (Fig. 9 a). The surv e y was conducted by the BGR in January
010 (Damaske et al. 2014 ) with a flight line spacing of 500 m and
as flown in draped mode with a ground clearance of about 500 m.
he aim of the surv e y was to determine if prominent circular mag-
etic anomalies visible in earlier magnetic surv e ys with wider line
pacing are the signals of a feeder dyke complex. Joint inversion is
ot carried out because only long wavelength airborne gravity data
xists in the target area based on three flight lines (Jordan et al.
013 ), which does not contain comparable short wavelength con-
ent to the magnetic data set. Jointly inverting potential field data
ith a strong discrepancy in wavelength content does not produce
eaningful results. 
The topography of the target area includes flat-topped mesas as

ell as deep valleys covered by the overriding Rennick and Aero-
aut glaciers (Damaske et al. 2014 ). GeoMap (Cox et al. 2023a )
hows three dominant geological formations present in the target
rea, which are KPB, confined to the Mesa topography, FD and GHI
omplex (Figs 9 b and c). The magnetic forward calculated response
Fig. 9 b) of the 3-D inverted susceptibility model and the observed
agnetic field (Fig. 9 a) match closely (Fig. 9 c). The mean misfit

etween the observed and inverted magnetic field is 0.9 nT with a
tandard deviation of 12 nT. The maximum misfit is 551 nT and
he minimum missfit is −130 nT. Areas of significant misfits are
imited to a region where the magnetic field rapidly increases lo-
ally from ±200 nT to over 1000 nT, in the area of the Mesa Range
opography. The misfit arises from a combination of inversion res-
lution (250 m cell size) and because the inversion favours smooth
odels compared to steep gradients in the observed magnetic field.
he 3-D inversion shows that the dominant magnetic bodies are

imited to the volcanic topographic features consisting of KPB. Our
nversion indicates these basalts are restricted to high topography
nd are unlikely to reach depths below sea le vel, gi ving a maximum
hickness of 2 km, but probably less (Figs 9 d and e). 

The strong susceptibility signals caused by KPB overlaying the
eacon sediments and crustal basement appear to spread into the
nderlying crustal basement and the Beacon sediment deposits
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Figure 6. Density and susceptibility cross plot. Measurements from this study are plotted as circles. Density and susceptibility of rock samples from Australia 
(Barlow 2004 ) are displayed as diagonal crosses. Standard deviations for both data sets are displayed as error bars. 

Figure 7. Inverted density and susceptiblity distribution of regional scale joint inversion model (Lowe et al. 2023a ). (a) Inv erted relativ e density at 2 km depth. 
(b) inv erted relativ e susceptibility at 2 km depth. Inverted crustal density and susceptibility distribution from regional scale VI inversion with a horizontal cell 
resolution of 7.5 km (Lowe et al. 2023b ). 
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(Figs 9 d and e). Inverting jointly with gravity data of matching 
resolution could help to focus the source bodies and reduce the 
vertical smearing of the anomalies. This spreading effect lets the 
susceptibility source bodies appear to reach thicknesses of 2 km 

while the source body with the highest susceptibilities values are 
limited to thicknesses of less than 1 km. Geolo gical e vidence exists 
that the thickness of KPB is limited to a maximum of 900 m in nVL 

(Elliot & Fleming 2008 ; Elliot & Fleming 2018 ). 
We do not see evidence for a feeder dyke complex in our high- 

resolution 3-D susceptibility inversion, due to the absence of deeper 
magnetic bodies in the Mesa Range area. This result is in line with 
previous 2-D modelling from (Damaske et al. 2014 ) who did not 
find feeder dykes for the basalt sheets either but identified circular- 
shaped anomalies visible in an earlier aerogeophysical surv e y as 
artefacts due to wider line spacings. Fur ther more, both results are in 
line with the absence of geological evidence for feeder dyk es, dyk e 
swarms, or vents in nVL. The pathways of magma emplacement are 
currently unknown (e.g. Elliot & Fleming 2018 ; Elliot et al. 2021 ). 

A secondary prominent magnetic signature in the area is visible 
with a lower magnitude (Fig. 9 d). This signature also correlates 
closely with the topography but does not coincide with the highest 
topographic peaks. Those magnetic bodies match with the areas in 
which there are outcrops classified as FD (Figs 10 b and c) based 
on GeoMap (Cox et al. 2023a ). These dolerite sills intruded into 
the surrounding sedimentary Beacon Supergroup (Ferraccioli et al. 
2009 ). FD and KPB can be separated based on the inverted sus- 
ceptibility intensity and based on the correlation with topographic 
highs displayed in cross section view (Fig. 9 d). 

We can also use the inverted susceptibility distribution to sepa- 
rate the three dominant geological units namely KPB, FD and GHI 
Complex. Fig. 10 (a) shows the inverted susceptibility distribution 
sampled for each geological unit in the Mesa Range at a depth of 
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Figure 8. (a) GHI complex polygons from GeoMap (Cox et al. 2023a ). (b) Inverted (red) and measured (blue) susceptibility and density crossplot for GHI 
complex (here the susceptibility values describe the mean value of eight repeat measurements). Datapoints with error bars represent the mean datapoints of 
inverted and measured data sets, while the error bars represent the standard deviation of each data set. (c) Location of rock samples within the GHI complex 
coloured by rock type superimposed on GHI complex polygon from GeoMap (Cox et al. 2023a ). (d) Measured susceptibility and density crossplot for the GHI 
complex, coloured by rock type and superimposed on GHI complex inverted sucesptibility and density crossplot (grey). 
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.8 km above sea level using the GeoMap (Cox et al. 2023a ). The
ock classification polygons are shown in Fig. 10 (b). The 1.8 km
epth slice was chosen so that near surface susceptibility values are
xtracted, which relate to surface geological classifications based
n GeoMap (Cox et al. 2023a ) and the main units are well repre-
ented in the model (within the crustal domain). In addition to the
istogram of the inverted susceptibility for each rock type, kernel
ensity estimates (KDE) are plotted to illustrate the bulk suscepti-
ility distribution for each rock type. The area beneath each KDE
urve is 1 and therefore illustrates that KBP has a larger distribu-
ion compared to FD and GHI which are confined to finite ranges
ig. 10 (a). The large range of inverted KPB susceptibilities partly
verlap with the inverted susceptibility range of the FD (Fig. 10 a).
o wever , the in verted susceptibilities from the KPB unit extend to
igher values (0.019–0.08 SI), while the inverted susceptibilities of
he FD are concentrated at medium values. The medium suscepti-
ility range is populated by all three geological units, while the low
usceptibility range is dominated by FD and GHI Complex. The
nverted susceptibilities are in line with laboratory measurements
n rock samples from nVL (Figs 2 and 3 ). 

Based on the susceptibility distribution we filter the inversion
odel for two susceptibility ranges which we attribute to KPB and
D (Fig. 10 a). Susceptibility values above 0.019 SI match very well
ith the KPB locations from GeoMap (Cox et al. 2023a ; Fig. 10 c)

nd the laboratory measured susceptibility (Fig. 10 d). The interme-
iate ranges correspond to the dominant FD susceptibility distri-
ution from 0.0047 to 0.018 and match well with the locations of
D from GeoMap (Cox et al. 2023a , Fig. 10 c). Even though FD
nd GHI complex overlap strongly in the low susceptibility range,
he chosen susceptibility range for FD shows a good fit with clas-
ified rock outcrops from GeoMap (Cox et al. 2023a ) and a sharp
oundary between FD and GHI complex is observed in the inversion
esults (dotted yellow lines in Fig. 10 c). From the geophysical inver-
ion model, based on the FD susceptibility range, we can identify
ocations with high likelihood of FD occurrence where geological

apping is missing, marked as ‘F’ in (Figs 10 b and c). 
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Figure 9. Magnetic data and inversion results over the Mesa Range. (a) Observed magnetic field. (b) Inverted magnetic field. (c) Misfit between (a) and (b). 
(d) and (e) Cross-section through inverted suscepitibility distribution along profile lines indicated in (a) and (b). 
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Linking susceptibility values from Antarctic rock samples with 
forward or inverse models is rare in the literature, due to the limited 
number of measurements on Antarctic rock samples, but such ef- 
forts have been made before (e.g. Maslanyj et al. 1991 ; Bozzo et al. 
1992 ; Bozzo et al. 1995 ). Histogram distributions of measured and 
inverted susceptibilities for the Mesa Range highlight that the sus- 
ceptibility ranges are well represented (Fig. 11 ). Ho wever , although 
end-member values are similar, the peak accumulations of measured 
and inverted susceptibilities for FD are offset (Fig. 11 ). The broad 
range of susceptibilities for the KPB is also recovered by measure- 
ments, but it is apparent that higher susceptibilities are required by 
the inversion model for the KPD to fit the observed magnetic field 
than were recovered from the rock sample measurements (Fig. 11 ). 
In both cases, it is worth remembering that the sample size from the 
inversion is significantly larger than the rock sample size presented 
in this study. 

Density measurements on the same rock samples as the suscepti- 
bility measurements indicated that FD (average 2877 kg m 

−3 ), KPB 
(average 2747 kg m 

−3 ) and GHI complex (average 2603 kg m 

−3 ) 
can be distinguished by density. Discrimination of rock units like 
KPB, FD and GHI complex could be significantly improved by using 
density inversions and measurements (Fig. 10 d). Ho wever , as dis- 
cussed before, gravity measurements with similar resolution to that 
of the Mesa Range magnetic surv e y are currently missing in Antarc- 
tica. Regardless, the laboratory density measurements indicate the 
high potential of using joint density and susceptibility inversion of 
ultra-high-resolution gravity and magnetic data to reveal subglacial 
geology in the future. 

It is apparent from the laboratory petrological measurements and 
the inversion models that the geological units have high internal 
variability. Therefore, there is a strong incentive for crustal Antarctic 
models to use the sparse existing rock samples/rock outcrop data 
to validate geophysical models with local geological information 
rather relying on rock property catalogues consisting of global or 
Australian rock samples (Section 3.2 ), and to solve or incorporate 
the internal variability into geophysical crustal models. 
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Figure 10 (a) Inverted susceptibility distribution of geological units sampled against GeoMap (Cox et al. 2023b ) polygons at a depth of 1.8 km above the sea 
level. Area beneath each kernel density estimation (KDE) curve adds up to 1. (b) GeoMap (Cox et al. 2023a ) classification superimposed on susceptibility depth 
slice from high-resolution magnetic data inversion at 1.8 km above sea le vel. Additionall y, locations of rock samples are marked. Areas where the depth slice 
is above the bedrock appear white. Black lines indicate faults after (Cox et al. 2023b ) (c) location plot of susceptibility values wihin predefined susceptibility 
ranges for each lithology shown in a. Yellow dotted lines are interpreted lithological boundaries between Ferrar and GHI complex. ‘F’ indicates region of high 
probability of FD rocks buried beneath the ice. (d) Density susceptibility crossplot of measured rock types present in the Mesa Range. Location of the Mesa 
Range shown in Fig. 1 . 
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 C O N C LU S I O N  A N D  F U T U R E  W O R K  

e demonstrated that our ne w petrolo gical measurements on 320
ock samples can help interpret geophysical models on both re-
ional and local scales in nVL. VI inversion can reproduce the
usceptibility distribution on a regional scale, but the inverted den-
ity distribution has the caveat that only the average density value
s reproduced for each cell, meaning only the dominant lithology
average physical properties) can be recovered. Additionally, com-
arison between this petrophysical rock catalogue and literature val-
es shows that significant geographical variability can be observed.
his highlights that rock samples geo graphicall y close to the study
rea should al wa ys be prioritised before using petrophysical cata-
ogues including global rock samples. If more general petrophysical
atalogues are used to validate geophysical models, caution is re-
uired to not overinterpret results since local variability might not
e reflected. 

Additionally, we demonstrate that high resolution 3-D suscep-
ibility inversion on a local scale with a mesh cell size of 250 m
s capable of identifying KPB and constraining the depth extent
f those magnetic bodies to a thickness of less than 2 km. KPB
nd FD can be reliably discriminated by the susceptibility inver-
ion. The predicted location based on susceptibility ranges matches
ell with geological classification from GeoMap (Cox et al. 2023a )
nd allows us to predict locations with a high probability of FD in
ce-covered areas and where geological mapping is missing. 

Fur ther more, no evidence is visible in the high resolution 3-D
agnetic inversion for the presence of feeder dykes in the Mesa
ange in nVL, due to the absence of deeper magnetic bodies as pre-
iously concluded by magnetic anomaly map interpretation com-
ined with 2-D profile modelling by (Damaske et al. 2014 ). 

Separating the FD and the GHI complex using inverted suscep-
ibility is more challenging due to their overlapping susceptibility
ange in the low value domain. Density measurements show that
ll three dominating geological units present in the Mesa Range
KPB, FD and GHI complex) show distinct density clusters. FD
nd GHI complex could be separated by inverted densities and the
ncertainty of the discrimination between KPB, and FD would be
urther reduced by utilising inverted densities. However, this would
equire high resolution gravity surv e ys (with less than 1 km flight
ine spacing and high-resolution along line) that can resolve suitable
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Figure 11. Comparison of measured and inverted susceptibility for (a) KPB, (b) FD and (c) GHI complex. 
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short wavelength anomalies. Such surv e ys are currently missing in 
Antarctica. This study highlights the high potential of joint inver- 
sion of high-resolution gravity and magnetic data in combination 
with local petrological catalogues to reveal fine scale subglacial ge- 
ological structures. It also shows the potential of this approach to 
relate geological and geophysical models on a local scale in regions 
where a high density or susceptibility contrast is expected to occur 
due to strong lithological changes. Fur ther more, this study illus- 
trates how high-resolution airbor ne g ravity sur v e ys would enable 
more reliable discrimination of different rock types and provides 
moti v ation to consider ways to incorporate internal variability of 
density and susceptibility of geological units in geophysical crustal 
forward or inverse models. 

AU T H O R  C O N T R I B U T I O N S  

Maximilian Lowe (Conceptualization, Data curation, Formal anal- 
ysis, Investigation, Methodology, Software, Validation, Visualiza- 
tion, Writing – original draft, Writing – re vie w & editing); Tom 

Jordan (Conceptualization, Formal analysis, Funding acquisition, 
Investigation, Methodology, Project administration, Supervision, 
Validation, Visualization, Writing – re vie w & editing); J örg Ebbing 
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U P P O RT I N G  I N F O R M AT I O N  

upplementary data are available at GJIRAS online. 
Figure S1. (a) Residual gravity map, which was used for the joint

nversion on a regional scale. The residual gravity field is obtained
y subtracting the gravity response from the lithospheric model of
Pappa et al. 2019b ) from Bouguer Anomaly data from (Reitmayr
t al. 2003 ; Scheinert et al. 2016 ; Zanutta et al. 2018 ). Subsequent
he mean value of the residual field was subtracted. (b) Magnetic
nomaly grid from ADMAP-2 (Golynsky et al. 2018 ). Both the
esidual and gravity field have a gridspacing of 10 km and a station
eight of 10 km. Black lines indicate faults after GeoMap (Cox et
l . 2023a , b ) . 

Figure S2. (a) Moho depth map derived from Satellite gravity
easurements (Pappa et al. 2019a ). (b) Curie point depths estimated

Lowe et al . 2023a , b ) based on kriging interpolation. Were Curie
oint depths exceed Moho depth, the Moho depth value is used as
urie Point depth. Black lines indicate faults after GeoMap (Cox et
l . 2023a , b ) . 

Figure S3. Bedrock topography of the Transantarctic Mountains
nd Wilkes Subglacial Basin from the Bedmachine model version
 [Morlighem et al. 2020 ]. EB: Eastern Basin; CB: Central Basin;
B: Western Basin; MSZ: Mertz shear zone. Black lines mark ice

rounding lines, ice shelf extents, and faults from GeoMap (Cox et
l . 2023a , b ). 

Figure S4. Local inversion model setup in the Mesa Range re-
ion. (a) Bedrock topography from BedMachine (Morlighem et al.
020 ). (b) Curie Point Depths (CPD) from (Lowe et al . 2023a ,
 ). (c) cross plot through inversion model set up. Cells between
edrock and CPD are allowed to vary during the inversion, marked
s yellow cells. Purple coloured cells represent air and cells below
he CPD, which are not allowed to vary during the inversion. Cells
ncrease vertically with depth and horizontal within the padding
rea. 

Figure S5. Inverted susceptibility distribution based on differ-
nt inversion runs with varying regularisation parameters. Profile
ocation given in ( Fig. S7 ). Regularisation values influences any
nversion. In this study (main text) w e ha ve chosen a very low regu-
arisation value of 10. With increasing regularisation parameter, the

isfit between observed and inverted field increases. The inversion,
ith a regularisation value of 100 produces a susceptibility distri-
ution, which is in the same susceptibility range as the inversion
ith a regularisation of 10. Ho wever , this in version recovers deeper

tructures, which are inconsistent with geological information and
he standard deviation is slightly larger. Regularisation parameter
alues above 1000 do not reproduce the amplitude of the observed
agnetic field anymore. 
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geophysical data from a ke y re gion in East Antarctica: estimates for
the spatial extent of the Tonian Oceanic Arc Super Terrane (TOAST),
Gondwana Res., 59, 97–107. 

anchez , G. , Halpin, J .A., Gard , M., Hasterok, D., St ål, T., Raimondo, T.,
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