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Abstract

Fitzgerald, P.G. and Gleadow, A.J.W., 1988. Fission-track geochronology, tectonics and structure of the Transantarc-
tic Mountains in northern Victoria Land, Antarctica. Chem. Geol. (Isot. Geosci. Sect.), 73: 169-198,.

A regional fission-track dating study in northern Victoria Land (NVL) provides information on the amount, timing
and variable rates of uplift of the Transantarctic Mountains (TAM) at their northernmost extent. Apatite ages
increase systematically with elevation and together with confined track length distributions, define a two-stage uplift
history, although a variety of thermal histories, resolvable by use of confined track length distributions, exist for
different parts of NVL. A pronounced “break in slope” in the apatite age-elevation profile for results from most of
NVL occurs at ~50 Ma, approximating the start of uplift of the mountains. This marks the base of an uplifted apatite
annealing zone. Prior to uplift, samples above this break lay within the apatite annealing zone whereas those samples
below it had an apatite fission-track age of zero. For most of NVL, ~5 km of uplift have been calculated. In the
southeastern coastal region, however, uplift of the order of 10 km has been estimated, exposing apatite ages of only
25-35 Ma. Sphene and zircon ages from this area also appear reduced relative to the regional pattern, suggesting that
the partial annealing zones for these minerals have been revealed. Confined track length distributions from the lower
part of the apatite age profile indicate an initially rapid period of uplift ( ~200-400 m Ma~}) from ~50 Ma. In the
Lichen Hills-Outback Nunataks area, in the west of NVL, apatites have not been completely overprinted by the
Jurassic thermal event associated with emplacement of the Ferrar Dolerite, and uplift here is of the order of only 4
km. Block faulting associated with uplift of the TAM is considered to be the same event as Rennick Faulting leading
to the formation of the Rennick Graben.

1. Introduction

North Victoria Land (NVL) marks the ex-
treme northwestern end of the Transantarctic
Mountains (TAM) in the Ross Sea Sector of
Antarctica (Fig. 1). This spectacular and
majestic mountain range with many peaks over
4000 m above sea-level (a.s.l.) stretches from
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the Pensacola Mountains in the Weddell Sea
region for ~ 3500 km until it terminates on the
Pacific coast of NVL. The TAM naturally di-
vides Antarctica into two separate and distinct
geological provinces, the Precambrian craton of
East Antarctica and the West Antarctic mobile
belts of dominantly Mesozoic-Cenozoic age.
The tectonic relationship between these two
provinces remains one of the outstanding prob-
lems of Gondwana geology (Dalziel and Elliot,
1983). In NVL the TAM are at their widest,
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Fig. 1. Geological map of northern Victoria Land showing the three major late Precambrian-early Palaeozoic terranes (Wil-
son, Bowers and Robertson Bay Groups), the Cambro-Ordovician Granite Harbour and Devonian Admiralty Intrusives,
and sample localities. Also shown are the Permo-Carboniferous to Triassic Beacon Supergroup and Jurassic Ferrar Dolerite
(including the Kirkpatrick Basalt). Geology is after Gair et al. (1969), Bradshaw and Laird (1983) and Bradshaw et al.
(1985). Sample numbers are shown as the final two digits from the form R317--, except for the three samples from the
Helliwell Hills which are given as the final three digits from the form R32---. Abbreviations within the inset map are as
follows: WA = West Antarctica; EA =East Antarctica; WS =Weddell Sea.
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being ~400 km in width compared to an aver-
age 100-300 km in other parts of the range. It
also represents the most complete surface ex-
posure through the mountains, but it is not a
representative cross-section of the entire TAM.

The eastern bulge (Fig. 1) of NVL protruding
into the Ross Sea is unique along the length of
the TAM and contrasts with the usually smooth
Ross Sea coastline. The highest peaks in NVL
lie within this eastern bulge closest to the Ross



Sea, and reach elevations of 4000 m a.s.l. in the
Admiralty Mountains. From here, the summit
heights decrease sharply to the coast but to-
wards the west the decrease is more gradual,
eventually reaching a low in the Rennick Gla-
cier depression. West of here, the fault block of
the Usarp Mountains with elevations of ~ 2000
m a.s.l. forms a barrier against the ice of the
polar plateau.

The aim of this paper is two-fold: (1) to pres-
ent fission-track data from the NVL region of
Antarctica with a view to determining and in-
terpretating the uplift history of that area; and
(2) to show the use of confined fission-track
length distributions in the interpretation of dif-
ferent thermal histories and hence their appli-
cation to uplift studies.

The fieldwork for this study was undertaken
as part of the 1981/1982 International North
Victoria Land Expedition (Stump et al., 1982a).
Samples were collected from the basement rocks
of NVL from a helicopter supported base-camp
located on the Evans Neve, near the Freyberg
Mountains (72°12'S, 163°50'E). This was
done in cooperation with another study exam-
ining the early to middle Palaeozoic granitic
rocks of NVL (Stump et al., 1982b).

2. Apatite uplift studies

Apatite fission-track dating has been applied
to the study of uplift histories of mountain belts
since the observation that apatite fission-track
ages increase with increasing elevation (Dodge
and Naeser, 1968; Wagner and Reimer, 1972).
This pattern has been explained as a conse-
quence of a rock column moving upwards
through an idealized critical isotherm for fis-
sion-track retention in apatite (or closure tem-
perature) during the uplift and erosion leading
to mountain formation. The effective closure
temperature is notionally equivalent to the stage
at which approximately half the number of fis-
sion tracks become stable (Wagner and Rei-
mer, 1972; Wagner et al., 1977), and varies with
the cooling rate (Wagner and Reimer, 1972;
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Dodson, 1973; Haack, 1977; Wagner et al.,
1977). The principle of a simple closure tem-
perature in apatite has been applied in many
previous studies to constrain the cooling his-
tories and “uplift and erosion” rates in the Alps
of central Europe (Schaer et al., 1975; Wagner
et al., 1977; Hurford, 1986), the Himalayas
(Zeitler et al., 1982), the Andes (Nelson, 1982;
Kohn et al., 1984a, b; Shagam et al., 1984), the
Sinai Pensinsula (Kohn and Eyal, 1981), the
Coast Range of British Columbia (Parrish,
1983) and to various ranges within the western
Cordillera of the U.S.A. (Naeser, 1979; Bryant
and Naeser, 1980; Naeser et al., 1983; Kelley
and Duncan, 1986).

Fission tracks in apatite anneal when subject
to quite low temperatures over geological time.
For cooling rates of 0.1-100°C Ma ™! over pe-
riods of 10-100 Ma the effective closure tem-
perature for apatite is ~100+20°C (Naeser
and Faul, 1969; Calk and Naeser, 1973; Zim-
merman, 1977; Harrison et al., 1979). Using this
principle of simple closure temperatures it has
proved possible to calculate “uplift and ero-
sion” rates by one of three methods:

(1) The gradient of apatite fission-track age
plotted against sample elevation is taken to be
the apparent “uplift rate” over the period given
by the apatite ages. Wagner et al. (1977) were
the first to undertake a comprehensive study
along these lines when they examined the uplift
histories of different regions of the Alps. Other
examples are given by Miller and Lakatos
(1983), Gleadow et al. (1984), Kohn et al.
(1984a), Shagam et al. (1984), and Kelley and
Duncan (1986).

(2) By extrapolation of an apatite fission-
track age from the sample elevation to its esti-
mated depth of zero age, assuming a geothermal
gradient or using a measured geothermal gra-
dient. For example, an apparent uplift rate can
be calculated from a sample taken from an el-
evation of 1000 m having an age of 100 Ma. As-
suming a geothermal gradient of 25°C km~!
gives a depth to zero apatite age of 4 km, which
implies a minimum uplift rate for the area in
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question of 50 m Ma~"! (e.g., Wagneretal., 1977;
Kohn and Eyal, 1981; Miller and Lakatos, 1983;
Crowley et al., 1985).

(3) Using different closure temperatures
from different minerals in the same isotopic
system (e.g., apatite and zircon fission-track
pairs) or different isotopic systems to deter-
mine a cooling rate and dividing this by the geo-
thermal gradient to give an “uplift” rate (e.g.,
Wagner et al., 1977; Gleadow and Brooks, 1979;
Harrison et al., 1979; Nelson, 1982; Parrish,
1982; Zeitler et al., 1982; Kohn et al., 1984b;
Zeitler, 1985; Hurford, 1986; Mailhe et al.,
1986).

These three methods all assume constant
geothermal gradients with time and do not take
into account any variable uplift rates, the rising
of critical isotherms during a tectonic event or
relaxation of those isotherms after that event,
variations in radioactive heat generation or
changes in the geothermal regime as a result of
tectono-magmatic processes.

Parrish (1982, 1983) called the apatite age-
sample elevation gradient the “apparent uplift
rate”’; which he defined as:

“the rate at which the critical isotherm (approximately
100°C) moved downward with respect to the rock
column”.

This is equivalent to the “apparent denudation
rate” of Kelley and Duncan (1986).

According to Parrish (1982, 1983) the “ap-
parent uplift rate” will equal the true uplift rate
when the following conditions are met:

(1) Critical isotherms must have been hori-
zontal and uninfluenced by surface topography
or variable thermal conductivity.

(2) Critical isotherms must remain at a con-
stant depth with respect to the surface, regard-
less of uplift rate.

(3) Uplift must be equal to erosion.

With relevance to fission-track studies, Parrish
(1985) concluded:

(1) That these conditions are likely to be met

and true “uplift and erosion” rates approxi-

mately equal to apparent rates provided they do
not exceed 300 m Ma~".

(2) Uplift at rates in excess of 500 m Ma~!
produces a profound disturbance upon iso-
therms and geothermal gradients.

(3) Thermal relaxation can cause erroneous
estimates of true uplift rates, but apatite age-
elevation derived rates are considerably more
accurate than those based on other dating
methods with higher closure temperatures.

(4) After the first few million years of rapid
uplift, uplift and erosion can be considered to
be in equilibrium, requiring no additional cor-
rection. For periods of very recent rapid uplift,
apparent rates must be treated with caution.

Advances in the understanding of apatite fis-
sion-track annealing have shown that anneal-
ing takes place over a range of temperatures
(Naeser, 1979; Gleadow and Duddy, 1981;
Gleadow et al., 1983; Green et al., 1988). In es-
sence this means that it is simplistic to talk in
terms of a single closure temperature for apa-
tite fission-track retention. The annealing tem-
perature range has been defined as the “partial
stability zone” (Wagner, 1972) or the “partial
annealing zone”. We refer to it here simply as
the annealing zone. Gleadow and Duddy (1981)
found that the apatite annealing zone for the
Otway Basin of southeastern Australia lay be-
tween the temperatures of 70° and 125°C.

Green et al. (1985, 1986) show that anneal-
ing is occurring all the time even at ambient
surface temperatures and that as soon as a fis-
sion track is formed, it is in an “annealing en-
vironment”. The annealing rate at different
temperatures varies with time; at surface tem-
peratures it is very slow and at temperatures
hotter than the base of the annealing zone it is
essentially instantaneous. Therefore, the con-
cept of a discrete apatite annealing zone, al-
though not strictly valid, is still a useful idea
and refers to a zone of “accelerated annealing”
above the base of the annealing zone.

Green et al. (1986) show that the annealing
temperature range is dependent to a certain ex-
tent on the chemical composition of the apatite,



in particular the Cl/F ratio. Chlorapatites re-
tain tracks at higher temperatures than do
fluorapatites. The apatites from the Otway
Basin have a range of chemical composition
(Green et al., 1985) which means that the tem-
perature range defining the annealing zone is
broader than if the apatites were monocompo-
sitional (Gleadow and Duddy, 1981; Green et
al., 1986). Otway Basin apatites include com-
positions that are more chlorine rich than apa-
tites from most granitic rocks which tend to be
fluorapatites (Fershtater et al., 1984 ). There-
fore the base of the apatite annealing zone in
the Otway Basin lies at a higher temperature
than it would if the apatites were fluorine rich.
A more realistic annealing temperature range
for granitic apatites with a lower C1/F ratio is
therefore estimated to be ~60-100°C. Glea-
dow and Fitzgerald (1987) used an apatite an-
nealing temperature interval of 70-125°C in
their study of uplift of the TAM in southern
Victoria Land.

It is critical in any apatite fission-track uplift
study to correctly determine that an apatite age—
elevation gradient actually represents an “ap-
parent uplift rate” and has not been imparted
by processes unrelated to uplift and erosion.
Within an apatite annealing zone, fission-track
ages increase from zero at the base of the an-
nealing zone up to a finite age at the top of the
annealing zone. This upper age is governed by
the previous thermal and tectonic history of an
area and in the case of sedimentary basins will
be at least the depositional age. Therefore, there
exists within the annealing zone a gradient de-
fined by this finite age change over a tempera-
ture interval. This apatite age gradient is
dependent on two variables, the vertical thick-
ness of the annealing zone (dependent on the
geothermal gradient and to some extent the
compositional variation) and the age of the
apatites at the top of the annealing zone (de-
pendent on the previous history). This appar-
ent apatite age gradient is therefore a function
of the thermal history of that geologic terrain.
Should that terrain subsequently undergo a pe-
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riod of rapid uplift, the annealing zone will be
uplifted and may be preserved in the rock col-
umn. The gradient of such an “uplifted” an-
nealing zone will not represent an ‘“apparent
uplift rate”. It is instead a relict of a fossil apa-
tite annealing zone that formed prior to uplift.
Uplift will be recorded in the samples that lie
beneath the base of the annealing zone that had
an apatite age of zero prior to uplift. Such
uplifted annealing zones have been identified
in the Rocky Mountains in North America
(Naeser, 1979; Bryant and Naeser, 1980) and
also in the TAM of southern Victoria Land
(Fitzgerald, 1986; Gleadow and Fitzgerald,
1987).

Thus there are two interpretations for an
apatite age-elevation gradient, It may repre-
sent an “apparent uplift rate” or alternatively
an “uplifted annealing zone”. The ability to
distinguish between the two cases is critical and
fundamental in any fission-track uplift study.
The question then remains as to how these two
alternatives can be distinguished. The distri-
bution of confined fission-track lengths is crit-
ical in this respect.

The principles of the interpretation of con-
fined fission-track length distributions in apa-
tite have recently been examined by Gleadow
et al. (1986a, b) and Green et al. (1988). Apa-
tite age is reduced during annealing largely as
the result of the reduction in the etchable range
of fission tracks and since this is revealed in the
length of confined fission tracks, track length
is a more fundamental source of palaeotemper-
ature information (Gleadow et al., 1983). These
studies show that in rapidly cooled rocks such
as surficial volcanics or rapidly uplifted ter-
rains which have not been heated above ~50°C
subsequent to their original cooling, the fis-
sion-track length distribution is narrow (a
standard deviation of + 1 um), with most tracks
between 13 and 16 um and a mean of 14-15 um.
Apatites that were initially zero in age and then
rapidly uplifted to near-surface levels would
have volcanic-type length distributions. Apa-
tite which has any other sort of length distri-
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bution therefore reflects a more complex
thermal history. The length reduction of a track
is dependent upon the maximum temperature
it has experienced throughout its existence.
Tracks are produced continuously throughout
time and so the shortest tracks have experi-
enced higher temperatures and longer tracks
(13-16 um) have not experienced tempera-
tures significantly in excess of ~20°C. The rel-
ative proportions of long and short tracks in a
length distribution can therefore reveal the rel-
ative proportions of time that a sample has re-
sided at various temperatures, and it is this
principle that has been applied to determining
the various thermal histories in NVL.

3. Geology of northern Victoria land

The late Precambrian-early Palaeozoic
basement geology of NVL (Fig. 1) has tradi-
tionally been divided into three distinct units
(Gair et al., 1969; Sturm and Carryer, 1969;
Tessensohn et al.,, 1981), although recently
Bradshaw et al. (1985) have defined five sus-
pect terranes. The metasedimentary basement
units consist of the Robertson Bay Group to the
east, the Bowers Supergroup in the central part
and the Wilson Group to the west, and are sep-
arated by major NW-SE-trending faults. The
Robertson Bay Group is a lower Palaeozoic se-
quence of quartz-rich turbidites (Wright, 1981;
R.A. Cooper et al., 1983). The Bowers Super-
group (Bradshaw and Laird, 1983), of early Pa-
laeozoic age consists of volcanics with
intercalated sediments. This terrane is bounded
by the Lanterman Fault Zone to the west
(Bradshaw et al., 1982) and is characterised by
folds and faults oriented subparallel to the Leap
Year Fault to the east (Bradshaw et al., 1985).
The high-grade metamorphic Wilson Group of
probable late Precambrian age (Kreuzer et al.,
1981; Adams et al., 1982) consists of gneisses
and metasediments.

Two suites of granites have intruded the
metasedimentary units described above. These
are the Cambro-Ordovician Granite Harbour

Intrusive Suite and the Devonian Admiralty
Intrusives. The Granite Harbour Intrusives in-
trude the Wilson Group and include a variety
of syn- to post-tectonic granites and migma-
tites. To the southwest of the Wilson Group
these granites have characteristics typical of S-
types (Chappell and White, 1974), whereas
along the northeastern margin of this area there
are more mafic tonalites and granodiorites.
Around the Aviator Glacier these granites have
more of an I-type affinity. The Admiralty In-
trusives intrude the Robertson Bay Group and
Bowers Supergroup. These are all high-level
contact aureole types with no clearly defined S-
types being present (Stump et al., 1986), and
have the form of discordant plutons (Grindley
and Oliver, 1983).

The basement rocks of NVL are overlain by
Permo-Carboniferous glacigene and Permo-
Triassic coal-bearing alluvial plain sediments
of the Beacon Supergroup (Laird and Brad-
shaw, 1981; Walker, 1983). These strata rest
unconformably on an erosion surface of sub-
dued relief called the “Sub-Beacon Peneplain”
by Gair (1967) and the “Sub-Beacon Surface”
by Dow and Neall (1974). Structurally the
Beacon Supergroup is either horizontal or tilted
up to 10° and divided into blocks in the order
of 10 km across (Walker, 1983). In the Frey-
berg Mountains, Walker (1983) traced the Sub-
Beacon Surface for ~5 km dipping 5° west. At
the Helliwell Hills the sequence is tilted ~5°
east and in the Morozumi Range, ~5° west
(Sturm and Carryer, 1969). In the lower Ren-
nick Glacier the Beacon displays a persistent
but gentle dip to the west and southwest (Dow
and Neall, 1974 ) and in the upper Rennick Gla-
cier Gair (1967) noted a regional dip of 2-3° to
the northwest. The Beacon Supergroup in NVL
is only 300 m thick, in contrast to the sequence
up to 3 km thick in the central TAM and south-
ern Victoria Land where it is also older (De-
vonian to Triassic; Barrett et al., 1972).

Deposition of Beacon sediments was fol-
lowed by a period of Early-Middle Jurassic
tholelitic magmatism, resulting in the extru-



sion of the Kirkpatrick Basalts and intrusion
of the Ferrar Dolerite. The basalts are up to 2
km thick in the upper Rennick Glacier (Gair,
1967) and at Litell Rocks east of the Morozumi
Range (Tessensohn et al., 1981). The Ferrar
Dolerite occurs mainly as sills but also as cross-
cutting dykes. Kyle et al. (1983 ), using the *°Ar/
39Ar method, dated dolerites at 163-179 Ma and
basalts at 176-184 Ma. A 160-Ma gap exists in
the onland geological record between tholeiitic
magmatism and extrusion of Cenozoic alkaline
basalts of the McMurdo Volcanic Group, which
occur near the Ross Sea coast. Kreuzer et al.
(1981) dated rocks of the McMurdo Volcanic
Group that ranged from 13 to 1 Ma. Minor Ter-
tiary granites have also been found in the Mar-
iner Glacier area (Stump et al., 1983).

The tectonic history of NVL has been the
subject of some debate over the last five years
(Bradshaw and Laird, 1983; Grindley and
Oliver, 1983; Weaver et al., 1984; Bradshaw et
al., 1985; Gibson and Wright, 1985), especially
with regard to the relationships between the pre-
Palaeozoic terranes. The Ross Orogeny in NVL
incorporates events of late Precambrian to
Early Ordovician in age (Bradshaw and Laird,
1983) and in its later stages is dominated by
intrusion of the Granite Harbour igneous suite
and deformations relating to the accretion of
the Robertson Bay terrane onto the Antarctic
continent (Gibson, 1985). Tholeiitic magma-
tism in the Jurassic has been related to the ini-
tial fragmentation of Gondwana (Kyle et al.,
1981) and was accompanied by widespread
heating which in southern Victoria Land re-
sulted in complete annealing of fission tracks
in apatite.

The period of tectonic history that concerns
this contribution involves the formation of the
TAM. This has been traditionally regarded as
a block-faulting event of Cenozoic age (Brady
and McKelvey, 1979; Denton, 1979; Webb, 1979;
Katz, 1982) and was defined as the Victoria Or-
ogeny by Gunn and Warren (1962). Gleadow
and Fitzgerald (1987) using fission-track dat-
ing in southern Victoria Land have shown that
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the initiation of uplift of the TAM was of early
Tertiary age.

Tessensohn et al, (1981) recognize two main
block-faulting events in NVL. The Bowers
event brought blocks of different metamorphic
grade into juxtaposition, was deep-seated and
had major throws. The best example of this
event is the Bowers Structural Zone where the
western high-grade Lanterman block is up-
thrown against the Bowers Graben filled with
low-grade metasediments to the east. The tim-
ing of this event is after the Cambro-Ordovi-
cian Ross Orogeny but prior to intrusion of the
Devonian Admiralty Intrusives (Tessensohn,
1984 ) and so was not responsible for the pres-
ent TAM.

A second phase of block faulting offsetting
the base of the Beacon Supergroup at least sev-
eral hundred metres vertically is seen in the
Rennick Glacier region (Dow and Neall, 1974).
This post Beacon/Ferrar block faulting was
termed Rennick Faulting by Tessensohn et al.
(1981). A northward extension of the Rennick
Fault (Gair, 1967) can be seen in the Helliwell
Hills (Sturm and Carryer, 1969) where the west
side has been differentially upthrown 600 m.
Reactivation of old Bowers faulting structures
has been reported in the upper Black Glacier
where Beacon sediments and Ferrar Dolerite are
displaced along boundary faults of the Bowers
Structural Zone (Tessensohn et al., 1981). The
Lanterman Range which is fault bounded on
both sides exposes evidence for complex post-
Jurassic deformation in the form of four in-
tensely infaulted and infolded Beacon/Ferrar
inliers (Grindley and Oliver, 1983). The inten-
sity of deformation of these synclines in the
Beacon Supergroup is unusual and led Grindley
and Oliver (1983) to imply compressional (-
strike-slip) movements rather than simple nor-
mal faulting.

The timing of the Rennick block faulting is
clearly post-Jurassic because Ferrar Dolerite is
involved. However, it is not clear whether this
phase was contemporaneous with Cenozoic
rifting in the Ross Embayment and/or uplift of



TABLEI

Analytical results, apatite fission ages from the basement rocks of North Victoria Land

Sample Locality Elevation = Number  Standard Fossil Induced Correlation  x? Age U
No. (maus.l.) of track track track coefficient proba- (Ma) (ppm)
grains density density density bility
(10% em—2) (10° cm—?) (10°cm™?) (%)
R31701 Freyberg Mountains 1,870 12 1.24 (8,263) 1.485 (1,037) 3.931 (2,745) 0.929 18 8243 41
R31702 Freyberg Mountains 1,870 11 1.24 (8,263) 2.639 (1,898) 7.079 (5,092)  0.757 <1 81+2,86+7* 74
R31703 Freyberg Mountains 1,895 20 1.24 (8,263) 0.848 (616) 2.338 (1,698)  0.868 10 9+4 26
R31704 Freyberg Mountains 1,815 18 1.24 (8,263) 0.826 (1,040) 2.113 (2,662) 0.956 14 8513 22
R31705 Freyberg Mountains 1,694 14 1.24 (8,263) 1.043 (920) 2.884 (2,529)  0.987 93 79+3 32
R31706 Freyberg Mountains 1,532 20 1.24 (8,263) 0.930 (734) 3.068 (2,422) 0.886 15 66+3 33
R31707 Freyberg Mountains 1,950 14 124 (8,263) 2.133 (740) 5.892 (2,044) 0.935 9 794 63
R31708 Freyberg Mountains 1,988 10 1.24 (8,263) 1.422 (1,221) 4.191 (3,598) 0.779 <1 743,74+ 4* 46
R31709 Aviator Glacier 1,015 20 124 (8,263) 0.663 (992) 3.310 (4,907) 097 96 44+2 38
R31710 Copperstain Ridge, Lillie 945 17 1.24 (8,263) 0.419 (134) 1.873 (599) 0919 70 49+5 19
Glacier

R31711 Ebbe Glacier 690 17 1.24 (8,263) 0.621 (721) 3.608 (4,192) 0.689 8 37t2 37
R31712 Mt. Craven, Ebbe Glacier 1,160 16 1.24 (8,263) 0.684 (568) 3.345 (2,779) 0.954 25 44+2 36
R31713 Mt. Murchison 5 14 1.35(11,423) 0.254 (138) 2225 (812) 0946 93 27+3 21
R31714a  Mt. Murchison 1,345 18 1.35(11,423) 1.283 (563) 11.22 (4,924) 0.884 67 27+1 109
R31714b 15 1.35 (11,423) 1.367 (359) 12.67 (3,353) 0.860 30 2512 123
R31715a  Mt. Murchison 1,690 13 1.34 (11,423) 0.258 (161) 2.289 (1,428) 0.882 48 27+2 21
R31715b 17 1.34 (11,423) 0.192 (189) 1.464 (1,443) 0.953 51 31+2 14
R31716a  Mt. Murchison 2,715 15 1.33 (11,423)  0.204 (108) 1.379 (731) 0.732 34 3514 14
R31716b 16 1.33 (11,423) 0.208 (110) 1.364 (722) 0.621 33 36+4 14
R31717a  Mt. Murchison 3,385 20 1.32 (11,423) 0544 (369) 4.197 (2,846) 0.874 30 30+2 41

R31717b 19 1.32 (11,423)  0.521 (227) 4.132 (1,799) 0516 8 29+2 40

!

%



R31718 Mt. Royalist 3,445 16 1.32 (11,423) 1.758 (607) 3.245 (1,120)  0.917 46 12516 32

R31719a  Mt. Ajax 3,650 16 1.31 (11,423) 0.781 (221) 1.679 (475) 0.880 81 1069 18
R31719b 11 1.31(11,423) 0.809 (168) 1.869 (388) 0.500 23 99+9 21
R31720 Mt. Royalist 2,200 18 1.57 (5,508) 0.542 (217) 1.968 (788) 0.790 70 76+6 16
R31723 Salamander Range 2,370 18 1.22 (10,675) 0.472 (198) 1.239 (520) 0.904 97 81+7 14
R31724a  Section Peak, Lichen Hills 2,085 11 1.36 (11,790)  4.836 (2,028) 3.734 (1,566)  0.990 90 30411 34
R31724b 14 1.37 (7,701)  4.711 (1,882) 3.602 (1,439)  0.965 21 315+11 33
R31725 Mt. Spatz, Outback 2,325 12 1.15 (2,193) 2.756 (1,169) 2771 (1,175)  0.910 2 199+9,196 + 12* 32
Nunataks
R31726 Miller Butte, Outback 2,731 11 1.15 (2,193) 3.730 (1,174) 3.130 (985) 0.934 4 238112,251+17* 36
Nunataks
R31727 McMahon Glacier 145 18 1.22 (10,675) 0.291 (223) 1.921 (1,474) 0.942 96 3212 22
R31728a  Yule Bay 25 10 1.29 (11,423) 0.359 (137) 1901 (726) 0.916 84 4314 20
R31728b 18 1.29 (11,423) 0.269 (192) 1.551 (1,109)  0.781 4 39+13,4215* 16
R31729 Yule Bay 45 19 1.29 (11,423) 0572 (514) 2.610 (2,344)  0.881 1 50+3,48+3* 28
R31730 Oread Spur, Lower Tucker 2,145 15 1.28 (11,423) 1.190 (444) 7.875(2,93%) 0.972 49 3412 71
Glacier
R31731  Mt. Northampton 175 18 1.27 (11,423)  0.172 (124) 1576 (1,136)  0.654 73 24+2 12
R31732 Mt. Northampton 1,530 21 1.26 (11,423) 0.274 (145) 1.760 (933) 0.831 34 34+3 16
R31733 Morozumi Range 700 22 1.22 (10,675)  0.408 (441) 2.076 (2,243)  0.931 80 42+2 20
R32168 Helliwell Hills 1,500 21 1.33 (9,313) 0.194 (202) 0.453 (471) 0.713 26 1009 4
R32173 Helliwell Hills 1,450 21 1.33 (9,313) 0.812 (418) 1.941 (998) 0.919 8 98+6 20
R32204 Helliwell Hills 1,550 18 1.33 (9,313)  1.662 (1,015) 3.894 (2,378)  0.986 56 100+4 37

Brackets show number of tracks counted. Standard and induced track densities measured on mica external detectors (g=0.5), and fossil track densities on internal mineral
surfaces. Ages calculated using {=354 for dosimeter glass SRM612 (Hurford and Green, 1983).
*Mean age, used where pooled data fail y2-test at 5%.
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the TAM. On the other hand, some movement
has been proposed in the Cretaceous because
Jurassic dolerite and basalt at Litell Rocks have
Early Cretaceous K-Ar ages (Kreuzer et al.,
1981), which suggests they have been reset and
led Grindley and Oliver (1983) to suggest some
fault-block movement at this time. The pres-
ence of mountains 3-4 km in height with a
young morphology led both Tessensohn et al.
(1981) and Grindley and Oliver (1983) to be-
lieve there had been movement some time in
the Cenozoic.

4. Methods
4.1. Fission-track ages

Samples of basement rocks ~ 2 kg in weight
were crushed and the apatites separated using
conventional heavy-liquid and magnetic tech-
niques. The apatites were mounted in epoxy
resin on glass slides, ground to reveal an inter-
nal surface, polished, and then etched for 20 s
in 5 N HNO; at 20°C to reveal fossil fission
tracks. Zircons were mounted in Teflon®,
ground, polished and then etched for periods up
to 106 hr. in a KOH-NaOH eutectic melt at
215°C (Gleadow et al., 1976) to reveal fossil
fission tracks and then cleaned in 40% HF for
4 hr. at 20°C. Sphenes were mounted in epoxy,
ground, polished and then etched to reveal
tracks in 50 N NaOH at 125°C for 30-40 min.
Fission-track ages were measured by the exter-
nal detector method using muscovite to record
induced tracks (Gleadow, 1981). The musco-
vite detectors were etched for 20 min. in 40%
HF at 20°C to reveal the induced tracks. Neu-
tron irradiations were carried out in the X-7 po-
sition of the Australian Atomic FEnergy
Commission HIFAR Research Reactor which has
a well-thermalised flux (Cd ratio for Au ~125).
Thermal neutron fluences were monitored by
recording the track density in a muscovite de-
tector attached to discs of the N.B.S. reference
glass SRM612 for apatites, U3 glass for zircons
and CN1 glass for sphenes.

The mounts were counted at a magnification
of 1250 X, under a dry 80X objective, and only
apatite, zircon or sphene grains displaying sharp
polishing scratches were counted (Gleadow and
Lovering, 1978; Gleadow, 1981). For apatites,
~20 grains in each age determination were
counted whenever possible. Smaller numbers of
sphene and zircon grains were counted due to
the higher track densities. Ages were calculated
using the zeta calibration method, following the
procedures of Hurford and Green (1983) and
Green (1985). Errors were calculated using the
“conventional method” (Green, 1981) and are
quoted at the level of one standard deviation
throughout. The counting parameters used are
shown at the bottom of Tables I and II; zeta
calibrations of 353 for glass SRM612 (P.G.
Fitzgerald, unpublished data ), 87.9 for glass U3
(Green, 1985) and 123 for CNI glass (A.J.W.
Gleadow, unpublished data) have been deter-
mined empirically by counting a set of carefully
selected age standards in direct comparison with
the K-Ar dates for these standards. The re-
ported fission-track ages are therefore indepen-
dent of uncertainties in the #**U fission decay
constant and eliminates the need for explicit
thermal neutral dosimetry (Hurford and Green,
1982). Sample elevations were measured baro-
metrically as described by Gleadow et al. (1984 ).

4.2. Track length measurements

Track lengths were measured in apatites us-
ing “confined” fossil fission tracks. These are
tracks which do not intersect the polished in-
ternal surface of the apatite grain but have been
etched out through fractures or other tracks that
do intersect the surface (TINCLES and TINTS of
Lal et al.,, 1969). Only horizontal confined
tracks were measured, a track being taken to be
horizontal if it remained in sharp focus along
its length or had a bright reflection in reflected
light. Horizontal tracks alone give the best rep-
resentation of the track length distribution
within a sample (Laslett et al., 1984). Only
fully-etched tracks in grains whose polished



TABLEII

Analytical results - NVL zircons and sphenes

Sample  Locality Elevation  Number  Standard Fossil Induced Correlation  x? Age U
No. (mas.l.) of track track track coefficient proba- (Ma) (ppm)
grains density density density bility
(10%cm—2) (10%cm~2) (10° cm—2) (%)

Zircons:
R31713  Mt. Murchison 5 10 1.186 (2,592) 5.107 (1,678) 9.498 (3,121) 0.843 <1 28+1,28+2* 424
R31714  Mt. Murchison 1,345 6 1.459 (3,067) 17.52 (1,919) 5.479 (600) 0.986 4 202 + 10, 220 + 16* 199
R31717  Mt. Murchison 3,385 6 1.459 (3,067) 18.02 (1,563) 4531 (393) 0.949 30 250+ 15 164
R31731  Mt. Northampton 175 8 1.459 (3,067) 20.31 (2,169) 5.600 (598) 0.386 <1 229+11,237+33* 203

Sphenes:
R31711 Ebbe Glacier 690 8 3.092 (6,390) 2.522 (2,282) 1.338 (1,211) 0.992 90 349113 17
R31712  Mt. Craven, Ebbe Glacier 1,160 8 3.119 (6,390) 18.70 (2,056) 8.369 (1,030) 0.701 23 372+15 105
R31713  Mt. Murchison 5 7 3.130 (6,390) 1.574 (578) 8.282 (3,041) 0952 <1 37+2,401£3* 103
R31717 Mt. Murchison 3,385 8 3.145 (6,390) 14.08 (2,141) 7.511 (1,142)  0.706 2 353 + 14, 353 + 20* 93
R31723  Salamander Range 2,370 9 3.158 (6,390) 9.011 (1,631) 4878 (883) 0.719 40 349t15 60
R31727 McMahon Glacier 145 8 3.163 (6,390) 12.83 (1,579) 7.060 (869) 0.955 60 344115 87
R31731 Mt. Northampton 175 8 3.169 (6,390) 17.03 (1,603) 10.77 (1,014) 0.989 60 30113 132
R31732 Mt. Northampton 1,530 8 3.172 (6,390) 21.56 (1,561) 13.44  (973) 0.931 95 306+13 165

Brackets show number of tracks counted. Standard and detect:
surfaces. Zircon ages calculated using {=87.9 for dosimeter glass U3 and sphene ages {= 123 for dosimeter glass CN1
*Mean age, used where pooled data fail y2-test at 5%.
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surfaces were approximately parallel to the c-
axis were measured. Measurements were made
under a 80X dry objective using a projection
tube and digitizing tablet attached to a micro-
computer. Whenever possible 100 track length
measurements per sample were made, the num-
ber being less only when insufficient suitable
tracks were present in the available apatite.

5. Results

Apatite results are given in Table I for 34 lo-

calities and are shown in Fig. 1 according to
sample number and in Fig. 2 according to fis-
sion-track age. All samples come from either the
Granite Harbour Intrusives or the Admiralty
Intrusives except the three samples from the
Helliwell Hills which are biotite-gneisses of the
Wilson Group. Some apatites were dated twice
(R31714-17, -19, -24 and -28). Three zircon
ages were also determined from the southeast-
ern coastal area and 8 sphene ages (Table II),
all from granites mapped as the Admiralty
Intrusives.

-71°S

Zircon ages

Sphene ages
Apatite ages

168°E
0 20 40 60 80 100 km
L L 1 —_ i J

Fig. 2. Map of north Victoria Land showing outline of the granite plutons, apatite, zircon and sphene fission-track results

(Ma).



5.1. Apatite fission-track ages

When plotted with respect to sample eleva-
tion (Figs. 3 and 4) the apatite ages fall into a
number of well-defined patterns:

(1) The majority of apatite fission-track ages
define a pattern (Fig. 3) remarkably similar to
that established for southern Victoria Land
(Gleadow et al., 1984; Fitzgerald, 1986; Glea-
dow and Fitzgerald, 1987). That this pattern is
reasonably well constrained, is surprising con-

4
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A Freyberg Mtns
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Yule Bay
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APATITE FISSION TRACK AGE (Ma)

Fig. 3. Apatite fission-track results for samples from the
central and northern part of NVL plotted against sample
elevation. Error bars are two standard deviations. These
define the “regional” pattern consisting of a two-stage uplift
history; the “break in slope” in the apatite-age profile at
~ 50 Ma marking the base of the uplifted apatite annealing
zone and the time of initiation of uplift of the TAM. Sam-
ples above this “break” lay in the annealing zone prior to
uplift and now have mixed ages comprising an earlier set of
partially annealed tracks and a later set of tracks accumu-
lated subsequent to uplift. Samples lying below the “break
in slope” had ages of zero prior to uplift and only started
accumulating tracks once they were uplifted above the base
of the annealing zone. Note the Helliwell Hills results lying
~ 1 km below the “regional” pattern, indicating they lie at
a lower structural level.
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SOUTHEASTERN COASTAL RESULTS

Ny O MT MURCHISON
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Fig. 4. Apatite age plotted against sample elevation for the
southeastern coastal region samples (R31713-17, R31730-
32). Error bars are two standard deviations. Note the young
ages from high elevations, the small change in age over large
elevation intervals and the lack of a “break in slope” as seen
in Fig. 3. These younger ages at such high elevations reflect
greater uplift and the exposure of deeper erosional levels.

sidering the large area of the central and north-
ern part of NVL over which these samples were
collected, compared to those from southern
Victoria Land.

Apatite ages older than 50 Ma and above
~1200 m a.s.l. in elevation define a shallow
gradient ( ~15-50 m Ma~'). Ages younger than
50 Ma and from elevations lower than 1200 m
do not change significantly with elevation and
define a much steeper gradient. A “break in
slope” is evident in the apatite age-elevation
pattern here at ~ 50 Ma and 1200-m elevation.
A major implication of this two-component
pattern in Fig. 3 is that this part of NVL and
southern Victoria Land are extremely similar
in their uplift histories. This group of apatite
ages in Fig. 3, with the exception of the Helli-
well Hills results, will be referred to hereafter
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asthe “regional” pattern as it is typical of much
of the area studied.

(2) Three samples from the Helliwell Hills
all with apatite ages close to 100 Ma lie below
the shallow gradient defined by the “regional”
ages older than 50 Ma (Fig. 3).

(3) A single age from the Lichen Hills in the
far western part of the study area of 304 +11
Ma was obtained from an elevation of 2085 m
a.s.l. Because this was significantly different
from any yet determined in the TAM, a second
mount was prepared and dated. The result was
indistinguishable from the first at 315 + 10 Ma,
confirming the measurement and giving a
weighted mean age of 310+ 7 Ma (Fig. 2). Sub-
sequently, two further apatite ages were ob-
tained from the OQutback Nunataks at 196 +12
and 251+17 Ma. These three ages from the
most westerly areas sampled are all signifi-
cantly older than any other apatite fission-track
ages yet determined from Victoria Land. As
such, they are unique in clearly pre-dating the
Jurassic magmatic event responsible for intru-
sion of Ferrar Dolerite and eruption of Kirk-
patrick Basalt.

(4) In the southeastern coastal region (the
Mt. Murchison and Lower Tucker Glacier
areas), apatite ages delineate a different pat-
tern (Fig. 4). Here, the change in apatite age
with elevation is small, and similar to that seen
in the “regional” pattern for ages of <50 Ma.
In the Mt. Northampton area in the Lower
Tucker Glacier, the apatite ages vary little and
range from 24 + 2 to 34+ 3 Ma over 2 km of el-
evation. Likewise, at Mt. Murchison, the ages
vary from 26 +2 to 35+ 4 Ma for the top four
samples over 3.4 km of vertical section.

5.2. Track length measurements

Track length measurements were made on 26
apatite mounts. The results are summarised in
Table III and presented graphically in Figs. 5
and 6. The uncertainty quoted for each mean
length is given as the standard error of the mean,
with the standard deviation giving a measure of

the spread in each distribution. In the first in-
stance, length distributions fall into two easily
distinguishable groups (Table III). Apatite ages
of <50 Ma have mean lengths generally of > 14
um with standard deviations of < +1.8 um. In
contrast, ages older than 50 Ma have length dis-
tributions that are shorter and broader, with
mean lengths usually between 12 and 13 ym and
standard deviations > +2 um.

5.3. Zircon fission-track ages

Six samples were attempted but only three
from the southeastern coastal region proved
possible to date (Table IT). Samples R31714 and
R31717 from Mt. Murchison have apparent ages
of 220+ 16 and 250+ 15 Ma, respectively. The
lowermost sample from here has an age of 28 + 2
Ma, similar to the apatite age. Note that the
zircon ages here increase with increasing ele-
vation. Sample R31731 from Mt. Northampton
in the Lower Tucker Glacier area has an age of
237133 Ma. Of these three samples, many
grains from R31717 and R31731 were nearly
metamict, in comparison to R31714 which had
a much greater percentage of good and count-
able grains. Zircon grains in the three samples
attempted from the “regional” pattern (R31702,
-10 and -33) all appeared metamict after etch-
ing, indicating a significantly higher level of ir-
radiation damage.

5.4. Sphene fission-track ages

All the eight sphene samples are from rocks
mapped as the Admiralty Intrusives. Five of
these results (Table II), incorporating all the
“regional” ages and the top Mt. Murchison
sample (R31717) in the southeastern coastal
region cluster around a mean of 353 Ma. Spon-
taneous track densities were generally ex-
tremely high in these samples, approaching the
limit for satisfactory counting. The other three
samples from the coastal area are all signifi-
cantly younger, especially R31713 from the base
of Mt. Murchison which has an age of 40+3
Ma.



TABLE III

Analytical results - NVL confined fission-track lengths in apatite
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Sample Age Track length Standard Number
No. (Ma) (+1o) deviation of
(um) (um) tracks
“REGIONAL DATA”
Ages less than 50 Ma: Morozumi Range, Aviator Glacier, Lillie- Ebbe Glacier, Yule Bay:
R31709 44+ 4 13.6010.18 1.79 101
R31711 37+2 14.2510.14 1.38 100
R31712 44+2 14.4410.15 1.48 100
R31729 48+ 7 14.01£0.12 1.21 99
R31733 4212 14.1410.18 1.85 111
Ages greater than 50 Ma: Admiralty Mountains, Freyberg Mountains:
R31705 79+3 12.97+0.25 2.52 101
R31706 663 12.74+0.23 2.32 100
R31707 79+4 12.6010.22 2.25 101
R31708 7414 12.651+0.24 2.44 100
R31718 12516 12.2710.32 3.70 138
R31719 10319 12.711£0.29 2.94 100
R31720 766 12.64%0.24 2.36 100
R31723 81t7 12.88+£0.20 1.98 102
MT. MURCHISON
R31713 27+3 14.59+0.17 1.66 96
R31714 2612 14.68+0.11 1.15 100
R31715 29+2 14.49+0.16 1.51 84
R31716 36+4 14.54 £0.18 1.21 47
R31717 302 14.4910.16 1.63 100
LOWER TUCKER GLACIER
R31730 34+2 14.20+0.15 1.54 102
R31731 242 13.99+0.15 1.36 87
R31732 34+3 14.3410.16 1.60 100
HELLIWELL HILLS
R32173 98+6 13.05+0.22 2.17 100
R32204 100+4 13.50+0.17 1.74 100
LICHEN HILLS-OUTBACK NUNATAKS
R31724 3107 12.25+0.16 1.57 100
R31725 196 +12 13.18+0.22 2.18 100
R31726 251+17 11.96+0.22 2.20 101

6. Discussion and interpretation

6.1. Central and northern NVL

We have delineated a two-component uplift

history for “regional” NVL similar to that seen
in southern Victoria Land (Gleadow and Fitz-
gerald, 1987) and we can draw similar conclu-
sions here in NVL as those in southern Victoria
Land. The “break in slope” at ~ 50 Ma (Fig. 3)

marks the base of an uplifted annealing zone
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Fig. 5. Fission-track confined length distributions plotted according to location for samples of <50 Ma in age. Distributions
are normalised to 100, All samples, except R31709 have mean lengths of > 14 ym and standard deviations of < * 1.85 ym,

and represents the time of initiation of uplift of
the TAM. The shallow gradient defined by ages
older than 50 Ma is an inherited characteristic
from the pre-uplift apatite annealing zone. Ages
younger than 50 Ma defining the steeper part
of the apatite age profile are “uplift” ages, that
is, they were recorded after uplift began. Prior
to this, they lay below the base of the annealing
zone at temperatures too high to record tracks.

Gleadow and Fitzgerald (1987) determined
the amount of uplift at Mt. Doorly in southern

Victoria Land by reconstructing the strati-
graphic thickness above the “break in slope”
seen in the apatite age profile. This is not pos-
sible in NVL however, because the stratigraphy
is not as well ordered or as well known. Assum-
ing that the thermal histories of NVL and
southern Victoria Land were similar prior to
uplift, we can use the calculated palaeo-geo-
thermal gradient from southern Victoria Land
to determine the depth to the base of the pre-
uplift annealing zone (~100°C) in NVL. The
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Fig. 6. Fission-track confined length distributions plotted according to location for samples >50 Ma in age. Distributions
are normalised to 100. Note the shorter mean lengths and much broader distributions compared to those in Fig. 5.

calculated pre-uplift (Late Cretaceous-early
Cenozoic) geothermal gradient in southern
Victoria Land was calculated to be ~25°C
km . Applying this method then, and using an
assumed mean annual surface temperature of
0°C and a palaeo-surface elevation of between
0 and 500 m, the depth to the base of the an-
nealing zone in NVL would have been ~3.5-
4.0 km below sea-level. The “break in slope” for
the “regional” ages is now at an elevation of
~1200 m above sea-level implying that there
has been ~ 4.7-5.2 km of uplift since ~50 Ma.

Track length distributions for apatite sam-
ples below the “break in slope” from this region

(Fig.5), have long mean lengths (> 14 um) and
small standard deviations (1.15-1.85 um) again
closely paralleling the results from southern
Victoria Land. This shows they have spent a
relatively short time within the apatite anneal-
ing zone compared to time spent at lower tem-
peratures (at a ratio of ~1:5). This indicates
that the initial period of uplift was relatively
rapid. An approximate uplift rate for the initial
10 Ma can be estimated from this 1:5 ratio to
be ~200 m Ma~—2. If uplift had been continuous
and at the average rate calculated over the full
50 Ma, then ~50% of the time elapsed since
then would have been spent within the anneal-
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ing zone and the length distributions would have
means of ~13 um with larger standard
deviations.

Track length distributions for samples lying
above the “break in slope” (Fig. 6) have signif-
icantly shorter mean lengths (~12.5 um) and
much larger standard deviations (> 2 um). The
difference in the length distributions for the two
sections of the age—elevation profile can be
clearly seen in Fig. 7 which shows recon-
structed apatite age and track length data for
samples in the relative positions they occupied
prior to uplift. For the samples above the “break
in slope” the tendency to bimodality in some of
the length distributions and their consistently
shorter, broader character indicates a much
greater proportion of time spent within the an-
nealing zone. These samples must also have ex-
perienced the same uplift since ~50 Ma as the
relatively deeper samples so that this time spent
within the annealing zone must have occurred
prior to uplift. The survival of partially an-
nealed tracks in these apatites is also reflected
in their higher apparent ages (>50 Ma). The
differences in length distributions observed re-
flect the different levels occupied by the sam-
ples within the fossil annealing zone.

Samples R31718 and R31719 (Fig. 6) at the
highest levels in the Admiralty Mountains do
not have length distributions consistent with
their reconstructed level (Fig. 7) in the pre-
uplift apatite annealing zone. Their length dis-
tributions are too broad and too many short
tracks are present compared to their inferred
position at the very top of the Late Cretaceous—
early Cenozoic annealing zone (Fig. 7). The
significant proportion of short tracks in sam-
ples R31718 and R31719 could not have been
produced in the time available at this inferred
position if they had been completely over-
printed in the Jurassic. Therefore, the signifi-
cant number of short tracks is probably due to
incomplete overprinting during the Jurassic
thermal event accompanying Ferrar magma-
tism. The older ages in the western area show
that the Jurassic thermal event did not raise
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temperatures high enough to erase fission tracks
in apatites around the Lichen Hills and Out-
back Nunataks. Therefore these short tracks
have probably survived from before Jurassic
magmatism, at which time they underwent a
high degree of track shortening. Sample R31720
from nearby these other two samples (Fig. 1),
but at a lower elevation, has a length distribu-
tion consistent with residence at its inferred
position in the fossil annealing zone after com-
plete overprinting in the Jurassic.

Therefore the isotherms during the Jurassic
were raised enough to anneal the tracks in
R31720, and reset it to zero, but not in R31718
and R31719 where tracks were only drastically
shortened. These two samples are now at an el-
evation of 3.5 km and must have lain at a depth
of ~ —1.5 km prior to uplift, assuming ~5 km
of uplift since ~ 50 Ma. If the land-surface ele-
vation at that time was between 0 and 500 m,
then this constrains the amount of erosion
above these samples to ~ 2 km. It should be re-
membered that these samples occur near the top
of some of the highest peaks in the Admiralty
Mountains and so this represents a minimum
amount of erosion for the region.

6.2. Helliwell Hills

The Helliwell Hills samples plot ~1 km be-
low the “regional” trend in Fig. 3. Because the
shape of their track length distributions (Fig.
6) is similar to the “regional” samples a similar
thermal history is envisaged. That they plot
lower (Fig. 3) indicates less uplift of what is
obviously a different fault block. Their slightly
longer mean track lengths support this and in-
dicate a relatively higher position within the
fossil annealing zone. This is based on the as-
sumption that uplift in all parts of NVL started
~ 50 Ma, a not unreasonable assumption in this
case when it is considered that uplift in both the
northern and central parts of NVL and south-
ern Victoria Land was initiated at about the
same time.
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6.3. Lichen Hills-Outback Nunataks

The three ages from the Lichen Hills-Out-
back Nunataks all predate the Ferrar thermal
event and as such they have escaped, at least
partially, complete thermal overprinting at this
time. The track length distributions appear to
follow the age trend (Fig. 6). Sample R31724
from the Lichen Hills with an age of 310 +7 Ma
has the narrowest spread of the three, sample
R31726 from the Outback Nunataks, the next
oldest at 251 =17 Ma has almost a bimodal dis-
tribution and R31725, at 196+12 Ma has a
much reduced shorter track component.

Stump et al. (1986) in their reconstruction
of Australia and Antarctica, correlate the De-
lamerian terrane of southeastern Australia with
the Wilson terrane of NVL. Apatite fission-
track ages from granitic rocks in the Dundas
Tableland, on the eastern side of the Delamer-
ian terrane, range from 316 + 14 to 384 + 10 Ma
and are interpreted as slow cooling ages follow-
ing Ordovician-Devonian emplacement (Glea-
dow and Lovering, 1978). In contrast to NVL,
the Delamerian terrane was not affected by ma-
jor Jurassic magmatism, although some volcan-
ics of this age are known, nor has it undergone
significant Cenozoic uplift. As such these apa-
tite ages are similar to the single apatite age
from the Lichen Hills which lies within the
southern extension of the Wilson terrane. A
similar thermal history relatively undisturbed
by post-Palaeozoic events is therefore envi-
sioned for this sample, although its slightly
younger age probably reflects very slight over-
printing during Jurassic magmatism. The rel-
ative proportion of short tracks to long tracks
indicates that it has not resided near the base
of the annealing zone but rather closer to the
top, for most of its history before being uplifted.

It may seem strange that R31726 which has
an older apatite age (251 =17 Ma) than R31725
(196 + 12 Ma) has a shorter mean length. This
can again be explained by the thermal effect of
the Jurassic dolerites and the relative propor-
tion of short to long tracks. R31725 was more

affected than R31726, as can be seen by a greater
age reduction, but because of this it has a smaller
short track component. In other words, there
are only ~ 16 Ma of tracks left in R37725 from
before the Jurassic magmatism, and these will
be short because the sample has almost been
completely overprinted, reducing the age from
~ 310 Ma or more, to 196 Ma. This compares
to ~70 Ma of “pre-Jurassic” tracks present in
R31726, which has not undergone the same
amount of annealing but retains a greater over-
all proportion of short tracks because of it.
Hence the relative number of short tracks in
R31726 is greater, resulting in a decrease in the
overall mean track length of this sample.

The Outback Nunatak samples with younger
ages and broader track length distributions
suggest a degree of partial annealing compared
to the sample from the Lichen Hills (Fig. 6).
Their higher elevations than the Lichen Hills
sample suggests that a lower position within the
pre-uplift annealing zone was not responsible
for this modification. Therefore, partial over-
printing during the Jurassic is more likely to be
responsible for the reduced ages and spread in
the length distribution. Preservation of older
ages in these western areas suggests that less
erosion has occurred relative to that observed
further east. It is likely that because the Lichen
Hills—Outback Nunataks are to the west of the
Rennick Graben in a similar position to the
Helliwell Hills, on a fault block on a similar
level, that both these areas underwent the same
amount of uplift.

6.3. Southeastern coastal region

In the southeastern coastal region, there is
no “break in slope” in the apatite age-sample
elevation profile (Fig. 4), but the ages and track
length distributions are similar to those for the
“regional” ages of <50 Ma. A similar thermal
history is therefore envisaged. The presence of
these younger apatite ages at much higher ele-
vations than in the “regional” area implies
much more uplift and erosion and the exposure



of deeper crustal levels. If we assume that uplift
began at the same time for these adjacent areas
(~50 Ma) as in the rest of NVL, it is possible
to crudely estimate the amount of uplift by ex-
trapolating the “apparent uplift gradient” up-
wards until it intersects 50 Ma. Extrapolation
of this line intersects 50 Ma at an elevation of
~ 6000+ 2000 m. Unfortunately the data set is
neither large enough nor well enough con-
strained to say more than that uplift here has
been in the order of 5 (+ ~2) km, more than
that calculated for the central and northern
parts of NVL.

In Fig. 7 we have reconstructed apatite age
and track length data for samples in the rela-
tive positions they are inferred to have occu-
pied prior to uplift. This diagram shows the
variation of track length distributions for sam-
ples above and below the “break in slope” as
well as the observation that the apatite fission-
track data from these two areas form a contin-
uum which is best interpreted in terms of dif-
ferential uplift. When viewing this diagram it
is important to appreciate the fact that these
two areas have differing uplift histories and this
is an attempt to portray the relative depths at
which the samples formerly resided, and hence
the relative amount of uplift they have under-
gone. It does not imply they lie on the same fault
block, but rather, that the samples from the
southeastern coastal area lay relatively lower in
the crust than samples from central and north-
ern NVL prior to uplift.

6.4. Zircon and sphene ages

Fission tracks in zircons and sphenes anneal
at higher temperatures than fission tracks in
apatite. Extrapolation of annealing experi-
ments suggests closure temperatures in excess
of 300°C for zircon (Fleischer et al., 1965;
Krishnaswamiet al., 1974 ) whilst geological ar-
guments have suggested a lower temperature of
175-250°C (e.g., Harrison et al., 1979; Zeitler
et al., 1982). Gleadow and Brooks (1979) used
a temperature of 200 +50°C, Zeitler (1985) de-
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termined a closure temperature of 250°C, and
recently, Hurford (1986) calculated a closure-
temperature of 240+50°C for the effective
track retention temperature in zircon. Sphene
ages are usually concordant or older than zir-
con fission-track ages in slowly cooled terrains,
and sphene ages are often comparable to K-Ar
biotite ages. Gleadow and Brooks (1979) used
a closure temperature of 250 + 50°C for sphene
and Harrison et al. (1979) argued that the
sphene annealing zone was no different to the
epidote annealing zone which they estimated as
200-280°C. Based on the limited available evi-
dence, we infer ~250°C for the base of the zir-
con annealing zone and 300°C for the base of
the sphene annealing zone.

The three zircon ages from Mt. Murchison
progressively decrease in age with decreasing
elevation, from an age of 250 + 15 Ma near the
summit to 28 + 2 Ma at the base of the moun-
tain (Table IT). All these samples have ages that
are reduced compared to the emplacement age
of the Admiralty Intrusives. The lowermost
sample (R31713) near sea-level, with an age of
28 + 2 Ma is comparable to the apatite age from
here and it passes the y>-test, indicating little
real variation in single grain ages. This suggests
that it, like the apatite age from this locality,
has been totally overprinted prior to major
Cenozoic uplift. The next oldest age from Mt.
Murchison (R31714), 220+16 Ma at 1345-m
elevation fails the y2-test, as does the zircon age
of 237+ 33 Ma from 175 m on Mt. Northamp-
ton (R31731), which suggests some element of
annealing is responsible for the age reduction.
The summit sample from Mt. Murchison
(R31717, 250+ 15 Ma) probably represents a
slow cooling age since the time of emplacement
of the Admiralty Intrusives or only partial an-
nealing. This suggests that an uplifted zircon
annealing zone is revealed between the bottom
and top of Mt. Murchison.

Sphene ages of 344 + 15 to 372+ 15 Ma from
the central and northern part of NVL (Table
II; Fig. 2) are comparable, although less pre-
cise, to K-Ar biotite ages of 358-366 Ma
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(Kreuzer et al., 1981) for the high-level Admi-
ralty Intrusives. The uppermost sample at Mt.
Murchison (R31717) has a similar sphene age
to this grouping, reflecting initial cooling after
emplacement in the Late Devonian. However,
the lowermost sample from Mt. Murchison
(R31713) has a different age (40+3 Ma),
broadly comparable to both the zircon and apa-
tite age for this sample, again suggesting total
overprinting prior to major Cenozoic uplift. This
suggests that between the lowermost sample at
Mt. Murchison and the summit sample, an en-
tire uplifted sphene annealing zone is revealed.
Sphenes from Mt. Northampton also show some
reduction in age, suggesting they too are an-
nealed. Using the assumed pre-uplift geother-
mal gradient of ~25°C, the depth to the base
of both the zircon and sphene annealing zones
is consistent with uplift in the vicinity of 10 km.

Another possibility may exist to explain the
almost concordant apatite, zircon and sphene
ages for the lowermost Mt. Murchison sample
(R31713). They may in fact come from a Ter-
tiary intrusive. Stump et al. (1983) found a
Tertiary granite in the lower Mariner Glacier,
dating it at 9 + 1 Ma. They described it as a me-
dium-graded granite composed of a secondary
assemblage of quartz, K-feldspar, albite and
chlorite. The original assemblage was probably
two feldspars and quartz with numerous mia-
rolitic cavities, suggesting a shallow level of em-
placement. They went on to add that the
McMurdo volcanics may have provided heat for
generation of this granite melt but that the
source region for this silicic magma was un-
doubtedly lower crustal compared to a mantle
source for the mafic magmas of the McMurdo
Volcanics. Sample R31713 is a medium-grained
very hornblende-rich quartz diorite of I-type
affinity. This sample came from a granitic body
that occurred dominantly as veins containing
~50% of country rock xenoliths. This com-
pares to the usual massive appearance of the
granites of the Admiralty Intrusives. However,
given that the apatite age from this locality ap-
pears to belong to a more regional trend and the

rock type is similar to the typical Admiralty
granite, it is considered that it is unlikely to be
a Tertiary granite.

6.5. Summary of thermal histories

The apatite results from the central and
northern parts of NVL (the “regional” pat-
tern) are remarkably similar to the results from
southern Victoria Land and a similar thermal
history is envisaged. Samples above the “break
in slope” lay at varying levels in a pre-uplift
apatite annealing zone and samples below the
“break in slope” had a zero apparent age prior
to uplift. The shapes of the track length distri-
butions confirm this interpretation and provide
additional information. Track length distribu-
tions for samples below the “break in slope” in-
dicate that these samples have spent little time
within the apatite annealing zone and hence
initial uplift over about the first 10 Ma must
have been rapid. Track length distributions
from samples R31718 and R31719 in the Ad-
miralty Mountains are not consistent with their
reconstructed level in the pre-uplift annealing
zone, suggesting these two samples were only
partially overprinted during the Jurassic. This
contrasts with all other samples in the regional
pattern (central and northern areas of NVL)
which were effectively reset to zero at that time.
Isotherms in the Admiralty Mountains must
have been elevated enough to erase all tracks in
R31720 (at a lower elevation) but only par-
tially erase and shorten tracks in R31718 and
R31719 (at higher elevations).

The ages from the Helliwell Hills plot lower
than the regional pattern, yet their track length
distributions are similar indicating a similar sort
of thermal history although their slightly longer
length indicates that the Helliwell Hills sam-
ples resided at a higher level than most of the
regiona? samples. This is consistent with less
uplift (1-2 km) for these samples. Out to the
west in the Lichen Hills and Outback Nuna-
taks the old ages show that the Jurassic thermal
event associated with the intrusion of dolerite



and extrusion of flood basalts did not com-
pletely reset these samples, although they have
been partially annealed and show progressive
degrees of this.

The variety of thermal histories present in
NVL can be traced in a plot of apatite age
against mean track length (Fig. 8). The ex-
treme right of the diagram is where the original
slow cooling ages of the granites plot. Ages then
decrease to the left with increasing amounts of
annealing due to Jurassic magmatism. Mean
track lengths here initially decrease and then
increase owing to the relative proportions of
short partially annealed pre-Jurassic tracks and
relatively long post-Jurassic tracks.

Nearly all ages younger than 180 Ma were
completely reset by Jurassic magmatism, the
two exceptions being samples R31718 and
R31719 from the Admiralty Mountains (Fig.8),
which were only partially overprinted and then
resided in the subsequent annealing zone. Three
different components of track length make up
the length distribution for these two samples
accounting for their exceptionally large stan-
dard deviations. They have a set of pre-Jurassic
tracks drastically shortened by the thermal
event accompanying magmatism, they have a
set of relatively short tracks from residence
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within the pre-uplift apatite annealing zone and
they have a set of long tracks recorded after ma-
jor uplift in the early Cenozoic. Other samples
with ages between 180 and 50 Ma were reset to
zero in the Jurassic and have only the later two
components making up their track length dis-
tributions which have mean lengths of 12-13
um and standard deviations reflecting a two-
stage history. Samples with ages younger than
50 Ma with long lengths generally greater than
14 um and small standard deviations indicate a
simple thermal history accompanying an initial
period of rapid uplift.

6.6. Tectonic implications

Different amounts of uplift have been pro-
posed for different areas of NVL and these are
summarised in Fig. 9. As described above, the
pre-Palaeozoic geology of NVL is controlled by
a number of major NW-SE-trending faults and
it is apparent that block faulting controls the
post Beacon/Ferrar deformation. In describing
the uplift of central and northern NVL (the
“regional” pattern) so far, we have tended to
refer to it as a single entity. This is obviously
an oversimplification because varying angles of
dip of the sub-Beacon erosion surface on blocks
in the order of 10 km across (Walker, 1983),
imply differential movement between different
fault blocks. Slight tilting between these blocks
is probably present throughout the central and
northern area but is not enough to be evident
in the apatite fission-track data.

It is evident from the fission-track results that
in the western part of NVL there has been ~1
km less uplift than for the central and northern
parts. These two regions are separated by the
Rennick Glacier which is believed to be a com-
plex graben (Fig. 9) (Gair et al., 1969). The
Rennick Fault which bisects the Helliwell Hills
with a downthrow of 600 m on its eastern side
defines the western boundary of the Rennick
Graben (Sturm and Carryer, 1969). Dow and
Neall (1974) located a further fault on the east
side of the Morozumi Range with a downthrow
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peneplain (2-3° ), whereas on the seaward side a number of listric normal faults exist stepping down to the coast and towards
the western boundary of the Victoria Land Basin (Fitzgerald et al., 1986).

of 300 m to the east. Therefore parts of the Ren-
nick Graben are downthrown at least 1.9 km
relative to its eastern flank and at least 0.9 km

relative to its western flank. This compares to
a depth of 2 km for the Rennick Graben deter-



mined by T. Stern (pers. commun., in Grindley
and Oliver, 1983).

In the western part of NVL, strata of the
Beacon Supergroup dip gently to the west un-
der the polar icecap at ~2-3°. The amount of
uplift probably decreases westerly at this same
rate, similar to the pattern observed on the
western side of the TAM in southern Victoria
Land (Gleadow and Fitzgerald, 1987). Lying
~50-100 km to the west of NVL is the Wilkes
Subglacial Basin which reaches depths of 1300
m below sea-level (Drewry, 1983). It is not
known whether the TAM gently descend to the
eastern edge of this basin or whether the
boundary is fault controlled, but it is unlikely
that faults of the magnitude seen in places on
the coastal margin of the TAM exist on this side
of the range.

Differential amounts of uplift on fault-con-
trolled blocks as suggested here, and the Ren-
nick Faulting as defined by Tessensohn et al.
(1981) are most likely the same event, and a
result of the uplift and formation of the TAM.
The apatite age of 42 +2 Ma from an elevation
of 700 m in the Morozumi Range lying within
the confines of the Rennick Graben, suggests
the timing of this faulting may be early Ceno-
zoic. However, because of the small variation in
apatite age over significant elevation changes
with respect to uncertainties for apatite ages of
<50 Ma, this particular result cannot be used
as a tectonic marker.

Fitzgerald et al. (1986) have recently related
the uplift and formation of the TAM to exten-
sion and subsidence leading to the formation of
sedimentary basins within the Ross Embay-
ment. If the Rennick Faulting is related to the
uplift and formation of the TAM in NVL then
the formation of the Rennick Graben is also re-
lated to the formation of sedimentary basins in
the Ross Embayment. A.K. Cooper et al. (1987)
have suggested that the Victoria Land Basin, in
particular the Terror Rift (Fig. 9) is an en ech-
elon structure along a north-south rift zone.
They add that if the Rennick Graben and Vie-
toria Land Basin were continuous features, then
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the intervening granitic basement was either
uplifted or was high standing prior to rifting. If
this rift, or zone of extension was continuous
during the late Mesozoic—early Cenozoic, then
it is possible, indeed likely that an intervening
basement block was uplifted, as the position of
this postulated block lies just south of the Mt.
Murchison region where we have estimated
uplift in the order of 10 km.

Fitzgerald et al. (1986) suggested that uplift
of the TAM and subsidence in the Ross Em-
bayment was a result of differential partition of
strain into a crustal leve] in the Ross Embay-
ment and into the mantle lithosphere under the
TAM. Two periods of extension seem to be re-
solvable within the Ross Embayment (A.K.
Cooper et al., 1987). The first (Late Cretaceous
to early Cenozoic) appears to have affected all
three basins and may be responsible for their
formation, whilst the second (possibly Oligo-
cene to recent) has affected only the Victoria
Land Basin. It is possible that the eastern bulge
of NVL may have complicated the pattern of
extension in the Ross Sea, in particular with
regard to the area immediately north of the Vic-
toria Land Basin. The eastern bulge of NVL
(composed mainly of the Robertson Bay ter-
rane ) may have caused the axis of extension in
the Victoria Land Basin to bifurcate just south
of Cape Washington, resulting in the formation
of the Rennick Graben which later became cut
off, and a crustal extension zone running from
Cape Washington to Cape Hallett, as marked
now by the Cenozoic volcanics along the coast
(Fig. 1).

The proposed northwesterly extensional
trend up the Rennick Graben follows an inher-
ent line of weakness coinciding with the out-
crop pattern of the Jurassic magmatism in NVL
(Fig. 1). It is possible that if extensional zones
existed either side of the southeastern coastal
region of NVL, where there is an estimated 10
km of uplift, that this could explain the much
greater uplift seen in the Mt. Murchison and
Lower Tucker Glacier areas which lie just north
of Cape Washington (Fig. 9). By implication,
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this means that the mantle lithosphere under
this uplifted area was even more thinned than
in other places under the TAM, hence giving a
greater isostatic response. Little is known about
the crustal structure under NVL, or under the
Robertson Bay terrane and it is possible that in
places the Robertson Bay terrane may have a
thicker crust than elsewhere under the TAM,
or this area may be thickened due to underplat-
ing, in either case isostatic uplift caused by lith-
ospheric thinning would be enhanced.

7. Conclusions

A variety of thermal histories can be ascer-
tained from the fission-track results in differ-
ent parts of NVL and these combine to reveal
the uplift history of the TAM in this area. As is
the case in southern Victoria Land, the apatite
age profiles reveal an age of ~50 Ma for the
onset of uplift of the TAM in NVL. In the cen-
tral and northern area of NVL the base of an
uplifted apatite annealing zone is revealed and
from this ~5 km of uplift is estimated. In the
western part of the study area uplift is esti-
mated to be 1-2 km less. In the southeastern
coastal area, apatite results are interpreted to
indicate uplift in the order of 10 km. The effect
of the Jurassic thermal perturbation may be
loosely constrained to an approximately north—
south-trending zone between the Lichen Hills—
Outback Nunataks region and the Mt. Royal-
ist-Mt. Ajax area of the Admiralty Mountains,
corresponding to its known extent in outcrop.
In the Mt. Murchison area there is evidence of
uplifted sphene and zircon annealing zones
which is consistent with uplift in the order of
10 km as suggested by the apatite results.

For the central and northern parts of NVL
the timing of uplift is relatively well con-
strained, as is the amount of uplift. The initia-
tion time of uplift for the rest of NVL is assumed
to be synchronous with this. An average uplift
rate determined over this time period is essen-
tially meaningless as variable rates of uplift ex-
ist. Track length distributions indicate a period

of relatively rapid uplift during the initial stages
of uplift. This can be very approximately esti-
mated from the slope of the apatite age profile
for ages of < ~50 Ma and from the shape of the
track length distributions at ~200 m Ma~! for
the central and northern parts (“‘regional” pat-
tern) and close to 400 m Ma™~! for the south-
eastern coastal area.

Structurally, the uplift to form the TAM is
probably characterised by a mosaic of differ-
entially tilted blocks as defined by varying dips
and dip directions of the sub-Beacon erosion
surface in different localities, Rennick Faulting
seems undoubtedly related to the uplift and for-
mation of the TAM in NVL and is probably re-
lated, at least temporally, to the formation of
the Victoria Land Basin.
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