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ABSTRACT
There are few direct constraints on the timing and style of faulting in the Ross Sea

sector of the West Antarctic rift system, although Cretaceous plate reconstructions indicate
that Ross Sea extension between East and West Antarctica occurred prior to breakup of
the Gondwana margin ca. 80 Ma. Mylonitic gneisses dredged from the eastern Ross Sea
indicate shear-zone deformation considerably earlier, at 98–95 Ma. Strain analysis of fab-
rics indicates 85%–100% extension. Overprinting brittle structures record translation of
shear-zone gneisses into the upper crust. Samples yield sensitive high-resolution ion-
microprobe U-Pb zircon ages of 102–97 Ma, correlated to Byrd Coast Granite onshore,
and concordant 40Ar/39Ar biotite and K-feldspar ages of 98–95 Ma, indicating that granites
were mylonitized soon after emplacement and cooled rapidly. Apatite fission-track data
corroborate this rapid cooling event, and reveal a second rapid cooling event ca. 80 Ma.
Evidence for contemporaneous deformation and a similar thermal evolution at Deep Sea
Drilling Project Site 270 on the Ross Sea central high and for a migmatite dome on land
attests to the regional extent of intracontinental extension. Extension occurred at a time
of complex microplate interactions along the Cretaceous active Gondwana margin, sug-
gesting that distributed deformation in the overriding Antarctic plate may be related to
plate boundary dynamics.

Keywords: West Antarctica, intracontinental extension, thermochronology, U-Pb SHRIMP,
mylonite.

Figure 1. Cretaceous
West Antarctic rift sys-
tem and restored posi-
tion of New Zealand–
Campbell Plateau ca.
105 Ma. Colbeck Trough
sample location (778189
02.00S, 158831902.00W)
borders Edward VII Pen-
insula (EP). CH—central
high; 270—Deep Sea Dril-
ling Project Site 270;
FM—Fosdick Mountains.
Campbell Plateau config-
uration is after Suther-
land (1999).

INTRODUCTION
The Ross Sea is a 1200-km-wide embay-

ment that forms part of the West Antarctic rift
system between East and West Antarctica
(Fig. 1) (LeMasurier, 1990; Behrendt et al.,
1991). Marine geophysics images north-
trending basins and bedrock highs in subsided
Ross Sea crust, and high-angle faults cutting
sedimentary strata of uncertain age (Cooper et
al., 1991; Davey and Brancolini, 1995; Lu-
yendyk et al., 2001). Airborne geophysics
shows that the structures continue east into
thinned (23–25 km) continental crust of Marie
Byrd Land (Luyendyk et al., 2003). The vast
region east of the Transantarctic Mountains
(Fig. 1) has undergone 300–500 km of exten-
sion (Fitzgerald et al., 1986; Luyendyk et al.,
1996). Despite its size, at 2.25 3 106 km2

comparable to other large rift provinces, only
indirect evidence from paleomagnetic research
(DiVenere et al., 1994; Luyendyk et al., 1996)
and plate reconstructions (Lawver and Gaha-
gan, 1994; Stock and Cande, 2002) is used to
infer the timing of the main phase of Ross Sea
extension, and debate is ongoing over the
comparative importance of Mesozoic versus
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Cenozoic events (e.g., Stock and Cande,
2002).

In this paper we present direct evidence for
the structural style and precise timing of a
shear zone in the West Antarctic rift system.
We determine a mid-Cretaceous granite em-
placement age for the mylonitic gneiss pro-
tolith using sensitive high-resolution ion mi-
croprobe (SHRIMP) U-Pb zircon analysis, and
provide close age constraints for the subse-
quent ductile to brittle structural progression
using 40Ar/39Ar biotite and K-feldspar and ap-
atite fission-track (AFT) thermochronology.
The samples, obtained by dredge from Col-
beck Trough, eastern Ross Sea (Fig. 1), record
rapid cooling attributable to tectonic exhu-
mation, and offer direct support of a detach-
ment model for the West Antarctic rift system
during the Cretaceous (Fitzgerald and Bald-
win, 1997). The shear zone and coeval struc-
tures developed during waning subduction
(Mukasa and Dalziel, 2000) and complex mi-
croplate tectonics (Larter et al., 2002) along
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Figure 2. Mylonitic gneiss D2-83 cut parallel
to mineral lineation and perpendicular to fo-
liation, illustrating mixed brittle and ductile
feldspar and quartz fabrics. Monoclinic
shape fabrics and C-S fabric are defined by
ribbon quartz (Qz), biotite (Bt), K-feldspar
(Kfs), and plagioclase (Pl), and show top-to-
left shear sense. Brittle fault (f) with consis-
tent kinematic sense cuts foliation. White
patchy texture is millimeter-scale microcline
(Mcl) replacing orthoclase. White box sur-
rounds bookshelf feldspar used to quantify
strain. Sketch of grain (top) restores to orig-
inal length of 2.9 cm for change in line
length of 2.5 cm, equivalent to extension, e
5 86%. Angular shear, c, in example
equates with shear strain, g 5 tan c 5 0.54.
Range of values for studied grains is e,
86%–130% and g, 0.54–1.1.

Figure 3. Photomicrographs illustrating brit-
tle textural overprint. A: Ultracataclasite
vein in hand sample. B: Chloritic microbrec-
cia, foliated and cut by brittle shears. C: Mi-
crobreccia. Textures record progression
from mixed brittle-ductile to brittle condi-
tions, suggesting upward translation of my-
lonitic gneisses to shallow crustal levels.

the convergent Gondwana margin prior to
breakup of the margin, suggesting the possi-
bility that ridge-trench interactions drove in-
tracontinental extension within the overriding
Antarctic plate.

GEOLOGIC BACKGROUND
In Marie Byrd Land (Fig. 1), ocean and ice

conceal the structures that accommodated
relative motion between Marie Byrd Land
and East Antarctica (Luyendyk et al., 1996).
Petrologic evidence for extension comes
from a 110–100 Ma mafic dike swarm (Sto-
rey et al., 1999), from 102–95 Ma anorogenic
plutons of the Byrd Coast Granite (Weaver et
al., 1992), and from mid-crustal exposures in
the Fosdick Mountains, rapidly exhumed and
cooled between 105 and 94 Ma (40Ar/39Ar;
Richard et al., 1994). There is no record of
the Jurassic tholeiitic magmatism (Fleming et
al., 1997) that marks the onset of Gondwana
breakup in East Antarctica, and the main
phase of Ross Sea extension postdates the
opening of Weddell Sea (König and Jokat,
2003) between East and West Gondwana by
more than 50 m.y.

AFT data from onshore and offshore sites
record the duration and show the areal extent
of Cretaceous tectonism. AFT data from the
Fosdick Mountains (Fig. 1) indicate rapid
cooling ca. 95 Ma, then slow cooling until 80
Ma, followed by rapid cooling during exhu-
mation ca. 80 Ma (Richard et al., 1994). On-
shore near Colbeck Trough, AFT vertical pro-
files suggest gradual cooling of shallow-level
Byrd Coast intrusions, followed by rapid ex-
humation ca. 75 Ma (Lisker and Olesch,
1998). Calc-silicate basement gneiss cored
offshore at Deep Sea Drilling Project (DSDP)
Site 270 (Fig. 1) yields a dominant AFT age
component of 90 6 6 Ma and a minor com-
ponent of Jurassic age (Fitzgerald and Bald-
win, 1997). Geological evidence, including
brittle-upon-ductile textures in the gneiss and
the presence of sedimentary breccia, led Fitz-
gerald and Baldwin (1997) to propose a de-
tachment fault model for Late Cretaceous ex-
tension in the Ross Sea.

MYLONITIC GNEISSES FROM
COLBECK TROUGH

Well-lineated mylonitic gneisses were
dredged from 663–497 m depth from the bed-
rock escarpment bounding Colbeck Trough
(Fig. 1). Of 103 samples, 83 are mylonitic gra-
nitic gneiss (Fig. 2) of uniform composition
and texture. Clasts are subangular to angular
and lack facets or scratch marks. These char-
acteristics, and a high cable tension sustained
during dredging (.12,000 kg), convince us
that the samples are not a random group of
glacial erratics but were recovered from, or

near, their bedrock source. The Colbeck
Trough formed through glacial incision of sed-
iment and bedrock on the Ross Sea continen-
tal shelf (Luyendyk et al., 2001), likely in the
Holocene, since retreat of the glacial ground-
ing line to its present position has occurred
there since 3.3 ka (Stone et al., 2003).

Samples exhibit mixed brittle and ductile
feldspar and ribbon quartz fabrics (Fig. 2),
typical of mylonitic shear zones developed at
temperatures ,500 8C (e.g., Passchier and
Trouw, 1998). Large K-feldspar augen (.1
cm in length) are brittlely fractured and atten-
uated by incremental displacements between
grain segments, forming bookshelf texture. A
simple strain analysis using attenuated feld-
spars (Fig. 2, inset) determines 85%–125%
extension and shear strain, g, from 0.54 to 1.1.

Foliation is cut by discrete faults with 1–2 cm
of displacement (Fig. 2), black ultracataclasite
(Fig. 3A), and microbreccia (Fig. 3B). The
textures record a progression from mixed
brittle-ductile to brittle conditions.

Mineral textures were examined to assess
the extent of dynamic recrystallization of bi-
otite and K-feldspar (orthoclase microperthite)
to be used for 40Ar/39Ar thermochronology.
Fresh biotite occurs within strain shadows ad-
jacent to K-feldspars, as mica fish within
quartz ribbons, or as polycrystalline packets
draping microfault steps upon bookshelf feld-
spars. The textures indicate syntectonic
growth of biotite. In K-feldspar, breakdown
products (sericite, myrmekite) are rare to ab-
sent, but there is evidence for recrystalliza-
tion. Samples D2-3 and D2-70 contain
Carlsbad-twinned orthoclase cut by close-
spaced microfractures and almost completely
replaced by microcline with crosshatch twin-



GEOLOGY, January 2004 59

Figure 4. Tera-Wasser-
burg concordia plot of in
situ sensitive high-reso-
lution ion microprobe zir-
con U-Pb data, calibrated
but uncorrected for com-
mon Pb. Analyses are
plotted as 1s error ellip-
ses. Two analyses signif-
icantly enriched in com-
mon Pb are excluded.
Inset is combined rela-
tive probability plot with
stacked histogram for
206Pb/238U ages (207Pb
corrected). Major mag-
matic peak is at 102.9 6
0.7 Ma, with subordinate
peaks at 97 6 2 Ma and
92 Ma inferred to reflect
periods of zoned rim
growth and/or radiogenic
Pb loss. Data and catho-
doluminescence images
are available (see foot-
note 1 in text). MSWD—
mean square of weighted
deviates.

Figure 5. A: 40Ar/39Ar biotite and K-feldspar
spectra for samples D2-3, D2-80, and D2-83;
apatite fission-track (AFT) ages for D2-80
and D2-3 are noted. Thermal history in B
was used to obtain model K-feldspar D2-3
spectra. Data and analytical procedures are
available (see footnote 1 in text). B: Time vs.
temperature trajectories based on integrated
40Ar/39Ar and AFT data sets. AFT length his-
tograms suggest decrease in rate of cooling
between ca. 90 and 80 Ma, after formation of
mylonites, followed by another period of
rapid cooling ca. 80–70 Ma. PAZ—partial an-
nealing zone.

ning, evident as a macroscopic patchy white
texture (Fig. 2).

ISOTOPIC INVESTIGATIONS AND
THERMOCHRONOLOGY
U-Pb Geochronology Results

To establish protolith age, we obtained 18
in situ SHRIMP zircon analyses from two pol-
ished thin sections (Table DR11). Cathodolu-
minescence images (Fig. DR1; see footnote 1)
and transmitted- and reflected-light photomi-
crographs were used to determine the textural
setting of individual zircon grains. As a result,
the zircon population was subdivided into
.150 mm prismatic igneous grains included
within biotite and K-feldspar and ,50 mm
granular grains that occur along grain bound-
aries or biotite cleavage planes.

A dominant cluster of ages from prismatic
grains provides a weighted mean 206Pb/238U
age of 102.9 6 0.7 Ma (Fig. 4). Intermediate
and younger U-Pb age populations correspond
to zircon rims or tiny zircon grains along grain
boundaries. Five analyses of the rims or tiny
grains have a weighted mean 206Pb/238U age
of 97 6 2 Ma; three other analyses form a
less well-defined group ca. 92 Ma (Fig. 4).

1GSA Data Repository item 2004008, tabulated
sensitive high-resolution ion microprobe zircon,
40Ar/39Ar and fission-track data, cathodolumines-
cence images of zircons, and explanation of analyt-
ical procedures and modeling, is available online at
www.geosociety.org/pubs/ft2004.htm, or on request
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301,
USA.

40Ar/39Ar and Apatite Fission-Track
Thermochronometry

K-feldspar and biotite from three texturally
uniform samples were used for 40Ar/39Ar ther-
mochronometry (Table DR2; see footnote 1)
in order to constrain the cooling history. The
40Ar/39Ar biotite spectra are complex, with
oldest apparent ages from 98 to 95 Ma. K-
feldspar results are generally concordant with
biotite (Fig. 5A). Sample D2-80 produced
somewhat older 40Ar/39Ar K-feldspar apparent
ages of 102.7–95 Ma from domains of pri-
mary orthoclase. Two of the three samples
yielded sufficient apatite for AFT analysis (Ta-
ble DR3; see footnote 1). AFT ages are 86 6
5 Ma for sample D2-80 and 71 6 5 Ma for
sample D2-3; mean track lengths are 13.8 mm
and 14.1 mm, respectively (Fig. 5B). Both
samples pass the x2 test, indicating that grains
represent a single age population.

DISCUSSION
The 206Pb/238U age of 102.9 6 0.7 Ma from

prismatic zircons is interpreted as the crystal-
lization age of the granite protolith, deter-
mined to be Byrd Coast Granite, now known
as a constituent of the thinned continental
crust forming the Ross Sea. We interpret the
40Ar/39Ar ages of syntectonic biotite to date
the timing of mylonitization between 98 and
95 Ma. Thus, mylonitization closely followed
granite emplacement. Because intermediate
ages for small zircons situated along grain
boundaries are within the 98–95 Ma range, we
infer that the zircons existed in settings sus-
ceptible to localized strain and fluid circula-
tion during mylonitization, and that their ages

record new zircon growth or Pb loss from ex-
isting small grains (e.g., Wayne et al., 1992).
We interpret the concordant 40Ar/39Ar biotite
and K-feldspar ages of 98–95 Ma as a record
of rapid cooling following mylonitization.

The rapid thermal evolution, degree of
strain, and brittle-upon-ductile textures are
consistent with upward translation into the
realm of brittle cataclasis during tectonic de-
nudation (e.g., Lister and Davis, 1989), in
agreement with a detachment model for Ross
Sea extension (Fitzgerald and Baldwin, 1997).
The AFT data reveal some complexity in the



60 GEOLOGY, January 2004

cooling history that cannot be explained by a
single rapid event. The AFT ages are signifi-
cantly younger than 40Ar/39Ar K-feldspar
ages, suggesting slowed cooling after 95 Ma;
yet the long mean track lengths indicate rapid
transit through the apatite partial annealing
zone (110–60 8C). Similar 40Ar/39Ar and AFT
results come from the Fosdick Mountains,
which underwent rapid cooling between 105
and 94 Ma, slow cooling, then renewed ac-
celerated cooling through the partial annealing
zone between ca. 80 and 75 Ma (Richard et
al., 1994). AFT data from Edward VII Pen-
insula, adjoining Colbeck Trough (Fig. 1),
also define early (92 6 4) and late (80 6 4
to 72 6 5 Ma) cooling events (Lisker and
Olesch, 1998). The dominant AFT age com-
ponent from DSDP Site 270, 90 6 6 Ma (Fitz-
gerald and Baldwin, 1997), corresponds to the
early cooling event.

CONCLUSIONS
Our results and available evidence from

across the region indicate two intervals of tec-
tonism, a first at before 90 Ma and a second
ca. 80–71 Ma. Mylonitic gneisses formed dur-
ing the first event provide direct evidence of
mid-crustal shear zones and detachment faults
active at 98–95 Ma, during development of
the West Antarctic rift system. Within 8 m.y.
of its emplacement at 103 Ma, Byrd Coast
Granite was mylonitized and cooled through
biotite and K-feldspar 40Ar/39Ar closure tem-
peratures. The close correlation of 40Ar/39Ar
and AFT cooling ages for shear-zone rocks
with gneiss cored at DSDP Site 270 and rap-
idly exhumed migmatites on land in the Fos-
dick Mountains indicates that the detachment
systems evolved rapidly over a wide region.

We conclude that deformation occurred dur-
ing detachment faulting that led to opening of
the Ross Sea, and was completed prior to
breakup between the Campbell Plateau of
New Zealand and Marie Byrd Land and onset
of seafloor spreading at 79 Ma (Stock and
Cande, 2002). The AFT evidence for the
younger rapid cooling event ca. 80 Ma most
likely reflects denudation associated with the
breakup event.

ACKNOWLEDGMENTS
B. Luyendyk conducted the dredge recovery dur-

ing NBP96-01, supported by National Science
Foundation (NSF) grant OPP-9316712. Funding
was from NSF grants OPP-9615282 (to Siddoway),
EAR-IF-9725891 (to Baldwin), and OPP-9615294
(to Fitzgerald and Baldwin). We thank I. Dalziel, I.
Fitzsimons, and an anonymous reader for construc-
tive reviews, and Bin Li for technical assistance.

REFERENCES CITED
Behrendt, J.C., LeMasurier, W.E., Cooper, A.K.,

Tessensohn, F., Trehu, A., and Damaske, D.,
1991, Geophysical studies of the West Antarc-
tic rift system: Tectonics, v. 10, p. 1257–1273.

Cooper, A.K., Davey, F.J., and Hinz, K., 1991,
Crustal extension and origin of sedimentary
basins beneath the Ross Sea and Ross Ice
Shelf, Antarctica, in Thomson, M.R.A., et al.,
eds., Geological evolution of Antarctica: New
York, Cambridge University Press,
p. 285–291.

Davey, F.J., and Brancolini, G., 1995, The late Me-
sozoic and Cenozoic structural setting of the
Ross Sea region, in Cooper, A.K., et al., eds.,
Geology and seismic stratigraphy of the Ant-
arctic Margin: American Geophysical Union
Antarctic Research Series, v. 68, p. 167–182.

DiVenere, V., Kent, D.V., and Dalziel, I.W.D., 1994,
Mid-Cretaceous paleomagnetic results from
Marie Byrd Land, West Antarctica: A test of
post–100 Ma relative motion between East
and West Antarctica: Journal of Geophysical
Research, v. 99, p. 15,115–15,139.

Fitzgerald, P.G., and Baldwin, S., 1997, Detachment
fault model for evolution of the Ross Embay-
ment, in Ricci, C.A., ed., The Antarctic re-
gion: Processes and evolution: Siena, Terra
Antartica Publications, p. 555–564.

Fitzgerald, P.G., Sandiford, M., Barrett, P.J., and
Gleadow, A.J.W., 1986, Asymmetric extension
in the Transantarctic Mountains and Ross Em-
bayment: Earth and Planetary Science Letters,
v. 81, p. 67–78.

Fleming, T.H., Heimann, A., Foland, K., and Elliot,
D.H., 1997, 40Ar/39Ar geochronology of Fer-
rar Dolerite sills from the Transantarctic
Mountains, Antarctica: Implications for the
age and origin of the Ferrar magmatic prov-
ince: Geological Society of America Bulletin,
v. 109, p. 533–546.

König, M., and Jokat, W., 2003, When and how did
the early Weddell Sea develop?: Potsdam,
Germany, Alfred Wegner Institute, 9th Inter-
national Symposium on Antarctic Earth Sci-
ences, Programme and Abstracts, p. 186–187.

Larter, R.D., Cunningham, A.P., Barker, P.F., Gohl,
K., and Nitsche, F.O., 2002, Tectonic evolution
of the Pacific margin of Antarctica. 1. Late
Cretaceous tectonic reconstructions: Journal of
Geophysical Research, v. 107, ser. B12, DOI
10.1029/2000JB000052.

Lawver, L.A., and Gahagan, L.M., 1994, Con-
straints on timing of extension in the Ross Sea
region: Terra Antartica, v. 1, p. 545–552.

LeMasurier, W.E., 1990, Late Cenozoic volcanism
on the Antarctic plate—An overview, in
LeMasurier, W.E., and Thomson, J.W., eds.,
Volcanoes of the Antarctic plate and Southern
Ocean: American Geophysical Union Antarc-
tic Research Series, v. 48, p. 1–19.

Lisker, F., and Olesch, M., 1998, Cooling and de-
nudation history of western Marie Byrd Land,
Antarctica, based on apatite fission-tracks, in
Van den haute, P., and De Corte, F., eds., Ad-
vances in fission-track geochronology: Dor-
drecht, Netherlands, Kluwer Academic Pub-
lishers, p. 225–240.

Lister, G.S., and Davis, G.A., 1989, Models for the
formation of metamorphic core complexes and
mylonitic detachment terranes: Journal of
Structural Geology, v. 11, p. 65–94.

Luyendyk, B.P., Cisowski, S., Smith, C.H., Richard,
S.M., and Kimbrough, D.L., 1996, Paleomag-
netic study of the northern Ford Ranges, west-
ern Marie Byrd Land, West Antarctica: A mid-
dle Cretaceous pole, and motion between West
and East Antarctica?: Tectonics, v. 15,
p. 122–141.

Luyendyk, B.P., Sorlien, C.C., Wilson, D., Bartek,
L., Ely, G., Siddoway, C.S., and Zellmer, K.,
2001, Structural and tectonic evolution of the
Ross Sea rift in the Cape Colbeck region, east-
ern Ross Sea, Antarctica: Tectonics, v. 20,
p. 933–958.

Luyendyk, B.P., Wilson, D., and Siddoway, C.S.,
2003, The eastern margin of the Ross Sea rift
in western Marie Byrd Land: Crustal structure
and tectonic development: Geochemistry,
Geophysics, Geosystems (in press).

Mukasa, S.B., and Dalziel, I.W.D., 2000, Marie
Byrd Land, West Antarctica: Evolution of
Gondwana’s Pacific margin constrained by
zircon U-Pb geochronology and feldspar
common-Pb isotopic compositions: Geological
Society of America Bulletin, v. 112,
p. 611–627.

Passchier, C.W., and Trouw, R.A.J., 1998, Micro-
tectonics: Heidelberg, Springer-Verlag, 283 p.

Richard, S.M., Smith, C.H., Kimbrough, D.L., Fitz-
gerald, P.G., Luyendyk, B.P., and McWilliams,
M.O., 1994, Cooling history of the northern
Ford Ranges, Marie Byrd Land, West Antarc-
tica: Tectonics, v. 13, p. 837–857.

Stock, J.M., and Cande, S.C., 2002, Tectonic history
of Antarctic seafloor in the Australia–New
Zealand–South Pacific sector: Implications for
Antarctic continental tectonics, in Gamble, J.,
et al., eds., Antarctica at the close of a millen-
nium: Royal Society of New Zealand Bulletin
35, p. 251–259.

Stone, J.O., Balco, G., Sugden, D.E., Caffee, M.,
Sass, L., Cowdery, S., and Siddoway, C.,
2003, Holocene deglaciation of Marie Byrd
Land, West Antarctica: Science, v. 299,
p. 99–102.

Storey, B.C., Leat, P.T., Weaver, S.D., Pankhurst,
J.D., and Kelley, S., 1999, Mantle plumes and
Antarctica–New Zealand rifting: Evidence
from mid-Cretaceous mafic dikes: Geological
Society [London] Journal, v. 156, p. 659–671.

Sutherland, R., 1999, Basement geology and tecton-
ic development of the greater New Zealand
region: An interpretation from regional
magnetic data: Tectonophysics, v. 308,
p. 341–362.

Wayne, D.M., Krishna Sinha, A., and Hewitt, D.A.,
1992, Differential response of zircon U-Pb
isotopic systematics to metamorphism across
a lithologic boundary: An example from the
Hope Valley shear zone, southeastern Massa-
chusetts, USA: Contributions to Mineralogy
and Petrology, v. 109, p. 408–420.

Weaver, S.D., Adams, C.J., Pankhurst, R.J., and
Gibson, I.L., 1992, Granites of Edward VII
Peninsula, Marie Byrd Land: Anorogenic
magmatism related to Antarctic–New Zealand
rifting: Royal Society of Edinburgh Transac-
tions, v. 83, p. 281–290.

Manuscript received 5 July 2003
Revised manuscript received 28 September 2003
Manuscript accepted 1 October 2003

Printed in USA


