
to the Douglas not the Shackleton. The Dick at its type locality
(Locality B, figure, block C; Skinner 1964, 1965) is composed
of rippled and cross-bedded sandstones; abundant parallel-
bedded shales with rare mudcracks and rare horizontal traces;
rippled siltstones; and, near its top, thin conglomerate beds.
Its style and sequence of deformation is similar to that recorded
in the Douglas near Mount Hamilton (Rees et al. in press).
The Dick at locality E (figure, block C) is tectonically juxtaposed
to the Shackleton Limestone along a folded, sheared, and prob-
ably faulted contact. At that locality, thin polymictic limestone
conglomerates with compositions similar to those in the Doug-
las are interbedded with the Dick. These carbonate-rich beds
are depositionally unrelated to the Shackleton.

Snow bounded outcrops of volcanics at localities 17 and J
(figure, block C), initially included in the Dick Formation (Skin-
ner 1964, 1965), are pillow basalts that have a minimum age
of 586 ± 20 million years based on potasium/argon dates. As
such, they are not related to the Byrd Group. Major, trace,
and rare-earth elemental data suggest that the basalts were
generated by partial melting of mantle slightly enriched in light
rare-earth elements and indicate that they erupted either in an
oceanic or continental within-plate tectonic setting.

The Byrd Group and unconformably overlying Beacon Su-
pergroup are displaced along normal faults indicated on the
figure, block D. At locality M, the exact orientation or position
of the fault which lies in deformed Shackleton is not known,
but it displaces the Kukri unconformity down to the north
approximately 300 meters. The northern fault at locality 0
juxtaposes outcrops of Douglas Conglomerate and Permian
sandstones along a nearly vertical surface striking north 65°E
with northwest downthrow of approximately 500 meters. The
third fault, viewed only from a distance, trends northward
with down to the east displacement of approximately the same
magnitude.

We are grateful to Gary Girty and Daniel Krummenacher at
San Diego State University for the tentative potassium/argon
age dates. Plant fossils have been sent to Thomas and Edith
Taylor at the Department of Botany, Ohio State University.

This study has been supported by National Science Foundation
grants DPP 85-18157 and DPP 87-44459 to the University of
Nevada, Las Vegas, and DPP 85-19722 to the University of
Kansas.
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Geochemistry of Paleozoic granites
of the Transantarctic Mountains
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Work during the last year (1987-1988) of this continuing
project has been devoted mainly to analytical work on granites
and metamorphic country rocks collected during the two pre-
vious field seasons in Antarctica (Borg et al. 1986, 1987).

Our original aims were to elucidate the petrogenesis of the
Early Paleozoic granitic basement of the Transantarctic Moun-
tains, and to use geographic variations of chemical and isotopic
compositions of the granites to infer the pre-Paleozoic crustal
structure and tectonic development of the region. Our expec-
tations for this work are being exceptionally well realized. We
have discovered clear isotopic patterns that are leading to a
comprehensive and unprecedented picture of the crustal struc-
ture and tectonics of the region, and its relation to the east
antarctic shield and the other parts of Gondwanaland.

Full samarium-neodymium and rubidium-strontium iso-
topic and concentration measurements have been completed
on 23 granites and 6 samples of metamorphic rocks. Another
10 samples of metamorphic rocks are in the analytical cycle.
Isotopic analyses of mineral separates from three of the sam-
ples were completed to check equilibration ages. Oxygen iso-
topic analyses have been completed on quartz separates from
the granites and on whole-rock splits from the metamorphic
rocks and non-quartz-bearing intrusive rocks. Uranium-lead
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isotopic work on zircon and sphene separates is underway on
six granite samples and on eight Precambrian metasedimen-
tary and metaigneous rocks. Major oxides (11) have been mea-
sured on 28 rocks and trace elements (18) have been measured
on 25 rocks by XRF spectrometry so far. Additional X-ray flou-
rescence work is in progress.

The data we have so far are very intriguing. Several graphs
summarizing our data along with a geologic and sample lo-
cation map are included. Immediately apparent is the wide
diversity of granites that are present, ranging from types de-
rived entirely from crustal sources to types which contain a
large mantle component (figure 1). Also apparent is that the
data define mixing arrays between a depleted mantle com-
ponent and crustal components. One array can be explained
by mixing of mantle-derived magmas with a crustal component
represented by the peraluminous granites in the Miller Range.
This Precambrian crustal block (the Miller Range block) has a
neodymium model age of approximately 1.8-2.0 billion years
and is not represented by metamorphic rocks exposed at the
surface. A second mixing array is less well defined but points

Figure 1. a. €Nd(i) vs. Es,(!). This figure shows a curved, concave
upward array typical of mixing curves between depleted mantle
and crustal sources. Early Proterozoic crust is defined by granites
in the Miller Range (labelled MRB, Miller Range block). A second,
Middle Proterozoic, crustal component distinguished in blocks c
and d is labelled CHB (Campbell Hills block). On this diagram, all
the data can be explained by a depleted mantle (DM) component
and the MRB crustal component. The CHB component is not clearly
evident and only causes a wide region in the overall array. Groups
of granites have been distinguished using all three isotopic sys-
tems. Group 1: Metaluminous granites which are mixtures of DM
and MRB. Group ic: Peraluminous granites derived entirely from
MRB. Group 2: Metaluminous granites which are mixtures of DM
and/or high ENd() group 1 magmas with the CHB crustal component.
Group 2c: Granites which are probably derived entirely from CHB.
Initial compositions are calculated at 500 million years except for
group 2c €5r(). Error introduced by age uncertainty is negligible
for ENd() and is generally small for Er() (equals approximately size
of the symbol for ±25 million years). Group 2c granites have high
rubidium-strontium and so the error introduced by the age uncer-
tainty is large. For these samples, an age of 480 million years has
been used with error bars representing ± 20 million years. This age
is used because it is close to the rubidium-strontium whole rock-
plagioclase age of 470 million years (minimum emplacement age)
obtained from a diorite in the Campbell Hills. b. €Nd(i) vs.
Figure lb shows the two different mixing arrays inferred from all
three isotopic systems. c. 180(0) vs. €sr(). Two mixing arrays are
apparent on this diagram. One between DM and MRB and another
between DM and/or low E Nd(l) group 1 magmas and CHB. One sam-
ple of diorite (85 DCT 6) from the Campbell Hills is anomalous and
may reflect either unusual petrogenesis or a DM component with
very low rare earth element concentrations. It is included with group
2 because of its proximity to the samples defining the CHB. The

180 value for this sample is not based on quartz but rather on
whole rock split with a fractionation adjustment of + 1.5 per mil to
compare it with the measurements made on quartz in the quartz-
bearing intrusives. Similarly, 8 180 values of three samples of mat ic
intrusives of group 1 are based on whole rock measurements with
adjustments of +1.5 per mil for comparison with the quartz sep-
arate data. These samples are distinguished by a short vertical line
extending down from their symbols on the figures. Symbols and
calculations as in figure la. d. 8 180(0) vs. €Nd(i). This diagram shows
the same mixing arrays as on figure ic. Sample 85 DCT 6 again
appears anomalous (see figure ic caption). Symbols and calcu-
lations as in figure la.
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to a crustal source which has a neodymium model age of ap-
proximately 1.6 billion years and is characterized by very high
isotopic oxygen-18. This Precambrian crustal component is la-
belled the Campbell Hills block on the diagrams and is also not
known from exposures of local metamorphic rocks.

Equally important to our study is the geographic distribution
of granite types. Major and trace element chemistry and pe-
trographic modal analyses show a general trend from pera-
luminous "true" granites in the Miller Range to granodiorites
and monzogranités in the axis of the range to granodiorites,
tonalites, diorites, and gabbros in the eastern part of the range.
Figure 2 shows the isotopic data projected onto a section per-
pendicular to the structural trends of the last folding event
before granite emplacement. These diagrams show the vari-
ation across the central Transantarctic Mountains from more
mantle-like values in the east to more crustal-like values in the
west. The peraluminous granites of the Miller Range block are
distinguished on the neodymium and strontium vs. distance
plots. Granites of the Campbell Hills block are also distinct,
especially on the neodymium and isotopic oxygen-18 vs. dis-
tance plots. Several conclusions can be drawn from these dia-
grams. First, the samples in the east, with €Nd > 0, ES, < 30,
and 180(Q) < 9.5, were probably emplaced in a tectonic set-
ting that was off the edge of Precambrian crust. Immediately
to the west is a transition to granites with more crustal char-
acter. Excluding samples from the Campbell Hills block, the
granites vary slightly in neodymium and strontium isotopic
compositions in the axis of the range (between distance marks
100 to 300 kilometers on the horizontal axes of figure 2, blocks
a—c). Just east of the Marsh Glacier (at distance mark 50 kil-
ometers) is a marked change of increasingly crustal character
toward the Miller Range where the granites are certainly de-
rived solely from a crustal source. The discontinuity at the
Marsh Glacier may represent a transition from normal thick-
ness continental crust in the Miller Range to thinned conti-
nental crust east of the Marsh Glacier during granite
emplacement. The Campbell Hills block is defined by a geo-
graphically restricted group of samples and represents conti-

Figure 2. a. €Nd(i) vs. distance in kilometers along A-B. This diagram,
along with figures 2b and 2c, emphasizes the importance of the
geographic distribution of the granite compositions. From west to
east, in general, the isotopic compositions of the granites change
from a crustal signature to more mantle-like signatures. Peralu-
minous granites in the Miller Range represent the MRB, a block of
Early Proteozoic crustal material. Immediately east of MRB, the
granites change to much higher €Nd(i), indicating a discontinuity in
the crust during granite emplacement. €Nd(I) values for group 1
granites are steady across the axis of the range indicating similar
crustal materials (possibly thinned MRB-type crust) and petroge-
netic processes involved in granite production. In the east, the
group 1 granites change to even higher €Nd(i) suggesting that these
granites were emplaced in a region not underlain by Precambrian
crust. Group 2 and 2c granites from the vicinity of the Campbell
Hills interrupt the pattern of group 1 granites and suggest the pres-
ence of a Precambrian crustal block (CHB) different (younger) than
the MRB. The geographic relations suggest that CHB is a block
accreted to the margin of Gondwanaland (the MRB in this region)
sometime before the granites were emplaced. See text for further
discussion. Symbols as in figure 1. b. €r() vs. distance in kilo-
meters along A-B. This diagram shows the same elements as in
figure 2a. See figure 2a caption and text for discussion. Symbols
and calculations as in figure la. c. 180(Q) vs. distance in kilometers
along A-B. This diagram again emphasizes the same elements de-
scribed in figure 2a and the text. Symbols as in figure la.
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Figure 3. Geologic sketch map, with sample locations and cross-section line A-B. Lined patterns in inset map show crustal/structural
elements inferred from the Isotopic data. The Inset map border corresponds to the border of the geologic map.

nental crust distinct from that in the Miller Range and distinct
from the thinned Proterozoic crust inferred to underlie the axis
of the range to the west and possibly south of the Campbell
Hills. It may be significant that the samples which appear to
be mixtures of depleted mantle and Campbell Hills block are
from areas peripheral to the Campbell Hills proper. These
magmas may not have had the opportunity to interact fully
with Campbell Hills type crust because they are on the margin
of that block.

With these four crustal/structural elements, we can construct
a picture of the margin of Gondwanaland into which plutons
of the Granite Harbor Intrusive Complex were emplaced. The
key elements are Proterozoic crust at the margin of the east
antarctic craton (Miller Range block), thinned Proterozoic ma-
terial immediately outboard, a block of extraneous crustal ma-
terial (Campbell Hills block) which has been accreted to the
Gondwanaland margin, and a region furthest outboard on the
margin characterized by no Precambrian continental crust. These
crustal provinces are depicted on an inset sketch map on the
geologic and sample location map (figure 3). Clearly, the tec-
tonic situation was not simple, but we are now able to see

some of the complexities. Incorporating information from the
supracrustal metamorphic rocks in the area will be very im-
portant to our project as we proceed to a fuller understanding
of the tectonic development of the region.

As a result of our analytical program, three abstracts (Borg
and DePaolo 1987a, 1987b, 1987c) with oral presentations and
three research reports (Borg and DePaolo 1986; Borg et al. 1986;
Borg et al. 1987) have been published. Two manuscripts dis-
cussing the results and implications of our isotopic analyses
are in preparation for submission to refereed journals. Field
mapping and analysis of structural data completed so far has
led to a published abstract (Goodge and Borg 1987), a research
report (Borg et al. 1987), and a manuscript in preparation.

Support for this work was provided by National Science
Foundation grants DPP 83-16807 and DPP 86-14649.
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Although the presence of volcanic glass shards in till from
Wright Valley was reported by Jones, Whitney, and Stromer
(1973), no further work has been done to follow up this dis-
covery. Therefore, eight till samples from five locations in
southern Victoria Land (five samples of Peleus and Jason tills
from Prospect Mesa and other locations in Wright Valley, and
three unnamed tills from Shapeless Mountain, Scallop Hill,
and Taylor Valley) have been analyzed as part of a preliminary
study to learn more about the presence of volcanic ash in glacial
sediment of Neogene age.

If a volcanic constituent is present in the glacial sediment,
it is likely to be concentrated in the clay-size fraction. There-
fore, the nonmagnetic fractions of the samples were sieved
and the clay-size fractions were isolated by settling from aqueous
suspensions. The clay-size fractions were analyzed by X-ray
diffraction using copper K-alpha X-radiation on a Diano Corp.
Model XRD-6 X-ray diffractometer.

The X-ray diffraction spectra of seven of the eight clay-size
fractions yielded only a few diffraction peaks of low intensity.
However, the till from Shapeless Mountain is a notable ex-
ception because this sample yielded peak intensities that are
five times greater than any of the other clay-size fractions. This
sample contains muscovite, serpentine, and chlorite all of which
are typical of metamorphic rocks.

The diffraction patterns of the clay-size fractions of the other
samples have an elevated base line at two-theta angles of less
than 20 degrees (figure). This suggests the presence of poorly
crystallized material such as volcanic glass or its alteration
products. The till from Taylor Valley (F80-22, figure) has a
lower base line than the other samples and contains a poorly
defined peak centered around 7.5 degrees two-theta. This peak
has tentatively been attributed to montmorillonite.

TWO THETA. DEGREES

X-ray diffraction patterns of the less than 2 micrometer fractions
of Neogene till from localities in southern Victoria Land. F80-3 and
4: Peleus till, Prospect Mesa, Wright Valley; F80-2 and 12: Jason
till, Prospect Mesa, Wright Valley; F80-6: Peleus till (?), Wright Val-
ley along Onyx River; SH: Scallop Hill, Black Island, McMurdo Sound;
F-80-22: till, Suess Pond, Taylor Valley. [S denotes sanidine, A
denotes amphibole, An denotes anorthite, and M denotes mont-
morillonite(?).]
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