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Early Miocene Subglacial Basalts, the East Antarctic 

Ice Sheet, and Uplift of the Transantarctic Mountains 

Abstract. Subglacially erupted volcanic rocks from Mount Early and Sheridan 
Bluff, Antarctica, yield whole-rock potassium-argon dates and argon-40/argon-39 re- 
lease spectra of Early Miocene age. Field associations suggest the existence of the 
East Antarctic ice sheet and significant uplift of the Transantarctic Mountains by 
that time. 

Remnants of two subglacially erupted 
volcanoes at the head of Scott Glacier, 
Antarctica (Fig. 1), suggest the presence 
of the East Antarctic ice sheet and uplift 
of the Transantarctic Mountains by 
Early Miocene time. At Sheridan Bluff 
(1), volcanic rocks rest directly on a gla- 
cially striated surface of granodiorite, 
part of the late Precambrian-early Paleo- 
zoic Ross Orogen. Throughout the 
Transantarctic Mountains, rocks of the 
Ross Orogen are unconformably over- 
lain by gently dipping strata of the Devo- 
nian-Triassic Beacon supergroup, which 
attains a maximum thickness of 3500 m 
in the Beardmore Glacier area, 400 km 
northwest of upper Scott Glacier (2). The 
prevolcanic erosion surface at Sheridan 
Bluff is irregular and gains elevation to- 
ward the north from a minimum exposed 
altitude of approximately 2070 m. Mount 
Saltonstall (altitude 2973 m) indicates a 
minimum relief of 900 m in the area prior 
to the eruption of the volcanic rocks. 
The Beacon supergroup in the Scott Gla- 
cier area is no younger than Permian, 
with a maximum thickness of 680 m pre- 
served at Mount Weaver (3). Even great- 
er prevolcanic erosion has occurred if 
Triassic rocks, like those found to the 
northwest, were present in the area and 
have been stripped away. However, 
their absence may also indicate non- 
deposition in the Scott Glacier area dur- 
ing the Triassic. Regardless, the 900 m 
of prevolcanic relief suggests consider- 
able uplift and erosion of the Transant- 
arctic Mountains in this region prior to 
eruption. 

The volcanic sequence at Sheridan 
Bluff has a maximum thickness of about 
200 m. The glacial pavement is overlain 
by a unit of pillow breccia 10 m thick 
which passes upward into hyaloclastite 
breccia, composed of a yellow palago- 
nite matrix with angular pillow frag- 
ments, many of which still preserve orig- 
inal glassy, chilled portions of their mar- 
gins. The hyaloclastite has a maximum 
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thickness of 85 m and pinches out to 
the north against the rising surface of 

granodiorite. The section continues up- 
ward with a lava flow, followed by a 

hyaloclastite unit 5 to 10 m thick, and 
nine subaerially erupted lava flows, 
which comprise a sequence of alternat- 

ing olivine tholeiite and mildly alkaline 
basalt 110 m thick. The eruptive vent 
for these rocks is not exposed. 

Mount Early stands in isolation, 20 km 
to the south, 475 m above the surround- 
ing ice; the base is not exposed. This 
deeply dissected peak displays a stratig- 
raphy similar to that documented on nu- 
merous subglacially erupted volcanoes 
in Iceland (4). The core is a shield- 
shaped pile of pillow lavas, composed of 
alkali-olivine basalt. These are mantled 
by pillow breccias that grade upward in- 
to fine-grained palagonite breccia. The 
palagonite breccia is massive in its lower 
portion but becomes bedded higher in 
the section. Observations from a dis- 
tance of about 200 m suggest that the 
summit, which would not be reached on 
foot, is capped by lavas. The proximity 
of hyaloclastites on the glacial pavement 
at Sheridan Bluff and the great distance 

from a body of standing water strongly 
argue that Mount Early also was erupted 
subglacially rather than subaqueously. 

We have dated whole-rock samples 
from four lava flows at Sheridan Bluff 
and one whole-rock sample from a flow 
at Mount Early by conventional K-Ar 
techniques (Table 1) (5, 6). On the basis 
of the critical value test of Dalrymple 
and Lanphere (6, p. 120), all dates from 
the flows at Sheridan Bluff can be inter- 
preted as being the same. However, 
since samples 24, 27, and 30 have similar 
K concentrations and 40Arrad yields, we 
have chosen to average those three to 
obtain an estimate of the age of vol- 
canism at Sheridan Bluff, 18.32 - 0.35 x 
106 years. Sample 22, from the lowest 
flow unit dated at Sheridan Bluff, has an 
apparent age of 19.21 + 0.39 x 106 years. 
Duplicate analyses of the Mount Early 
sample (34) yielded an average date of 
15.86 ? 0.30 x 106 years, which repre- 
sents our best estimate for the minimum 
age of volcanism there. Since it is pos- 
sible for rocks of this type to contain 
"excess" 40Ar or to have lost 40Ar, we 
analyzed two samples (22 and 27) by the 
40Ar/39Ar age spectrum technique (7) to 
check for disturbance of the K-Ar sys- 
tem (Table 1). The age spectrum of each 
sample was concordant, indicating no 
disturbance of the K-Ar system, and ar- 
gues rather strongly against either excess 
40Ar or a loss of 40Ar. Thus the conven- 
tional K-Ar ages should be close approx- 
imations to the true age of the basalts. 
All ages, from both localities, fall within 
the Early Miocene (8), with important 
implications for the histories of both the 
uplift of the Transantarctic Mountains 
and the glaciation of Antarctica. 

Uplift of the Transantarctic Mountains 
has been called the Victoria Orogeny (9). 
This is thought to have occurred along a 
major boundary fault adjacent to the 

Table 1. Data on K-Ar and 40Ar/39Ar from whole-rock basalt samples, Mount Early and Sheri- 
dan Bluff, Antarctica. 

Sam- 40Arrad Apparent 
Sae Locality K (%) (mole/g 4Arrd age 
ple x 10-") (%) (x 106 years) 

K-Ar data 
34 Mount Early 1.652 1652 4.444 82.8 15.45 ? 0.19 

1.652 4.680 82.9 16.27 ? 0.23 
30 Sheridan Bluff 1 35 1. 352 4.366 83.3 18.54 + 0.37 

27 Sheridan Bluff 1 314 127 Sheridan Bluff 1 I3 1.318 4.126 81.7 17.98 + 0.24 

24 Sheridan Bluff 1. .280 1. 284 4.122 80.4 18.43 ? 0.23 
22 Sheridan Bluff 80.5310 } 

10.5298 1.773 28.6 19.21 ? 0.39 

40Ar/39Ar data 
27 Weight-average plateau age (88.13% of39ArK) 19.43 ? 0.65 
22 Weight-average plateau age (87.6% of39ArK) 19.75 + 1.57 
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Ross Ice Shelf and a series of fault 
blocks which descend beneath the pres- 
ent-day East Antarctic ice sheet (10). 
Numerous faults, both longitudinal and 
transverse, also occur throughout the 
Transantarctic Mountains (11). The moun- 
tains had been considerably uplifted, 
and deep valleys had been carved 
by the outflow of glaciers from the East 
Antarctic ice sheet by the Late Miocene. 
This observation is based on foraminifer- 
al data from a drill core taken at the 
mouth of Taylor Valley, in marine sedi- 
ments deposited under fjord conditions 
(12). Deep Sea Drilling Project (DSDP) 
site 270 indicates littoral conditions in 
the Ross Sea area during the Late Oligo- 
cene. By the Early Miocene rapid down- 
warping had created bathyal conditions 
there (13). Webb has suggested that cor- 
responding uplift occurred in the Trans- 
antarctic Mountains (14). The pre- 
volcanic erosion surface at Sheridan 
Bluff indicates that uplift had indeed be- 
gun by the Early Miocene and that it was 
extensive enough for erosion to have cut 
a minimum of 900 m of relief by that 
time. 

Ice sheet conditions existed probably 
as early as the Middle Oligocene in 
Marie Byrd Land, as indicated by sub- 
glacially erupted volcanic rocks (15). 
The oldest record of glacial activity from 
the Ross Sea area is ice-rafted pebbles in 
Late Oligocene sediments from DSDP 
site 270 (16). Drilling at site J-9 of the 
Ross Ice Shelf Project penetrated sedi- 
ment containing ice-rafted detritus as old 
as the Middle Miocene (17). Both cores 
indicate only that glaciation had reached 
sea level in the Ross Sea area, and not 
whether ice sheet conditions existed in 
East Antarctica at the time. 

On the basis of oxygen and carbon iso- 
tope data from DSDP cores southwest of 
New Zealand, Shackleton and Kennett 
have postulated that the East Antarctic 
ice sheet accumulated rapidly between 
the early Middle Miocene and the early 
Late Miocene (18). The carving of Tay- 
lor Valley by the Late Miocene, by out- 
let glaciers from the East Antarctic ice 
sheet, is consistent with this inter- 
pretation. 

It has been suggested that the East 
Antarctic ice sheet formed by the out- 
flow and coalescence of valley glaciers 
from the Transantarctic Mountains (19). 
Bedrock clearly was emergent through 
the ice adjacent to Sheridan Bluff at the 
time of eruption there. But the setting 
does not permit one to distinguish be- 
tween ice that was confined by valley 
walls or ice that was ponded against the 
Transantarctic Mountains. Mount Early, 
on the other hand, strongly suggests 
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eruption through an extant ice sheet. If it 
were erupted through a valley glacier, 
surely the bedrock of the valley walls 
would have been as resistant to erosion 
as the friable palagonite that mantles 
Mount Early. In fact, Mount Early 
stands more than 5 km from the nearest 
exposed bedrock and rises approximate- 
ly 475 m above the present-day ice sheet. 

The difference in elevations of sub- 
aerial lava flows (approximately 2180 m 
versus 2720 m) at Sheridan Bluff and 
Mount Early does not permit a unique in- 
terpretation of the glacial record. If no 
vertical movement has occurred be- 
tween the two localities since their erup- 
tion, then an increase in ice level, per- 
haps a shift from valley glacier to ice 

Fig. 1. Location maps of the upper Scott Gla- 
cier area (top) (elevations in meters) and the 
Antarctic continent (bottom) (S, Scott Gla- 
cier; B, Beardmore Glacier; T, Taylor Valley; 
RIS, Ross Ice Shelf; MBL, Marie Byrd Land; 
J-9, Ross ice Shelf Project site J-9; 270, Deep 
Sea Drilling Project site 270; stippled area, 
Transantarctic Mountains). 

sheet conditions, is plausible. However, 
differences in glacial topography, due to 
outflow through the ancestral Scott Gla- 
cier (analogous to the situation today), 
could account for the elevation dif- 
ferences. In addition, it is possible that 
displacement along a transverse fault, 
many of which exist in the Scott Glacier 
area, caused the differences in elevation 
if not the location of the volcanoes them- 
selves (11). 

Tills of the Sirius Formation record 
the oldest and highest glaciation in the 
Scott Glacier area. They are interpreted 
to have been deposited beneath an ice 
sheet, whose projected, maximum eleva- 
tion limits bracket the summit of Mount 
Early (20). The data from upper Scott 
Glacier suggest the presence of the East 
Antarctic ice sheet in that area since 
Early Miocene time. 
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Each year the California gray whale 
Eschrichtius robustus performs the long- 
est migration of any mammal-a round 
trip of between 16,000 and 22,000 km (1, 
2). During the warm months of the 
Northern Hemisphere (late May through 
October), gray whales generally feed on 
the benthos in shallow waters of the Ber- 
ing Sea, the Chukchi Sea, and the west- 
ern Beaufort Sea as far north as the 
southern edge of the close pack ice. Dur- 
ing the cold months, many of the whales 
are found in the warm lagoons and bays 
of Baja California, Mexico. The south- 
ward migration generally lasts from Oc- 
tober through January. The whales swim 
south, roughly following the coastline 
until they reach Baja California. A few 
travel even farther south, and they win- 
ter in protected waters along the Gulf of 
California. 

Deeply embedded in the skin of virtu- 
ally all gray whales is the host-specific 
sessile barnacle Cryptolepas rhachia- 
necti. This barnacle is closely related to 
the genus Coronula (3), which is fre- 
quently found on humpback whales (2, 
4). Although stable isotope studies of 
mollusk shells have been used to ascer- 
tain the range and succession of seasonal 
changes in temperature and physical pro- 
cesses (5), and to relate progressive 
changes in oxygen and carbon stable iso- 
topes of benthopelagic fish otoliths to 
changes in their depth habitats (6), no de- 
tailed isotopic analyses have been per- 
formed on crustacean shells such as 
those of barnacles (Cirrepedia). I show 
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here how temperature-related changes in 
180/160 ratios of the shell of C. rhachia- 
necti can be employed as a tracking de- 
vice to trace the migrations of the host 
animal. 

The first specimen of C. rhachianecti 
that I analyzed was collected from the 
San Ignacio Lagoon, Baja California, 
where gray whales mate and calve. The 
shell (determined by x-ray diffraction 
to be pure calcite) was ultrasonically 
cleaned and treated with sodium hy- 
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Fig. 1. Plan (A) and inside (B) views of half of 
the 28-mm barnacle from the beached whale. 
The inside view shows the sequential growth 
lamellae with the oldest (partly broken) sec- 
tions at the top and the most recent growth 
(irregular toothlike protrusions) at the base. 
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Fig. 1. Plan (A) and inside (B) views of half of 
the 28-mm barnacle from the beached whale. 
The inside view shows the sequential growth 
lamellae with the oldest (partly broken) sec- 
tions at the top and the most recent growth 
(irregular toothlike protrusions) at the base. 

pochlorite. It was then broken in two 
across its diameter, and small samples 
were removed from the sequential 
growth lamellae of the sheath with a den- 
tal drill (0.5-mm diameter). Each sample 
(about 0.5 mg) was heated in a vacuum 
for 30 minutes at 250?C and then ana- 
lyzed isotopically (7); the analytical pre- 
cision was 0.07 per mil. Two other speci- 
mens of C. rhachianecti were treated 
and analyzed in a similar way. These had 
been removed from a small gray whale 
that had beached itself in October 1976 
on Mission Beach, San Diego (8, 9). Fig- 
ure 1 gives a magnified view of one of 
these shells. 

Figure 2 shows the 8180 (10) results for 
samples from the San Ignacio barnacle 
plotted against distance from the base of 
the shell (the terminal edge). There is a 
progressive decrease in 6180 in the direc- 
tion of shell growth, reflecting movement 
of the host animal from cold to warm wa- 
ters. The 8180 values can be used to cal- 
culate the temperature of the water from 
which the calcite precipitated by using 
a paleotemperature equation (11) that 

gives temperature as a function of the 
isotopic composition of the precipitated 
calcite and the isotopic composition of 
the water from which precipitation oc- 
curred. Conversely, expected calcite 
8180 values can be obtained if temper- 
ature and water 6180 values are avail- 
able. Estimates of the isotopic composi- 
tion of the water can be made if the salin- 
ity is known (12). 

From reported average values of salin- 
ity for the Arctic Ocean and the north- 
eastern Pacific (13), I estimated ocean 
water 8180 values and then used the pa- 
leoequation to calculate expected calcite 
6180 values for selected temperatures. 
Temperatures were estimated (14) at six 
points for a model in which a gray whale 
travels from Point Hope, Alaska (start- 
ing 15 October) to San Ignacio Lagoon 
(arriving 23 January, or 100 days later). 
Sequential points A to F (Fig. 2) are sep- 
arated by 20-day intervals and corre- 
spond to expected locations during the 
migration (1). 

Figure 2 shows the calculated 6180 val- 
ues and corresponding temperatures. 
The model migration agrees well with an 
actual migration as interpreted from the 
isotopic values for the barnacle. The av- 
erage vertical growth rate of the C. 
rhachianecti shell during the migration 
south is indicated as 0.12 mm per day, 
and since the whale travels nearly 100 
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arated by 20-day intervals and corre- 
spond to expected locations during the 
migration (1). 

Figure 2 shows the calculated 6180 val- 
ues and corresponding temperatures. 
The model migration agrees well with an 
actual migration as interpreted from the 
isotopic values for the barnacle. The av- 
erage vertical growth rate of the C. 
rhachianecti shell during the migration 
south is indicated as 0.12 mm per day, 
and since the whale travels nearly 100 
miles per day toward the end of its voy- 
age south (where there is the greatest 
change of temperature with latitude), in- 
dividual samples removed for analysis 
probably represent several days' growth. 
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