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Abstract. As part of the tripartite, United States - United Kingdom - New Zealand, 1990-1991 
South Pacific Rim International Tectonics Expedition, oriented samples were collected for palco- 
magnetic analysis from mid-Cretaceous (circa 100 Ma) intrusive rocks at sampling localities 
across 350 km of the Ruppert and Hobbs Coast area of Marie Byrd Land, West Antarctica. 
Paleomagnetic results are presented along with several lines of evidence, including a positive tilt 
test based on the attitude of circa 117 Ma volcanic rocks that the circa 100 Ma rocks intrude, 
which argue that these results are a representative estimate of the mid-Cretaceous magnetic field in 
Marie Byrd Land (MBL). The new circa 100 Ma mean south pole (224.1øE / 75.7øS, A95 = 3.8 ø, 
N = 19 site means) is concordant with other West Antarctic results of similar age implying that at 
least Marie Byrd Land, Thurston Island and the Antarctic Peninsula have not experienced any 
paleomagnetically resolvable relative motion since the mid-Cretaceous. However, the poles from 
these Pacific-bordering blocks of West Antarctica are significantly offset from a synthetic apparent 
polar wander path that was produced for the East Antarctic craton, implying relative movement 
between East Antarctica and Pacific West Antarctica since about 100 Ma. Though the palcomag- 
netic estimate for east-west Antarctic relative motion may be reconciled with geologic estimates 
for extension in the Ross Sea at the extremes of the error envelope, the best palcomagnetic esti- 
mate of relative motion suggests a larger amount of total extension between East and West 
Antarctica (MBL) than previously suspected. Both estimates call for several hundreds of kilo- 
meters of post-100 Ma displacement between East Antarctica and the Pacific-bordering blocks of 
West Antarctica. 

Introduction 

Relative movements between the East Antarctic craton and 

West Antarctica have been discussed by many authors. It has 
long been known that East Antarctica is built on Precambrian 
basement, and more recently it has become apparent that West 
Antarctica is composed almost entirely of Phanerozoic crust 
which is divided into four major crustal blocks [Dalziel and 
Elliot, 1982]: Marie Byrd Land (MBL), Thurston Island (TI), 
the Antarctic Peninsula (AP), and the Ellsworth-Whitmore 
Mountains (EWM) (Figure 1). The overlap of AP with the 
Falklands Plateau in Gondwana reconstructions [e.g., Norton 
and Sclater, 1979] suggests that the peninsula must have expe- 
rienced some relative motion with respect to East Antarctica 
since the inception of Gondwana breakup in the Jurassic. The 
pattern of thin crust in West Antarctica adjacent to the 
Transantarctic Mountains [Bentley, 1991] also suggests ex- 
tension between East and West Antarctica. Finally, studies 
comparing Pacific plate hotspots with Atlantic hotspots have 
alternatively concluded that the hotspots moved with respect 
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to one another (assuming no East-West Antarctic relative mo- 
tion) [Molnar and Stock, 1987] or that there must be a 
Cenozoic plate boundary somewhere between the north Pacific 
and East Antarctica (assuming that the hotspots are fixed with 
respect to one another) [Gordon and Cox, 1980; Duncan, 
1981]. Marie Byrd Land is the crucial link connecting the 
Pacific plate with East Antarctica and the Atlantic bordering 
plates. This is because the spreading on the Pacific-Antarctic 
Ridge, which began in the Late Cretaceous, documents relative 
motion between the Pacific plate and MBL [Mayes et al., 
1990], and any MBL-East Antarctic motion must be accounted 
for in order to compare Pacific plate motions with the Atlantic 
bordering plates. 

Palcomagnetic studies from AP [Longshaw and Griffiths, 
1983; Watts eta/., 1984; Kellogg and Rowley, 1989; Grunow, 
1993], EWM [Watts and Bramall, 1981; Grunow et al., 
1987a], and TI [Grunow et al., 1987b; Grunow eta/., 1991] 
have placed constraints on the position and relative motions 
of these blocks with respect to the East Antarctic craton. 
Middle Jurassic (--175 Ma) palcomagnetic poles from AP and 
EWM are offset from the well-established Middle Jurassic pole 
from East Antarctica, supporting the idea of post-175 Ma rela- 
tive motion between East and West Antarctica (at least AP and 
EWM). Grunow et al. [1991] proposed that this offset was due 
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Figure 1. Antarctic location map: AP, Antarctic Peninsula; BC, Borchgrevink Coast; BSB, Byrd subglacial 
basin; BST, Bentley subglacial trough; C-I, CIROS-1 drill site; CS, Cape Spring; CT, Central Trough; EB, 
Eastern Basin; EP, Edward VII Peninsula; EWM, Ellsworth-Whitmore Mountains; LC, Lassiter Coast; LI, 

Livingston Island; MBL, Made Byrd Land; MM, Mount Murphy; NVL, north Victoria Land; OC, Orville Coast; 
PIB, Pine Island Bay; PS, Penola Strait; RHC, Ruppert/Hobbs Coast study area; TI, Thurston Island; VLB, 
Victoria Land Basin; 270, DSDP Site 270. 

to Jurassic opening in the Weddell Sea basin. It has been fur- 
ther suggested [Grunow,. 1993] that the West Antarctic blocks 
rotated independently of each other between 175 and 110 Ma 
but that there has been little or no motion with respect to East 
Antarctica since the mid-Cretaceous (-110 Ma). 

The former position of MBL with respect to TI, AP, and 
EWM and also to East Antarctica is problematical on the basis 
of the two previously published paleomagnetic studies of 
Cretaceous rocks from MBL. Scharnberger and Scharon 
[ 1972] reported results from a small number of sites in igneous 
rocks with poor age control. They interpreted their results to 
indicate a low paleolatitude for MBL, discordant with the rest 
of Antarctica during the Cretaceous, suggesting that MBL was 
an exotic terrane. This contrasts with results from Grindley 
and Oliver [1983], who studied rhyolitic volcanics and mafic 
dike swarms, several of which were radiometrically dated at 90- 
110 Ma. Their mean paleomagnetic pole implied a high pale- 
olatitude for MBL, consistent with a position adjacent, but 
with some displacement relative to East Antarctica since the 
mid-Cretaceous. Grunow et al. [1991] noted that this result 
would also imply relative motion between MBL and the re- 
mainder of West Antarctica. 

New paleomagnetic results are presented from west central 
MBL which confirm a high-latitude mid-Cretaceous position 
for MBL adjacent to the East Antarctic craton. These results 
are concordant with mid-Cretaceous paleomagnetic results 
from TI and AP, implying no paleomagnetically resolvable 
relative motions between the Pacific-bordering blocks of West 
Antarctica (i.e., all of West Antarctica except EWM; see Figure 
1) since the mid-Cretaceous. The West Antarctic mid- 
Cretaceous paleomagnetic poles are compared with a newly 
constructed synthetic apparent polar wander path (APWP) for 
East Antarctica. The poles for MBL, TI, and AP are offset from 
the East Antarctic APWP, from which it may be concluded that 
the Pacific West Antarctic blocks have moved with respect to 
East Antarctica since about 100 Ma. 

Geologic Background 

The geologic history of western MBL begins with the depo- 
sition of a lower Paleozoic turbidite sequence, the Swanson 
Formation, which was folded and mildly metamorphosed in the 
Late Ordovician [Adams, 1986]. The Swanson Formation may 
be correlative with the Greenland Group of western South 
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Figure 2. Map of study area, west central Marie Byrd Land. 
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Island, New Zealand, and similar turbiditc sequences on the 
Campbell Plateau [Adams, 1986]. Bradshaw et al. [1983], 
while noting that the Swanson Formation had sedimentologi- 
cal similarities with the Robertson Bay Group of North 
Victoria Land bordering on the East Antarctic craton, do not 
consider them to necessarily be the same unit. In the Ford 
Ranges of western MBL (Figure 2), the Swanson Formation 
was intruded by the subduction-related, I-type, Devonian- 
Carboniferous Ford Granodiorite, which may be correlative 
with similar Devonian igneous rocks in North Victoria Land 
(East Antarctica), Tasmania and Victoria (Australia), and South 
Island (New Zealand) [Adams, 1987; GrindIcy and Davey, 
1982; Mason and Taylor, 1987]. Both the Swanson 
Formation and Ford Granodiorite are intruded by Upper 
Jurassic/Lower Cretaceous, I-type, Byrd Coast Granite in the 
Ford Ranges, where a younger, mid-Cretaceous pulse of mag- 
matism is also detected [Adams, 1987]. Mid-Cretaceous gran- 
ites from Edward VII Peninsula of westernmost MBL and mid- 

Cretaceous alkali granites and syenites of the Ruppert and 
Hobbs Coast of west central Marie Byrd Land record A-type, 
rift related magmatism associated with the rifting of New 
Zealand/Campbell Plateau from the MBL margin [SpOrli and 
Craddock, 1981; Weaver et al., 1992; Palais et al., 1993]. An 
erosional surface is overlain by upper Tertiary alkaline vol- 
canic rocks [LeMasurier and Rex, 1983; LeMasurier and Rex, 
1991]. The Tertiary volcanic rocks are interpreted to be re- 
lated to a mantle plume [Hole and LeMasurier, 1994]. 

Most previous geochronologic studies in the region have 
been concentrated in the Ford Ranges of western MBL, includ- 
ing dating of the Swanson Formation, Ford Granodiorite, and 
Cretaceous Byrd Coast Granite [Boudette et al., 1966; Halpern, 
1968; Wade and Wilbanks, 1972; Halpern, 1972; Adams, 
1986; Adams, 1987]. Sparse geochronological work in cen- 
tral MBL (Ruppert-Hobbs Coast area) has suggested that the 
granitic rocks there may be correlative in age with the 

younger, mid-Cretaceous Byrd Coast Granites of the Ford 
Ranges and mid-Cretaceous granites of Edward VII Peninsula. 
Previously published K-At ages for granitic rocks on the 
Ruppert Coast [SpOrli and Craddock, 1981] and dikes on the 
Ruppert-Hobbs Coast [GrindIcy and Oliver, 1983] cluster 
around 100 Ma. 

Alkali granites and syenites are well represented in the 
Ruppert-Hobbs Coast (Figure 2). S7cuites are found through- 
out the Ickes Mountains and the McDonald Heights area. 
Alkali gabbros are found at Cape Burks and McDonald 
Heights. The units have been dated by the Rb-Sr (R. J. 
Pankhurst, personal communication, 1993) and zircon U-Pb 
and 4øAr/39Ar [Palais et al., 1993; D. G. Palais and S. B. 
Mukasa, personal communication, 1993] methods. 
Preliminary Rb-Sr results for the McDonald Heights and Ickes 
Mountains syenites yield ages ranging from 95 to 99 Ma, 
while zircon U-Pb ages range from 100 to 105 Ma, clustering 
at 102 _+ 2 Ma. Preliminary Rb-Sr results and zircon U-Pb re- 
sults for the peralkaline granite at Wilkins Nunatak also give 
an age of about 100 Ma. Two 4øAr/39Ar results from biotite and 
hornblende separates from the alkaline g abbro at Cape Burks 
yield nearly identical plateau ages of 99 + 1 Ma. Preliminary 
Rb-Sr ages for dike rocks at Mount Petras are about 100 Ma. 
The circa 100 Ma syenites and alkali granites in the Ickes 
Mountains intrude bedded volcanic rocks with a preliminary 
Rb-Sr age of about 117 Ma. The syenites at McDonald 
Heights intrude granodiorite with Rb-Sr and zircon U-Pb ages 
also of about 117 Ma. 

Sampling and Techniques 

As part of the palcomagnetic sampling during the 1990- 
1991 South Pacific Rim International Tectonics Expedition 
(SPRITE) field season in Marie Byrd Land, 204 oriented cores 
and 11 oriented hand samples were collected from 35 sites in 
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circa 100 Ma syenite, peralkaline granite, gabbro, and mafic 
dikes in the Ickes Mountains, McDonald Heights, and Mount 
Petras areas (Figure 2). 

The cores were oriented with a magnetic compass and 
checked with a Sun compass at all sites where the outcrop was 
not in shadow. Magnetic declination was calculated for each 
site from the International Geomagnetic Reference Field 
[Langel, 1992] and appropriate corrections were applied to the 
field data. Differences between the magnetic and Sun compass 
were less than 2 ø to 3 ø for samples from most sites. In these 
cases the magnetic compass readings were used for the core 
orientations, since they were always available. Only at three 

very strongly magnetized sites in gabbro at Cape Burks were 
significant differences observed between the magnetic and Sun 
compass directions. At these sites the Sun compass readings 
were used. 

All samples were subjected to either progressive thermal 
demagnetization up to 675 øC, or progressive alternating field 
(AF) demagnetization to maximum fields of 100 mT. 
Procedures and sample storage were performed in a magneti- 
cally shielded room with a nominal ambient field of -250 nT. 
Thermal and alternating field demagnetizers are housed in their 
own mu-metal shields reducing the field in these to approxi- 
mately 5 nT. Measurements were performed in a 
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Figure 3. (a, b) Orthogonal plots of demagnetization data from Mount Sinha syenite, with open symbols 
representing the vertical trace and solid symbols the horizontal trace of the magnetization vector. (c) Sample 
which was rejected with inset showing high temperature segment enlarged. (d) Remanent intensity 
(normalized to initial intensity) versus sample treatment. (e) Equal-area projection of sample NRM directions 
and ChRM component directions, with open symbols plotting on the upper hemisphere; triangle represents 
the time-averaged dipole field direction for this location. 
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Superconducting Technologies two-axis cryogenic magne- 
tometer, or a Digico spinner magnetometer for very strongly 
magnetized samples. 

Component directions were determined via principal com- 
ponent analysis [Kirschvink, 1980] of linear segments cho- 
sen by eye from orthogonal plots [Zijderveld, 1967]. 
Components for approximately one-third of the samples, 
which had a greater degree of noise, were anchored to the ori- 
gin. The principal component directions were plotted on 
equal-area nets and mean directions were determined by stan- 
dard Fisher statistics [Fisher, 1953]. Virtual geomagnetic 
poles (VGPs) were calculated for each site and mean palcomag- 
netic poles and their associated confidence limits were calcu- 
lated from these. All tests of significance between poles were 
made using the formal method of McFadden and Lowes [1981] 
at the 95% confidence level (p = 0.05). All confidence inter- 
vals cited in the text are 95% unless otherwise noted. For the 
graphical comparison of mean poles from different crustal 
blocks we plot 63% circles of confidence (A63) because they 
provide a good visual estimate of the similarity (simple over- 
lap) or d•fference (no overlap) of mean poles [e.g., Irving and 
Irving, 1982]. 

Paleomagnetic Results 
The circa 100 Ma rocks in this study generally display simi- 

lar demagnetization behavior. Variable, low-stability magne- 
tizations are removed during AF and thermal demagnetization 
by 15 to 30 mT or 250 ø to 500øC. Above these treatment lev- 
els, most samples have a stable characteristic remanent mag- 
netization (ChRM) evident by linear decay to the origin on the 

orthogonal plots. The ChRM directions uniformly have steep 
negative inclination, indicating normal polarity. Maximum 
blocking temperatures around 580øC and moderate coercivities 
indicate magnetite as the principal remanence carrying min- 
eral. This is consistent with reflected light microscopic in- 
spection of polished sections of representative syenite and 
gabbro samples from McDonald Heights which showed ig- 
neous magnetite crystals with [111] ilmenite exsolution 
lamellae or coarse magnetite-ilmenite intergrowths, with 
lesser martitc. Thermal and AF demagnetization yielded simi- 
lar directions, but thermal demagnetization gave cleaner decay 
trajectories and therefore the majority of samples from each 
site were demagnetized thermally. Bulk magnetic susceptibil- 
ity was monitored during thermal demagnetization experi- 
ments and the absence of major changes in susceptibility indi- 
cates that no significant alteration of magnetic mineralogy 
occurred during laboratory heating. Figures 3-8 illustrate de- 
magnetization behavior and details are given for each sam- 
pling locale in the following sections. 

Results From McDonald Heights 

Mount Sinha (west) syenite. Nine oriented cores 
from each of three sites were collected in variably weathered 
syenite from a nunatak just west of Mount Sinha (Figure 3). 
The average natural remanent magnetization (NRM) intensity 
is 0.1 Aim and the directions are scattered with negative incli- 
nations (Figure 3e). A stable ChRM was isolated in four of 
nine samples from site 1, only one sample from site 2, and all 
nine samples from site 3 (Figures 3a and 3b). The stable sam- 
ples have a discrete unblocking temperature range between 
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Figure 4. (a, b) Orthogonal plots of demagnetization data from Mount Sinha gabbro. (c) Intensity versus 
sample treatment. (d) Equal-area projection of ChRM component directions; all symbols defined as in Figure 3. 



Table 1. Site Mean Directions and South Paleomagnetic Poles 
Directions 

In Situ Tilt Corrected 

Site n/N k %5 D I D I 

Pole 

Plon øE Plat øN A95 

Mount Sinha Syenite, McDonald Heights, Longitude/Latitude: 223.80/-75.07 
MB161.1 4/9 268 5.6 236.3 -85.0 
MB161.2 a 1/9 23.2 -86.2 
MB161.3 9/9 108 5.0 327.7 -84.9 
Mean 2/3 282.6 -86.5 

In Situ Pole 
246.2 -68.0 
203.3 -82.4 

264.8 -81.7 
251.3 -75.0 

Mount Sinha Gabbro, McDonald Heights, Longitude/Latitude: 223.85/-75.07 
MB158.1 7/7 560 2.6 329.2 -85.1 
MB158.2 6/7 241 4.3 304.7 -86.9 
MB 158.3 7/7 409 3.0 206.8 -85.1 
Mean 3/3 336 6.7 282.4 -87.5 

In Situ Pole 

261.7 -81.8 
247.8 -77.5 

234.7 -65.9 
243.4 -75.3 13.5 

Peden Cliffs Syenite, McDonald Heights, Longitude/Latitude: 223.48/-74.95 
MB160.1 3/6 253 7.8 108.9 -86.4 
MB 160.2 4/7 89 9.7 92.6 -83.9 
MB160.3 4/7 55 12.5 75.5 -82.5 
MB 160.4 5/7 78 8.7 6.4 -86.2 
MB160.5 9/11 323 2.9 56.3 -87.8 
MB160.6 5/5 125 6.9 76.8 -84.3 
Mean 6/6 656 2.6 74.7 -85.8 
Acomp 38 30 4.3 29.5 -66.0 

Tilt Corrected Pole 
201.7 -71.3 
184.9 -70.3 

170.9 -71.8 

217.2 -82.3 

207.4 -76.9 
181.6 -73.5 

190.7 -74.8 

85.4 -60.6 
5.2 

Mount Vance Syenite, Ickes Mountains, Longitude/Latitude: 220.60/-75.40 
MB223.1 7/7 68 7.4 1.3 -73.3 8.6 -88.2 
MB223.2 7/7 210 4.2 348.5 -74.0 283.4 -86.7 
MB223.3 7/7 224 4.0 348.0 -72.0 306.1 -85.4 
Mean 3/3 1133 3.7 352.5 -73.2 308.3 -87.2 

Tilt Corrected Pole 
217.8 -78.9 
247.2 -75.5 
259.8 -78.2 

242.6 -78.1 7.2 

Mount Langway Syenite, Ickes Mountains, Longitude/Latitude: 220.22/-75.48 
MB305.1 3/3 283 7.3 336.4 -76.0 250.9 -84.0 
MB305.2 7/7 312 3.4 353.2 -76.4 230.6 -87.8 
MB305.3 9/9 302 3.0 344.8 -78.1 223.6 -85.4 
Mean 3/3 1299 3.4 344.7 -76.9 237.6 -85.8 

Tilt Corrected Pole 

252.3 -68.5 
231.4 -72.4 

237.3 -67.9 
240.8 -69.8 6.8 

Mount Petras Intrusions, Longitude/Latitude: 231.40/-75.91 
MB224 t' 3/3 a 325 6.8 149.4 -84.3 
MB 225" 3/3 a 183 9.1 57.2 -86.5 
Mean 2/2 117.2 -86.7 

In Situ Pole 

217.5 -65.5 
202.4 -78.2 

212.5 -72.0 

Wilkins Nunatak Granite, Longitude/Latitude: 220.05/-75.65 In Situ Pole 

MB302.123 3/3 ̀/ 47 18.2 342.5 -81.9 317.5 -85.1 
MB302.4 5/6 584 3.2 349.3 -80.6 358.0 -85.0 
MB302.5 5/7 356 4.! 336.9 -79.1 342.5 -80.4 
MB302.6 5/6 379 3.9 329.6 -81.1 315.1 -81.3 
MB302.7 5/6 175 5.8 343.3 -81.8 324.1 -85.3 
MB302.8 2/2`/ 343.3 -80.4 344.7 -83.8 
Mean 6/6 2939 1.2 340.7 -80.9 333.4 -83.7 2.3 

Cape Burks Gabbro, Longitude/Latitude: 223.13/-74.77 In Situ Pole 
MB202.1 6/6 82 7.5 142.3 -76.0 234.0 -33.3 197.8 -50.4 
MB202.2 7/7 244 3.9 171.6 -74.8 233.3 -25.9 217.3 -46.4 
MB202.3 7/7 152 4.9 152.2 -73.9 231.3 -30.9 203.5 -46.0 
MB202.4 5/5 298 4.4 168.7 -75.1 233.5 -26.7 215.4 -47.0 
MB202.5 6/6 948 2.2 174.9 -73.9 232.9 -24.7 219.5 -44.8 
MB202.6 5/5 712 2.9 171.3 -76.2 234.8 -26.4 217.3 -48.7 
MB202.7 5/5 209 5.3 194.3 -61.7 173.1 -31.7 235.0 -28.0 
MB202.9 7/7 386 3.1 174.6 -55.5 164.9 -22.3 218.5 -20.9 
Mean 8/9 76 6.4 171.7 -71.5 216.5 -42.1 9.4 

Circa 100 Ma Mean Pole (Vance, Langway, Sinha syenite and gabbro, Peden Cliffs, and Mount Petras) 
19/20 79 224.1 -75.7 3.8 

Abbreviations: n/N, number of samples accepted / number collected for site means or number 
of sites accepted over number of sites collected for group means; k, Fisher's precision parame- 
ter; a95 , radius of 95% cone of confidence about mean direction; directions, D, mean declination; 
L mean inclination; pole, Plon, mean paleomagnetic pole east longitude; Plat, mean paleomag- 
netic pole north latitude (negative is south latitude); A95 , radius of 95% cone of confidence about 
mean pole. 

a Only one stable sample; site not used in further calculations. c Porphyry. 
b Mafic Dike. a Hand samples. 
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about 550 ø and 580øC over which the remaining magnetiza- 
tion decays to zero (samples 1.8 and 3.6 in Figure 3d). The 
remainder of the samples did not yield stable decay trajectories 
and only a small portion of the NRM remained by 300øC 
(sample 2.7 in Figures 3c and 3d). The stable ChRMs are well 
grouped (Figure 3e). 

Mount Sinha gabbro. Seven oriented cores were col- 
lected from each of three sites in a gabbroic member near the 
contact with the intruded Lower Cretaceous granodiorites on 
the north flank of Mount Sinha (Figure 4). NRM intensity is 
strong, with an average of 4 A/m. NRM directions are nearly 
vertical upward and well grouped. Alternating field demagneti- 
zation shows a hard magnetization which is usually not com- 
pletely demagnetized by 100 mT, while thermal demagnetiza- 
tion shows that the NRM is little affected below about 500 øC 

(Figures 4a, 4b, and 4c). The ChRM directions are well 
grouped (Figure 4d). 

The mean direction calculated from the two stable Mount 

Sinha syenite site means (declination (D) = 282.6, inclination 
(/) =-86.5, N=2) is nearly identical to the mean direction cal- 
culated from the three gabbro site means (D =282.4, I = -87.5, 
a95 - 6.7ø). Both.,are significantly different from the time-av- 
eraged axial dipole field (D = 0, I =-82.4) and the present-day 
field (D = 71.9, D = -75.1). See Table 1. 

Peden Cliffs syenite. A total of 43 oriented cores was 
collected from six sites in syenite and microdiorite inclusions 
at Peden Cliffs (Figure 5). The average NRM intensity is 0.1 
A/m. A consistent break is seen in the demagnetization trajec- 
tory of most samples at around 10 to 20 mT during AF treat- 
ment and around 300øC during thermal demagnetization 
(Figures 5a and 5b). The lower stability component is north- 
easterly with intermediate to steep inclination. The low-sta- 

bility component, with a mean direction calculated at D = 
29.5, I = -66.0, and a95 = 4.3 ø, is significantly different from 
the high-stability component, axial dipole field direction and 
present-day field direction. Given its low stability and dissim- 
ilarity to other directions, the low-stability component is 
likely to have been acquired during sample collection or prepa- 
ration. The grouping is probably due to the fact that all sam- 
ples were collected along a single cliff face and therefore have 
very similar core orientations. The ChRM remaining after the 
removal of the low-stability magnetization is well grouped 
about an easterly and nearly vertical, direction, similar to the 
Mount Sinha ChRM directions (Figure 5d). The mean direc- 
tion calculated from the six site mean directions (D = 74.7, I = 
-85.8, a95 = 2.6 ø) (Table 1) is significantly different from both 
the axial dipole field (D = 0, I =-82.3) and the present-day 
field (D = 71.8, I = -75.2). 

Paleomagnetic Results From the Ickes Mountains 

Mount Vance syenite. Seven oriented cores from each 
of three sites were collected from the syenite at the base of 
Mount Vance in the Ickes Mountains (Figure 6). The syenite 
intrudes gently dipping, Lower Cretaceous bedded volcanic 
rocks. The average NRM intensity is 0.3 Adm. The ChRM is 
usually not completely demagnetized by 100 mT (Figures 6a 
and 6c). Maximum unblocking temperatures (Figure 6b and 
6c) and Curie temperatures appear to be slightly elevated (585 ø 
to 600øC) above those expected for pure magnetite (about 575 ø 
to 580øC), suggesting a non stoichiometric magnetite or pos- 
sibly a low titanium ilmenohematite rather than pure mag- 
netite as the remanence carrying mineral. 

Mount Langway syenite. Nineteen oriented cores 
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Figure 5. (a, b) Orthogonal plots of demagnetization data from Peden Cliffs syenite. (c) Intensity versus 
treatment. (d) Equal-area projection of ChRM directions; all symbols defined as in Figure 3. 
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were collected at three sites from the syenite at Mount 
Langway, 5 km from Mount Vance (Figure 7). The average 
NRM intensity is 0.2 A/m. Demagnetization trajectories are 
very similar to those from Mount Vance but maximum block- 
ing temperatures are about 580 øC (Figures 7a, 7b, and 7c) 
suggesting magnetite as the remanence carrying mineral. 

The in situ mean direction calculated from the three Mount 

Vance syenite site mean directions (D = 352.5, I = -73.2, a95 = 
3.7 ø) is not significantly different from the in situ mean direc- 
tion from the three Mount Langway syenite site means (D = 
344.7, I = -76.9, a95 = 3.4ø). They are significantly different 
from both the axial dipole (D = 0, I = -82.6) and the present- 
day field (D = 75.3, I = -75.7). These results are broadly simi- 
lar to palcomagnetic results of GrindIcy and Oliver [1983] 

from Mount Vance and Mount Langway which have northwest- 
erly declinations and steep negative inclinations (a mean di- 
rection calculated from their results is D = 327.7, i = -73.0, N 
= 2). 

Other Circa 100 Ma Palcomagnetic Results 

Mount Petras intrusions. At Mount Petras, 250 km 

SE of McDonald Heights, three oriented hand samples were 
taken from a mafic dike intruding an intrusive porphyry on the 
southwest spur (MB224), and another three were collected 
from the porphyry on the southeast spur (MB225). Two or 
three specimens per block were subjected to AF demagnetiza- 
tion and one specimen per block to thermal demagnetization 
(Figures 8a- 8d). All specimens yielded a stable ChRM 
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Figure 8. Demagnetization data from (a) - (d) Mount Petras intrusions, (e) - (g) Wilkins Nunatak granite, and 
(h) - (j) Cape Burks gabbro; all symbols defined as in Figure 3. 
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(Figures 8a and 8b). The mean direction is D = 117.2, I = 
-86.7, for N = 2 site means (D = 117.2, I = -86.7, a95 = 5.0 ø for 
N = 6 block means). Grindley and Oliver [1983] reported re- 
sults from six sites (one or two blocks per site) from rhyo- 
dacite flows at Mount Petras citing K-At plagioclase and horn- 
blende ages ranging from 81 to 104 Ma. A mean direction cal- 
culated from their 6 site mean directions (D = 214.0, I = -75.0, 

a95 = 8 ø) is significantly different from our Mount Petras intru- 
sions result. 

Wilkins Nunatak granite. Twenty-five oriented cores 
and 5 oriented hand samples were taken from six sites in per- 
alkaline granite at Wilkins nunatak, approximately 15 km 
south of the Ickes Mountains (Figures 8e - 8g). The granite in- 
trudes folded and metamorphosed Lower Cretaceous volcanic 
rocks. The mean direction (D = 340.7, I = -80.9, a95 = 1.2 ø) 
(Table 1) is similar to the in situ mean direction from the Ickes 
Mountains syenite. 

Cape Burks gabbro. Sixty-one oriented cores were col- 
lected from nine sites in a layered gabbroic complex at Cape 
Burks, on the coast approximately 25 km north of McDonald 
Heights (Figures 8h - 8j). The samples were quite strongly 
magnetized, with NRMs ranging from 2 to 144 A/m, and yield 
very stable ChRMs. Sun compass readings were taken for each 
sample at eight of the sites. Moderate to large deviations were 
seen in the magnetic compass readings so the Sun compass 
core azimuths were used for all samples. The results from one 
very strongly magnetized site had to be discarded because no 
Sun compass readings were taken due to sampling in shadow. 
The layering (sites 1 to 6: strike/dip = 340 ø / 60øE, sites 7 to 

9: strike/dip = 240 ø / 35 ø W) defines a plunging synform; the 
palcomagnetic directions from the two limbs are in reasonably 
good agreement before correcting for this apparent structure 
and diverge as a result of returning the limbs to the horizontal. 
Given the very strong magnetization and high stability in this 
gabbro it would seem that the magnetization is not likely a re- 
cent overprint. Therefore the synform may be the original 
layering attitude due to cooling on the walls of the magma 
chamber or an early collapse feature due to withdrawal of 
magma from an underlying magma chamber before cooling 
through the Curie temperature (~580øC). The in situ mean di- 
rection is D = 171.7, I = -71.5, a9s = 6.4 ø, for N = 8 site means. 
The present result is similar to, but groups better than, a mean 
direction calculated from the Cape Burks results of Grindley 
and Oliver [1983] (D = 161.5, I = -79.8, a95 = 18 ø, N = 3 sites). 

Mean 100 Ma Palcomagnetic Pole Position 
for Marie Byrd Land 

The palcomagnetic results presented here are expected to 
represent circa 100 Ma magnetizations because of (1) the high 
stability of the characteristic magnetization to both alternat- 
ing field and thermal treatment in most samples; (2) the con- 
cordance of K-Ar [SpOrli and Craddock, 1981; GrindIcy and 
Oliver, 1983] and 4øAr/39Ar [Palais et al., 1993] ages to Rb-Sr 
[R. J. Pankhurst, personal communication, 1993] and zircon 
U-Pb [Palais et al., 1993; D. G. Palais and S.B. Mukasa, per- 
sonal communication, 1993] ages, implying a short em- 
placement history at about 100 Ma and no younger thermal 

LS 
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180 E 180 E 

(a) (b) 

Figure 9. Circa 100 Ma mean poles from Mount Sinha gabbro (SG), Sinha west nunatak syenite (SS), Peden 
Cliffs syenite (PC), Ickes Mountains syenites at Mount Vance and Mount Langway (VS and LS), Mount Petras 
(MP), Wilkins Nunatak granite (WG), and Cape Burks gabbro (CB) plotted with A9s circles of confidence. (a) 
Before and (b) after tilt correction of Mount Vance and Langway syenites. This and following figures are or- 
thographic projections. 
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events; and (3) the uniform normal polarity consistent with 
magnetization acquisition and emplacement ages during the 
Cretaceous Normal Superchron (118 to 84 Ma) [Kent and 
Gradstein, 1986]. 

Mean paleomagnetic poles were calculated for each of the 
eight circa 100 Ma locations by averaging the site mean vir- 
tual geomagnetic poles (VGP). A cluster of poles falls near the 
coast of MBL including poles from Peden Cliffs (PC), Mount 
Sinha syenite (SS), Sinha gabbro (SG), and Mount Petras (MP) 
(Figure 9a). The poles from Cape Burks gabbro (CB), Wilkins 
Nunatak granite (WG), and the in situ poles from the syenite at 
Mount Vance (VS) and Mount Langway (LS), however, fall 
some 30 ø to either side of the cluster. 

This spread of circa 100 Ma poles demands some explana- 
tion. Since the sampled units are all plutonic and therefore 
cooled slowly, the pattern is unlikely to represent paleosecu- 
lar variation of the Earth's magnetic field. Also, the angular 
distance (-65 ø) between the Cape Burks and Mount Vance 
syenite in situ poles is much too great to be accounted for by 
apparent polar wander given the very similar ages of the rock 
units. Therefore given that New Zealand/Campbell Plateau 
rifted from this margin shortly before 85 Ma [Mayes et aL, 
1990], a structural explanation appears likely. 

Structural control is difficult to achieve in the 

Ruppert/Hobbs Coast area, which is characterized by isolated 
igneous outcrops separated by expanses of snow and ice. 
However, in the Ickes Mountains the syenite intrudes Lower 
Cretaceous bedded volcanics which outcrop at Mount 
Vance/Mount LeMasurier. Applying a tilt correction to the 

Ickes Mountains syenite results using the average bedding at- 
tirade in the overlying volcanics (strike/dip = 270 ø / 15 ø N) 
(assuming the volcanics were flat-lying when the syenites ac- 
quired their magnetization) yields tilt-corrected mean poles for 
Mount Vance (VS) and Mount Langway (LS) that fall in the 
cluster with the McDonald Heights and Mount Petras results 
(Figure 9b). This agreement gives us confidence that the as- 
sumption of originally horizontal volcanic bedding is reason- 
able in this case. The consistent paleomagnetic directions 
observed across the relatively large area of McDonald Heights 
(Peden Cliffs, Mount Sinha, Sinha west Nunatak) implies no 
discernible differential block tilting within this area. The 
consistency of the mean pole from Mount Petras with the tilt- 
corrected Ickes Mountains results and the McDonald Heights 
results implies no relative tilts over an area of approximately 
300 krn parallel to the coast and 150 krn inland, other than 
that observed in the Ickes Mountains. The tilt test, performed 

by combining the location mean poles from Mount Vance, 
Mount Langway, Peden Cliffs, Sinha gabbro, Sinha syenite, 
and Mount Petras before and after correcting for tilt at Vance 
and Langway, is statistically significant at the 95% (as well as 
99%) confidence level. 

The similarity of the mean pole from Wilkins Nunatak to 
the mean poles from Mount Vance and Langway implies tilt- 
ing of Wilkins nunatak in the same sense as the Ickes 
Mountains, and the close proximity of Wilkins Nunatak (15 
km to the south) to the demonstrably tilted Mount Vance and 
Mount Langway makes this a reasonable assumption. The po- 
sition of the mean pole from Cape Burks, on the coast approx- 
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Figure 10. The 100 Ma mean pole for Marie Byrd Land with A95 
means. 

circle of confidence, plotted with N--19 site 
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imately 25 km to the north of McDonald Heights, implies 10 ø 
to 15 ø of tilting in the opposite sense as that in the Ickes 
Mountains, but again, about an east-west strike. 

Given the consistency of the majority of the poles (PC, SS, 
SG, MP, VS tc, LS tc) over a large area of MBL, with a positive 
tilt test, we believe that these results should give a good esti- 
mate of the 100-Ma pole position for MBL. A circa 100 Ma 
mean south paleomagnetic pole for MBL was calculated by 
combining the 19 site mean poles from McDonald Heights 
(Peden Cliffs syenite, Sinha syenite, Sinha west gabbro), 
Mount Petras, and the tilt corrected Ickes Mountains syenites 
(Mount Vance syenite, Mount Langway syenite) (Figure 10 
and Table 1). The Cape Burks and Wilkins Nunatak results are 
not included because their deviation from the main group of 
VGPs is inferred to be the result of tilting but there are no pa- 
leohorizontal markers with which to make tilt corrections for 

these. It should be noted, however, that inclusion of both the 
Cape Burks and Wilkins Nunatak VGPs would not signifi- 
canfly alter the mean pole since these results fall on either side 
of the mean of the other 19 sites, and would carry approxi- 
mately equal weight (eight sites versus six sites, respec- 
tively). 

The circa 100 Ma pole for MBL determined in the present 
study, 224.1øE / 75.7øS, A05 = 3.8 ø, is significantly different 
from the MBL pole of Grindley and Oliver [1983] at 242øE / 
65øS, A05 = 8.8 ø (Table 2, GO MBL 100 in Figure 11). The an- 
gular separation is 12.2 ø. Their mean pole was based on re- 
sults from volcanic flows from Mount Petras, as well as a vari- 
ety of dikes over much of the same area as the present study. 
They cited K-At ages from flows from the Mount Petras area 
and individual dikes from half of their remaining sampling lo- 
cations ranging from approximately 90 to 110 Ma. Tilting of 
coastal fault blocks has been identified in the present study in 
the Ickes Mountains area and inferred for Cape Burks. Tilting 
presumably also affected the dikes sampled in the Ickes 
Mountains and at Cape Burks by Grindley and Oliver, even 
though they made no tilt corrections. The present Mount 
Petras results are consistent with the other circa 100 Ma re- 

sults that make up the new 100 Ma mean pole for MBL but 
there is a significant discrepancy between these results and the 
Mount Petras results of Grindley and Oliver [1983]. The tea- 

son for the difference is somewhat puzzling. The intrusive 
rocks sampled at Mount Petras in the present study yield a 
crystallization age, by the Rb-Sr method, of about 100 Ma, 
and bear an alkaline geochemistry similar to the alkaline ig- 
neous rocks on the Ruppert/Hobbs Coast (S. D. Weaver, per- 
sonal communication, 1993). The "1ow-dipping...viscous 
rhyodacite flows" from Mount Petras studied by Grindley and 
Oliver [1983, p. 573] gave discordant K-At ages ranging from 
81 to 104 Ma, but these may be minimum ages not reflecting 
the eraplacement and magnetization age. They proposed calc- 
alkaline geochemical affinities for these rocks which would 
suggest a relationship to Lower Cretaceous or older rock suites 
and not the circa 100 Ma mid-Cretaceous alkaline suite. We 

note that the exclusion of our Mount Petras results would 

hardly affect our mean pole position, while the removal of 
Grindley and Oliver's Mount Petras results would make their 
mean pole not significantly different from our mean. The 
Cape Burks, Ickes Mountains, and Mount Petras site means of 
Grindley and Oliver [1983] accounted for 10 of the 26 site 
means that went into their overall mean pole. On the basis of 
the good age control for our sampled units, positive tilt test, 
and good agreement across a large area of MBL, we believe 
that our results represent an improved estimate of the circa 100 
Ma paleomagnetic pole position for MBL located at 224.1øE / 
75.7øS, A0• = 3.8 ø. 

Testing the Integrity of Mid-Cretaceous 
West Antarctica 

Marie Byrd Land's immediate West Antarctic neighbors in 
the mid-Cretaceous included Thurston Island (TI) to the east 
and New Zealand/Campbell Plateau to the north. The boundary 
between MBL and the TI block is a deep glacially eroded 
trough in Pine Island Bay, which may also be related to the 
Udintsev Fracture Zone [Sandwell and McAdoo, 1988; SPRITE 
Group and Boyer, 1992; Lawver et al., 1993]. South New 
Zealand (SNZ) (including the Campbell Plateau and Chatham 
Rise) is separated from MBL by crust generated during Late 
Cretaceous to Recent seafloor spreading on the 
Pacific/Antarctic ridge. What follows is an evaluation of the 
new circa 100 Ma pole for MBL with respect to existing pale- 

Table 2. West Antarctic Paleomagnetic Poles 

Block Age N A95 Plon øE Plat øN Source 

MBL 100 19 3.8 224.1 -75.7 
MBL 100 26 8.8 242 -65 
TI 110 7 7.6 210 -73 
AP 107 13 6.9 199 -74 
AP 106 16 10.3 208.5 -74.8 

AP 106M 29 6.2 203.8 -74.3 

AP 104 7 12.3 132 -77 
AP 102 18 11.5 229 -87 
AP 98 5 8.8 117 -86 
NZ 94 46 7.0 208 -75 

this study 
Grindley and Oliver [1983] 
Grunow et al. [ 1991] 
Grunow [ 1993] 
recalculated in this study from data of Kellogg and Rowley 

[ 1989] and Kellogg [ 1980] 
calculated in this study from site means of Kellogg [1980], 

Kellogg and Rowley [1989], and Grunow [1993] 
Watts et al. [1984] 
Kellogg and Reynolds [1978] 
Valencio eta/. [1979] 
Oliver et al. [1979] (174/-52 in NZ coordinates) 

Crustal Blocks: MBL, Made Byrd Land; TI, Thurston Island; AP, Antarctic Peninsula; NZ, New 
Zealand (reconstructed back to Made Byrd Land after Mayes et al. [ 1990]). Age in mega annum; N, num- 
ber of sites used to calculate mean; A05, radius of the 95% cone of confidence about the mean pole; Plon 
and Plat are mean paleomagnetic pole east longitude and north latitude (negative is south latitude). 
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Figure 11. Comparison of the present result (MBL 100) with the previous result of Grindley and Oliver 
[1983] (GO MBL). Both mean poles plotted with A9s circles of confidence. Additional poles are Grindley and 
Oliver's site means. 

omagnetic data of similar age from TI and South New Zealand 
as well as the remainder of West Antarctica in order to evaluate 

the tectonic integrity of West Antarctica since the mid- 
Cretaceous (Figure 12). 

The present result (MBL 100 in Figure 12) is within 5' and 
is not significantly different from the circa 110 Ma pole from 
Thurston Island (TI 110 in Figure 12 and Table 2) of Grunow et 
al. [1991]. Grunow et al. [1991] noted that the MBL pole of 
Grindley and Oliver [1983] required relative motion between 
MBL and TI since about 100 Ma. However, our results show 
that MBL and TI have not experienced any palcomagnetically 
resolvable relative motion since about 100 Ma. 

Oliver et al. [1979] reported a paleomagnetic pole from 
volcanic flows southeast of the Alpine Fault on South Island, 
New Zealand with K-Ar ages ranging from 92 to 98 Ma. Barley 
eta/. [1988] reported an Rb-Sr age of 89 Ma from these rocks. 
This pole (NZ 94 in Figure 12 and Table 2), reconstructed to 
MBL using the rotation parameters of Mayes et al. [1990], is 
not significantly different from MBL 100 and TI 110 and lends 
support for a mid-Cretaceous pole position for MBL and TI, 
located adjacent to the coast of MBL. 

For the remainder of West Antarctica, there are no post 
Middle Jurassic paleomagnetic results from EWM. However, 
several rather scattered mid-Cretaceous poles have been pub- 
lished from various AP locations. 

From the southern AP, Kellogg [1980] reported paleomag- 
netic results from plutonit rocks from the Orville Coast region 
(Figure 1), with Rb-Sr ages ranging from 103 to 109 Ma. The 
mean pole (195øE / 71øS) is in good agreement with MBL 100, 
TI 110, and NZ 94. Kellogg and Rowley [1989] added three 
more site means and new Rb-Sr and K-Ar ages, ranging from 
100 to 113 Ma. Combining all of the site means of Kellogg 
[1980] and Kellogg and Rowley [1989] gives a mean paleo- 
magnetic pole for the southern AP at 208.5øE / 74.8øS, A9s- 
10.3' (AP 106 in Figure 12 and Table 2), which groups very 
well with, and is not significantly different from, MBL 100, TI 
110 and NZ 94. Kellogg and Rowley [1989] had separated 
these results into two groups based on comparison of the de- 
clinations only, suggesting that one group was offset from the 
other as a result of oroclinal rotation of the southern AP. 

However, the nearly 25 ø paleolatitudinal difference implied by 
their two group means can not be reconciled by simple vertical 
axis rotation. Bearing in mind that at high latitudes, 1 ø of tilt 
equals nearly 2 ø of pole shift, it seems much more likely that 
small tilts, comparable to those identified on the 
Ruppert/Hobbs Coast, contribute to the differences observed 
between the two groups. The combined mean pole calculated 
above may therefore provide a more valid estimate for the 
southern AP than either of the two group mean poles, since it 
may more completely average out the effects of possible tilts. 
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Figure 12. Marie Byrd Land and other West Antarctic circa 100 Ma poles: MBL 100, the present result; GO 
MBL, previous result for MBL of Grindley and Oliver [1983]; TI 110 [Grunow et al., 1991]; AP 106 from the 
Orville Coast of the southern Antarctic Peninsula [Kellogg and Rowley, 1989] recalculated in this paper; AP 
102 from the Lassiter Coast of the south-central Antarctic Peninsula [Kellogg and Reynolds, 1978]; AP 104 
from Livingston Island, northern Antarctic Peninsula [Watts et al., 1984]; AP 107 from the northern Antarctic 
Peninsula [Grunow, 1993]; AP 98 from Cape Spring of the northern Antarctic Peninsula [Valencio et al., 
1979]; NZ 94 from south New Zealand [Oliver et al., 1979] rotated back to Marie Byrd Land using the pole of 
rotation of Mayes et al. [1990]; selected poles shown with A63 circles of confidence. 

A recent study of mid-Cretaceous intrusive and extrusive 
rocks from Livingston Island and Penoh Strait of the northern 
AP [Grunow, 1993] (Figure 1) yields a circa 107 Ma pole 
(199øE / 74øS, A95 = 6.9 ø) (AP 107, Figure 12, Table 2) which 
agrees well with MBL 100, TI 110, AP 106, and NZ 94. As 
implied by Grunow [1993], the AP 107 result supersedes the 
previous result of Watts et al. [1984] (AP 104) from 
Livingston Island because 8 of 13 site means are from units 
that constituted (yet give different directions than) 4 of 7 site 
means of Watts et al. [1984]. 

There are two earlier results for circa 100 Ma rocks from AP, 
mostly front dikes, front the Lassiter Coast (Figure 1) of south- 
central AP [Kellogg and Reynolds, 1978] (AP 102 in Figure 12 
and Table 2) and Cape Spring (Figure 1) of northern AP 
[Valencio et al., 1979] (AP 98). Both results show uniform 
normal polarity and mean poles coincident with the dipole 
field (geographic pole), although the partial den'tagnetization 
procedures used should have been adequate to remove recently 
acquired viscous components. Watts et al. [1984] and Grunow 
[1993] suggested apparent polar wander as the cause for the 
difference between AP 107/AP 106 and AP 102/AP 98, but the 
angular distance (14 ø) seems to be rather large to be accounted 

for solely by apparent polar wander during this short time in- 
terval (about 4 to 9 m.y.). Also, the AP 102 and AP 98 poles 
are not consistent with MBL 100, which would imply a com- 
plicated history of relative motions between AP and MBL con- 
trary to the more consistent picture evidenced by the more re- 
cently published results (AP 107 and AP 106). 

It is presently unclear whether the differences among the 
circa 100 to 110 Ma paleomagnetic poles from AP discussed 
above are due to oroclinal rotation, localized rotations and/or 
tilts, significant differences in the n'tagnetization ages of the 
units sampled (greater than those apparent from the cited ra- 
diometric ages), incon'tplete removal of overprints, or other 
causes. On the assumption that the two most recent studies 
[Kellogg and Rowley, 1989; Grunow, 1993] incorporate the 
best data, we calculate a circa 106 Ma mean pole for AP by 
con'tbining the site means from Grunow [1993] and Kellogg 
and Rowley [1989] (which includes site n'teans from Kellogg 
[1980]). The aLean pole is 203.8øE / 74.3øS, A95 = 6.2 ø for N = 
29 sites (AP 106M), which fits very well with MBL 100, TI 
110, and NZ 94. 

It may be concluded front the correspondence of MBL 100 
with TI 110 that the two blocks have not experienced any sig- 
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nificant motion with respect to one another (or no more than 
that allowed by the paleomagnetic error) since about 100 Ma. 
Based on the assumptions above regarding the AP poles, it 
may also be concluded from the correspondence of AP 106M 
with MBL 100 and TI 110 that AP has not experienced any 
significant relative motion with respect to MBL and TI since 
about 100 Ma. 

The agreement of the circa 175 Ma poles from AP 
[Longshaw and Griffiths, 1983] and EWM [Grunow et al., 
1987a] was cited as evidence that AP and EWM may have 
moved as a single entity since the Middle Jurassic [Grunow et 
a/., 1987a]. More recently, Grunow [1993] proposed indepen- 
dent motions of AP, TI, and EWM during the Late Jurassic and 
Early Cretaceous, based on dissimilar paleomagnetic poles 
from AP and TI, even though there are no younger paleomag- 
netic results from EWM or even exposures of post-Middle 
Jurassic rocks with which to test either hypothesis. In either 
case, our analysis shows that most of the elements of West 
Antarctica (at least MBL, TI and AP) have not experienced pa- 
leomagnetically resolvable differential motion since about 
100 Ma. The mid-Cretaceous mean paleomagnetic pole for 
MBL, TI, and AP is located at 212.2øE / 74.5øS, A95 = 4.6 ø for 
N = 3 (MBL 100, AP 106M, TI 110) with an approximate mean 
age of 105 Ma. 

Comparison With East Antarctica: Synthetic 
Apparent Polar Wander Path for East Antarctica 

The mid-Cretaceous paleomagnetic poles from West 
Antarctica may be compared with an apparent polar wander 
path (APWP) for East Antarctica in order to test the mid- 
Cretaceous to Recent integrity of Antarctica. However, the 
only reliable Mesozoic reference pole available for East 
Antarctica is the circa 175 Ma pole based on many studies of 
the Ferrar Dolerites, Dufek Intrusion, and Kirkpatrick Basalts 
(220.4øE / 52.7øS, A05 = 4.4 ø) [Kellogg, 1988]. There are no 
paleomagnetic results from rocks of Cretaceous age on the 
East Antarctic craton although several overprints of suspected 
Cretaceous age have been reported from Jurassic Ferrar 
Dolerite and Kirkpatrick Basalt as well as the Cambro- 
Ordovician Bowers Group in the area of the Rennick Graben in 
North Victoria Land [Mcintosh et al., 1982; Delisle, 1983; 
Delisle and Fromm, 1984; Schmierer and Burroester, 1986; 

Delisle and Fromm, 1989]. Inclination-only data were ob- 
tained from the Kerguelen Plateau on the Antarctic plate for 
70-90 Ma [Sakai and Keating, 1991] and 100-115 Ma 
[lnokuchi and Heider, 1992], but this type of data yields mean 
inclinations which tend to be biased toward shallower inclina- 

tions at high site paleolatitudes [McFadden and Reid, 1982], 
such as in these studies. Therefore, in order to compare the 
West Antarctic mid-Cretaceous paleomagnetic results with an 
East Antarctic reference, a synthetic APWP must be produced 
by transferring poles from other continents. 

Irving and Irving [1982] compiled polar wander paths for 
the major continental blocks, excluding Antarctica. Besse and 
Courtillot [1991] constructed a synthetic apparent polar wan- 
der master path for the Atlantic-b•rdering continents by com- 
bining what they regarded as the most reliable data from North 
America, Eurasia, India, and Africa. Although Besse and 
Courtillot had the benefit of several newer poles and used more 
stringent selection criteria than did Irving and Irving, some 
additional paleomagnetic poles are now available for North 
America, and an updated age is available for a pole from India. 

Also, Besse and Courtillot's plate reconstructions did not ac- 
count for deformation within the African plate due to 
Cretaceous extension in the Benue Trough between about 136 
and 84 Ma [Burk and Dewey, 1974; Pindell and Dewey, 1982; 
Pindell et al., 1988]. For the purpose of producing a synthetic 
APWP it is important to consider the errors involved in the 
plate tectonic reconstructions used and to transfer data through 
independent plate circuits, if possible, in order to avoid a po- 
tentially systematic bias due to errors in a single reconstruc- 
tion. In this study we construct a Cretaceous to Recent syn- 
thetic APWP for East Antarctica with an emphasis on the mid- 
Cretaceous in order to facilitate a comparison of the West 
Antarctic mid-Cretaceous results with an East Antarctic refer- 

ence. The new path utilizes some recently published poles and 
recent plate tectonic reconstructions, incorporates the Benue 
Trough opening into the reconstruction, and transfers poles 
through two independent plate circuits (Africa-Antarctica and 
Australia-Antarctica). Details of the pole selection and plate 
kinematic model are given in the Appendix. 

The selected paleomagnetic reference poles, rotated into the 
East Antarctic reference frame (Table A1, Appendix), lie in a 
fight swath (Figure 13) which suggests that the individual 
poles are each reasonable estimates of the magnetic field and 
that there are no major problems with the reconstructions. 
The 95 Ma pole from Australia groups well with 95 Ma poles 
from Africa and the 100 Ma pole from North America, and the 
112 Ma pole from Australia lies between the 112 Ma pole from 
Africa and the 116 Ma pole from India, supporting the validity 
of the reconstructions. Mean poles were calculated at 10 m.y. 
intervals from 125 to 75 Ma using a 20-m.y.-wide sliding 
window. The mean poles (also listed in Table A2, Appendix) 
are labeled according to the mean age of the combined poles 
rather than the center of the window. 

The synthetic APWP for East Antarctica is compared in 
Figure 14 with Besse and Courtillot's [1991] master path ro- 
tated from Africa into the East Antarctic reference frame using 
rotation poles interpolated from their plate kinematic model 
[Besse and Courtillot, 1988] (based on work by Segoufin 
[1980], Segoufin and Patriat [1980], Patriat [1983], and 
Patriat et al. [1985]) and using their chosen magnetic polarity 
timescale [Harland et al., 1982]. Their mean poles are also la- 
beled according to mean age rather than window center. Even 
though the data sets and reconstruction models are somewhat 
different, the resultant paths are similar. The principal differ- 
ences are (1) our Early Cretaceous poles (125 and 117 Ma) are 
more westerly than the Early Cretaceous poles (127 and 121 
Ma) of Besse and Courtillot, partly due to our compensation 
for extension in the Benue Trough in our plate kinematic 
model; (2) their 121, 112, and 98 Ma mean poles approach the 
south pole more quickly than our 117, 102, and 93 Ma poles; 
and (3) their Late Cretaceous poles and Cenozoic poles remain 
nearer to the present geographic south pole than do ours. 

The mid-Cretaceous mean poles from MBL, TI, and AP are 
plotted against the East Antarctic APWP in Figure 15. MBL 
100, AP 106M, and TI 110 are all offset to the east of the East 
Antarctic APWP and are significantly different from it (MBL 
100 and TI 110 are significantly different from both the 102 
and 117 Ma East Antarctic mean poles; AP 106M is signifi- 
cantly different from the 102 Ma East Antarctic pole but not 
significantly different from the 117 Ma pole, though the latter 
test is marginal and inconclusive [McFadden and Lowes, 
1981]). The mean pole for the Pacific-bordering blocks of 
West Antarctica (MBL, TI, AP), calculated from MBL 100, TI 
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Figure 13. Cretaceous poles transferred from Africa, North America, India, and Australia into the East 
Antarctic reference frame. Poles are listed in Table A1. 

110, and AP 106M (212.2øE / 74.5øS, A95 = 4.6ø), is signifi- 
cantly different from the East Antarctic APWP (compared to 
both the East Antarctic 102 and 117 Ma poles). The angular 
distance separating the Pacific West Antarctic circa 105 Ma 
mean pole and the 102 Ma mean pole for East Antarctica is 
10.2 ø + 6.2 ø (8.6 + 5.4 ø to East Antarctica 117 Ma pole). 

Our preferred plate kinematic model used in constructing the 
APWP assumes a two plate configuration for Africa, with Early 
to mid-Cretaceous extension in the Benue Trough (see 
Appendix). As a check, we recalculated the APWP assuming a 
one plate Africa. The East and West Antarctic mean poles re- 
main significantly different in this model as well. 

The error assigned to the APWP is only based on the distri- 
bution of poles and does not include uncertainties in the rota- 
tion parameters for transferring poles to East Antarctica. 
Duncan and Richards [1991] noted that typical uncertainties 
for relative plate motion additions, as calculated by Molnar 
and Stock [1987], are in the 200 to 300 km range. Given the 
tightness of the swath of rotated poles (Figure 13), we believe 
that 200 to 300 km should represent a maximum reconstruc- 
tion uncertainty (i.e., some of the reconstruction uncertainty 
is averaged out by combining independent plate circuits). The 
Pacific West Antarctic (MBL, TI, AP) mean pole is signifi- 
canfly different from the East Antarctic APWP even with the 

addition of a full 300 km of reconstruction related error; the 

angular separation from the East Antarctic 102 Ma pole then 
becomes 10.2 ø + 8.9 ø (8.6ø+ 8.1 ø to East Antarctica 117 Ma 
pole). 

The circa 98 and 112 Ma mean poles from the APWP of 
Besse and Courtillot [1991] rotated into an East Antarctic ref- 
erence frame (Figure 14) are farther removed from the West 
Antarctic poles and support these observations. It can there- 
fore be concluded that there has been a paleornagnetically re- 
solvable movement of Pacific West Antarctica (MBL, TI and 
AP) with respect to East Antarctica since about 100 Ma. 

Tectonic Implications 

The paleomagnetic evidence for post-100 Ma relative mo- 
tion between East Antarctica and Pacific West Antarctica is 

consistent with mounting geological evidence that the area 
between the Transantarctic Mountains (TAM) and the coastal 
areas of West Antarctica represents a Mesozoic-Cenozoic rift 
system. This area was termed the West Antarctic Rift System 
by LeMasurier [1978]. Fitzgerald [1992] concludes that the 
TAM are probably a rift-margin uplift. Stem and ten Brink 
[1989] modeled the TAM in terms of flexural uplift along the 
boundary between thermally old East Antarctic lithosphere and 
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Figure 14. Comparison of the newly constructed APWP for East Antarctica with the master APWP of Besse 
and Courtillot [1991] rotated into the East Antarctic reference frame. 

thermally young West Antarctic lithosphere, but ten Brink et 
al. [1993] consider this inadequate and propose lateral heat 
flow from the rift to account for TAM uplift. North-south lin- 
ear basins in the Ross Sea are parallel to the TAM and appear 
to continue beneath the Ross Ice Shelf. From west to east, the 

Victoria Land Basin, Central Trough, and Eastern Basin are 
separated by interbasin highs (Figure 1). Up to 14 km of sed- 
iments have been seismically imaged in the Victoria Land 
Basin [Cooper et al., 1987] and a maximum of 7 km of strata 
in the Central Trough and Eastern Basin [Davey et al., 1983]. 
The interbasin highs swing to a NNW-SSE trend southwards 
beneath the Ross ice shelf, following the trend of the TAM. 

Fitzgerald [1992] and Wilson [1993] identify a component 
of dextral motion from the pattern of Cenozoic normal fault- 
ing in the TAM in addition to the dominant extensional com- 
ponent oriented perpendicular to the trend of the TAM. Storey 
[1991] suggests that the deep lozenge-shaped subglacial 
basins between MBL, TI, and EWM, the Bentley Subglacial 
Trench and the Byrd Subglacial Basin (Figure 1), may be pull 
apart basins formed at releasing bends of a dextral strike-slip 
fault system. 

The oldest sediments thus far drilled in the Ross Sea are 

Lower Oligocene, 33-38 Ma, from the CIROS-1 drill hole in 
McMurdo Sound [Barrett, 1987], though basement was not 
reached. Drilling at Deep Sea Drilling Project (DSDP) Site 270 

in the south central Ross Sea bottomed in marble and calc-sili- 

cate gneiss basement rocks [Ford and Barrett, 1975] similar to 
calcareous metasedimentary rocks of the lower Paleozoic 
Skelton Group of southern Victoria Land [Blank et al., 1963] 
and calc-silicate gneiss and marble at Mount Murphy in east- 
ern MBL [DiVenere et al., 1993]. The gneiss at Site 270 is 
overlain by 25 m of breccia capped by a subaereal paleosol 
[Ford and Barrett, 1975]. Unconformably overlying the pale- 
osol is a mid-upper Oligocene to Recent sedimentary sequence, 
including 1 m of shallow water carbonaceous sandstone, ! m 
of shallow marine glauconitic sandstone (K-Ar age of 26 Ma), 
and 384 m of glaciogenic sediments, which subsided from sea 
level to 500 m depth (current water depth is 630 m) by the end 
of the early Miocene [Hayes and Frakes, et al., 1975]. The 
deepening was ascribed to either tectonic subsidence or iso- 
static compensation due to glacial loading of the continent 
[Hayes et al., 1975; Hayes and Frakes, 1975]. 

Cooper et al. [1991] summarized multichannel seismic re- 
flection data of Hinz and Block [1984] and Cooper et al. 
[1987] in a generalized profile across the Ross Sea that shows 
fault bounded sedimentary basins in the Victoria Land basin 
and sediments draping faulted basement to the west in the re- 
mainder of the Ross Sea. Based on the profile (combined with 
the CIROS-1 and Site 270 data), faulting in the eastern two- 
thirds of the Ross Sea ended before the mid-upper Oligocene 
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Figure 15. The 100 to 110 Ma poles from MBL, TI, and the southern AP, with Ao3 circles of confidence, 
plotted against the East Antarctic APWP with A63 error envelope. The envelope for the APWP was constructed 
by drawing a smooth curve tangent to the A63 circles of the mean poles. West Antarctic poles are listed in 
Table 2. East Antarctic poles are listed in Table A2. 

unconformity seen at the bottom of Site 270, but apparently 
continued to Recent times in the Victoria Land basin adjacent 
to the TAM (Figure 1). 

Fitzgerald [ 1992] and Stump and Fitzgerald [ 1992] infer four 
phases of uplift in the TAM from apatite fission-track age pro- 
files. The episodes are at approximately 110 Ma, which they 
associate with initial rifting of Australia, 80 Ma, which they 
associate with the separation of New Zealand and Australia 
from Antarctica, 55 Ma, the time of cessation of spreading in 
the Tasman Sea, and Plio-Pleistocene times, during which pe- 
riod there is a renewal in alkaline volcanism in the western 

Ross Sea and in MBL, possibly including subglacial volca- 
noes and high heat flow within the West Antarctic rift system 
[Blankenship eta/., 1993]. However, Wilch et al. [1993] and 
ten Brink et al. [1993] present results that minimize any late 
Pliocene to Recent uplift. 

Estimates of the amount of extension in the Ross Sea have 

been made by comparing the thickness of the crust on either 
side of the boundary between East and West Antarctica. 
Crustal thickness in the West Antarctic rift system is gener- 
ally in the range 17-23 km with thicknesses of 27 km under 
Ross Sea basement gravity highs, whereas the thickness of 
the adjacent TAM rift shoulder is about 40 km [Behrendt and 
Cooper, 1991; Bentley, 1991; Cooper et al., 1991]. From 

this, Behrendt and Cooper [1991] inferred 350 lcm of exten- 
sion in the Ross Sea, or about 50% of the nominal present-day 
width. However, the Phanerozoic crust of West Antarctic 
(excluding EWM) may not have been as thick as the 
Precambrian cratonic crust of East Antarctica. The average 
crustal thickness of coastal West Antarctica appears to be 
about 30 km [Bentley et al., 1960; Adams, 1972; Bentley, 
1991], which would imply only about 275 km of extension. 
These crude estimates then suggest about 300 lcm (275 to 350 
km) of extension across the Ross Sea between Pacific West 
Antarctica and cratonic East Antarctica. 

The Pacific West Antarctic circa 105 Ma mean pole is offset 
from the East Antarctic 102 Ma pole by 10.2 q- 6.2 ø (or q- 8.9 ø 
with the addition of the maximum reconstruction related error). 
Since the West Antarctic pole is located over the coast of MBL 
it implies a similar movement of MBL (plus TI and the south- 
ern AP) from East Antarctica. Translating the angular offset 
into kilometers by assuming a simple extension history about 
a distant euler pole, implies about 1130 q- 690 km of relative 
motion between East and West Antarctica (1130 q- 990 km 
with the maximum reconstruction error). The range of paleo- 
magnetically acceptable motions of Pacific West Antarctica 
with respect to East Antarctica is thus about 440 to 1820 lcm 
(140 to 2120 km with maximum reconstruction error). 
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Figure 16. A circa 100 Ma reconstruction with south pole centered on the East Antarctic 102 Ma mean pole. 
South New Zealand (SNZ), including Campbell Plateau (CP) and Chatham Rise (CR), are restored to MBL. Inset 
shows West Antarctic poles (MBL 100, TI 110, and AP 106M) in their reconstructed positions with respect to 
the circa 117 and 102 Ma East Antarctic mean poles (EAnt 117 and 102), all with A63 circles of confidence. 

The best palcomagnetic estimate (1130 kin) for separation 
between East Antarctica and Pacific West Antarctica is close to 

the largest dimension across the Ross Sea (about 1030 km 
from Edward VII Peninsula of MBL to the Borchgrevink Coast 
of North Victoria Land, East Antarctica) (Figure 1) and is con- 
siderably larger than the nominal geological estimate of ex- 
tension (about 300 km) from crustal thickness arguments. We 
regard the palcomagnetic analysis to be reasonable and con- 
servative because (1) our East Antarctic APWP yields a smaller 
offset with respect to the mid-Cretaceous Pacific West 
Antarctic palcomagnetic poles than the alternate APWP of 
Besse and Courtillot [1991], and (2) the new palcomagnetic 
pole for MBL, which is consistent with poles from TI and AP, 
greafiy reduces the amount of extension that would be required 
in the Ross Sea compared to the previous MBL result of 
Grindley and Oliver [1983], which was inconsistent with the 
other West Antarctic results. The amount of extension ex- 

pected from the comparison of crustal thicknesses may under- 
estimate the true separation between East Antarctica and MBL 
because, for example, the crustal thicknesses may not be accu- 
rately known, there could be oceanic crust flooring the rift 
basins, and extension could have occurred over a larger area 
including intervening portions of MBL. In any case, the geo- 
logical estimate is within the maximum error of the palco- 
magnetic estimate and the two estimates are therefore not in- 
compatible. Both support relative motion between MBL (plus 
TI and AP) and East Antarctica of some hundreds of kilometers. 

The timing of this extension is constrained by the palco- 
magnetic and geochronologic data to postdate 100 Ma. 
According to the geologic evidence, the largest portion likely 
occurred sometime prior to the mid-Late Oligocene after which 
time all extension appears to be confined to only the western 
third of the Ross Sea. The Ross Sea could have experienced a 
major episode of extension during Late Cretaceous rifting of 
the New Zealand continental block preceding its separation 
from Antarctica at about 85 Ma. If all significant East-West 
Antarctic motion ceased by the time of New Zealand separation 
it would imply, in conjunction with the palcomagnetic data, a 
separation rate equivalent to 7.5 + 6.5 cm/yr between East 
Antarctica and Pacific West Antarctica over the interval 100 to 

85 Ma. Alternatively, if East-West Antarctic relative motion 
continued into the Cenozoic, lower separation rates are im- 
plied. In that case MBL-East Antarctic relative motions would 
affect the plate circuit linking the Pacific and African hotspots 
[Molnar and Stock, 1987; Duncan and Richards, 1991]. 

We next consider the reconstruction of the 100 Ma position 
of the West Antarctic blocks with respect to East Antarctica. 
Given the lack of a circa 100 Ma pole for EWM, it is left in its 
present position with respect to East Antarctica. The simplest 
model is to rotate MBL, TI, and AP about a common rotation 

pole. However, it is difficult to reconcile the circa 100 Ma pa- 
lcomagnetic poles and the geologic constraints by a simple 
rigid rotation of Pacific West Antarctica back to East 
Antarctica due to problems of overlap of AP with EWM, and 
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creation of gaps (implying later subduction) in the Weddell 
Sea and in the Drake Passage. We note that at face value 
(disregarding the circles of confidence about the palcomag- 
netic poles) MBL 100 is offset the farthest from the East 
Antarctic APWP and AP 106M is offset the least. We therefore 

choose as a second possibility to allow some differential mo- 
tion between the Pacific West Antarctic blocks within the er- 

rors of the West Antarctic palcomagnetic poles. A possible 
reconstruction is shown in Figure 16 in which South New 
Zealand and Campbell Plateau are restored back to MBL [after 
Mayes et al., 1990], MBL is restored to East Antarctica by ap- 
proximately 50% closure of the Ross Embayment, TI is rotated 
moderately and AP only slightly counterclockwise. This 
model is at the limits of both the palcomagnetic error con- 
straints as well as the geologic spatial constraints. The 
Pacific West Antarctic palcomagnetic poles are restored nearer 
to the East Antarctic APWP: TI 110 is reconciled with the East 

Antarctic APWP, AP 106M is at the limit of the paleomagnetic 
error, and MBL 100 may only be reconciled with the inclusion 
of reconstruction related error. At the same time, the model 

requires a large amount of extension (approaching 100%) in 
the northern Ross Sea. However, the Campbell Plateau is 
shown with its present outline, though it is also likely to con- 
sist of extended continental crust (Bradshaw [ 1991] suggested 
about 30% extension). Accounting for Campbell Plateau ex- 
tension would reduce the amount of extension required for the 
northern Ross Sea crust. This model implies a post 100 Ma 
shear zone between MBL and TI, which Grunow eta/. [1991] 
had previously suggested based on the comparison of TI 110 
with the MBL result of Grindley and Oliver [1983]. 

There presently is no completely satisfying solution for the 
100 Ma reconstruction, but the new palcomagnetic constraints 
presented here suggests a larger amount of total extension be- 
tween East and West Antarctica (MBL) than previously sus- 
pected from geological arguments. 

Appendix: Synthetic Apparent Polar Wander 
Path for East Antarctica 

The most comprehensive palcomagnetic data sets for the 
Cretaceous are from North America and Africa (Table A1). We 
also use palcopoles from India, as did Besse and Courtillot 
[1991], but unlike them we do not use the poles from Eurasia 
because: (1) their selected data set contains no mid-Cretaceous 
results, which are of greatest interest here, (2) the Early 
Cretaceous results from China and Korea require the assump- 
tion of no internal deformation of Eurasia since that time, 
even though this may not be specifically true considering the 
complex tectonics associated with the collision of India with 
Eurasia, and (3) use of the Eurasia poles requires a very long 
plate circuit with two additional relative motion pairs 
(Eurasia/Greenland and Greenland/North America) to transfer 
the poles to Antarctica. The African, Indian, and North 
American poles must ultimately all be transferred through the 
Africa-Antarctica plate circuit, and therefore their reconstruc- 
tion associated errors are not entirely independent. The 
Australian poles then become an important check on the re- 
constructions. We rely largely on the pole selection criteria 
of other authors in recent reviews of Cretaceous results from 

Africa [Hargraves, 1989], North America [Globerman and 

Table AI. Paleomagnetic Poles Transferred to East An •tarctic Reference Frame 

Original Transferred 

Pole Age A95 Plon Plat PLon Plat Continent Source 

Deccan Traps 65 2.4 101.3 -36.9 54.4 -80.0 India 
Madagascar dolerite and volcanics 75 4.1 39.6 -63.5 30.8 -77.1 Africa 
Fuerteventura lavas 80 4.8•' 40.8 -68.8 18.8 -84.0 Africa 
Niobrara Formation 88 4 188.0 64.0 47.3 -78.0 North America 

Kimberlite pole 1 90 5.2 46.1 -64.1 17.9 -85.1 Africa 
Madagascar volcanics 90 4.9 60.0 -69.1 166.0 -87.2 Africa 
WadiNatash 95 5.8 78.1 -69.3 177.7 -80.3 Africa 
Wadi Natash* 95 3.6 70.9 -64.7 144.8 -82.9 Africa 
Mount Dromedary 96 9.9 138.0 -56.0 173.5 -82.4 Australia 
Magnet Cove 100 4.6 197.3 72.6 137.9 -82.9 North America 
LupataLava 112 4.0 79.0 -61.8 186.7 -77.0 Africa 
Otway Group 112 3.6 148.7 -48.9 181.3 -73.3 Australia 
Rajmahal Traps 116 6 117.0 -7.0 185.6 -71.8 India 
White Mountains 122 6.9 187.4 71.9 168.6 -77.1 North America 

Monteregian Hills 124 2 191.0 73.0 171.8 -74.9 North America 
Newfoundland dikes 129 4 207.0 71.0 164.7 -68.4 North America 
Kaoka lavas, Namibia 130 3.9•' 86.6 -48.3 177.0 -70.4 Africa 
Kimberlite pole 2 130 9.7 89.9 -47.6 175.0 -68.1 Africa 
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Ages in mega annum. Continent is that from which pole was transferred. See Table A3 for Euler poles 
for transferring poles. See Tables 1 and 2 for explanations of other listed parameters. Source: 1, 
Vandamme et al. [1991]; 2, calculated by McElhinny and Cowley [1978] from data of Andriamirado 
[1971]; 3, Storetvedt et al. [1979]; 4, Shive and Frerichs [1974]; 5, Hargraves [1989]; 6, Schult et al. 
[1981]; 7, Ressetar et al. [1981]; 8, Robertson [1963]; 9, Globerman and Irving [1988]; 10, Gough and 
Opdyke [1963]; 11, Idnurm [1985]; 12, Klootwijk [1971] with age of Baksi [1986]; 13, Van Fossen and 
Kent [1992]; 14, Foster and Symons [1979]; 15, LaPointe [1979]; 16, Gideskehaug et al. [1975]. 

* Calculated from their 31 site mean VGPs. 

• A95 Conservatively estimated as the major axis of the confidence ellipse. 
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Irving, 1988; Van Fossen and Kent, 1992], and India [Besse 
and Courtillot, 1988, 1991]. The Cretaceous paleomagnetic 
data set for Australia is reviewed here. Only poles with well- 
defined means (A95 less than 10 ø) are accepted. 

The Cretaceous APWP for Africa has been analyzed by 
Hargraves [1989]. In his choice of 10 poles, ranging in age 
from about 130 to 75 Ma, which met his selection criteria, two 

results (Lupata Lavas, Mlanje Massif) were deemed marginally 
acceptable but retained because they filled a temporal gap 
(110-120 Ma). The Mlanje Massif pole is rejected for this 
study because it is based on only eight samples, its A95 ex- 
ceeds 10 ø, and poles of this age are available from other conti- 
nents. The remaining nine poles are accepted (Table A1). 
Besse and Courtillot [1991] used the same African data for this 
time period as Hargraves [1989], but the data were combined 
somewhat differently. Besse and Courtillot used six separate 
poles from Madagascar from the original work by 
Andriamirado [1971] while Hargraves [1989] (and the present 
study) used the two mean poles of McElhinny and Cowley 
[1978] recalculated from the two age groups of the data. Besse 
and Courtillot also combined the Mlanje Massif and Lupata 
lavas poles into a single pole. 

The North American Cretaceous stillstand, as identified by 
Globerman and Irving [1988] and updated by Van Fossen and 
Kent [1992], is based on five poles which range in age from 
approximately 129 Ma to 88 Ma. These poles form a cluster 
in North American coordinates, implying no significant ap- 
parent polar wander of North America during this interval. 
One of these results, the Arkansas intrusions pole of 
Globerman and Irving [1988], is a combined average based on 
five sites from the circa 88 Ma Granite Mountain intrusion and 

19 sites from the circa 100 Ma Magnet Cove plus Potash 
Sulfur Springs intrusions. Given the difference in their age, 
the two group means represent distinct readings of the mag- 
netic field and are separated for the present study. The circa 
100 Ma Magnet Cove (+Potash Sulfur Springs) pole is ac- 
cepted. The ca 88 Ma Granite Mountain pole groups well with 
the other Cretaceous stillstand poles but is rejected because the 
A95 exceeds 100. The post-88 Ma Cretaceous poles from North 
America are more scattered and, at face value, can either be used 
to support a continuation of the stillstand (based on the results 
of Vugteveen et al. [1981], Swenson and McWilliams [1989], 
and Jolly and Sheriff[1992]) or a sudden jump to the Paleocene 
pole position (based on the results of Diehi [1991] and 
Gunderson and Sheriff[1991]). Moreover, these results are all 
from units within or closely associated with the Cretaceous 
foreland thrust belt, and some or all are likely to have been ro- 
tated. The post-88 Ma North American Cretaceous poles are 
therefore not included due to this ambiguity. In summary, the 
five Cretaceous stillstand poles from Van Fossen and Kent 
[1992], with the above-mentioned treatment of the results of 
Globerman and Irving [1988], are accepted from North 
America (Table A1). The differences between Besse and 
Courtillot's [1991] North American poles and those accepted 
here are that Besse and Courtillot used: (1) the Mount Ascutney 
pole of Opdyke and Wensink [1966], which is here superseded 
by the White Mountains pole of Van Fossen and Kent [1992]; 
(2) the Isachsen diabase pole of Larochelie and Black [1963] 
which was rejected by Globerman and Irving [ 1988] (and in the 
present study) because A95 is greater than 10ø; (3) the Magnet 
Cove pole of Scharon and Hsu [1969] in addition to the 
Magnet Cove pole of Globerman and Irving [1988] though the 
latter pole supersedes Scharon and Hsu's pole, which is other- 
wise rejected because A95 is greater than 10ø; and (4) the Late 

Cretaceous Mesaverde Group [Kilbourne, 1969] and Maudlow 
Formation [Swenson and McWilliams, 1989] poles, whereas 
we reject the Late Cretaceous poles from North America be- 
cause of the above mentioned ambiguity apparent from the re- 
cently available studies of rocks of this age. 

Only two Cretaceous poles from India, the Rajmahal Traps 
pole of Klootwijk [1971] and the Deccan Traps pole of 
Vandamme et al. [1991], have well-constrained ages and char- 
acteristic magnetizations. Both were accepted by Besse and 
Courtillot [1991] for inclusion in their master APWP and are 
used in the present study. The Rajmahal Traps have an updated 
age of 116 Ma based on nøAr/39Ar [Baksi, 1986] (Table A1). 

Four paleomagnetic poles from Cretaceous units have been 
reported for Australia. In an early study, Robertson [1963] 
gave a thorough report of paleomagnetic results based on AF 
and thermal demagnetization and rock magnetic studies from 
the Mount Dromedary igneous complex with an age of circa 96 
Ma [McDougall and Wellman, 1976] (with new decay con- 
stants of Steiger and Jiiger [ 1977]). ldnurm [ 1985] reported re- 
sults based on progressive AF and thermal demagnetization 
from volcaniclastic sedimentary rocks of the Otway Basin 
with an age of approximately 112 Ma. We accept these two 
results for inclusion in the APWP (Table A1). 

We reject poles from two other studies of Cretaceous rocks 
from Australia. Robertson and Hastie [1962] reported results 
from the circa 98 Ma Cygnet alkaline complex but these early 
results are based on batch demagnetization at only 7.5 mT and 
yield a poorly defined mean (A95 = 10ø). Schmidt [1976] re- 
ported paleomagnetic results from the Bunbury basalts, listing 
an age of 90 Ma, but the dual polarities observed are unlikely 
to have been acquired during the Cretaceous Normal 
Superchron (118 to 84 Ma). The age of the Bunbury basalts 
was based on discordant K-At results from McDougall and 
Wellman [1976] with ages ranging from 88 to 105 Ma; these 
authors concluded that their results were affected by argon loss 

Table A2. East Antarctic Synthetic Apparent Polar 
Wander Path 

Age Mean 
Range Age N k A95 PlonøE Plat øN Source 

Pliocene 3.5 5 884 2.6 320.5 -86.4 1 
Miocene 15 5 190 5.6 320.9 -81.9 1 
Oligocene* 35 1 4.4'{' 345.5 -77.6 2 
Paleocene 62 1 4.4'{' 14.0 -79.9 2 

65-84 73 3 331 6.8 36.4 -80.6 3 
75-94 85 5 167 5.9 36.0 -83.4 3 
85-104 93 7 125 5.4 130.9 -86.0 3 
95-114 102 6 255 4.2 171.8 -80.3 3 

105-124 117 4 681 2.9 179.2 -74.9 3 
115-134 125 6 360 3.5 173.9 -71.9 3 

Ages in mega annum. N, number of studies. See Tables 1 
and 2 for explanations of other listed parameters. Source: 
1, African mean poles of Tauxe et al. [1983], Pliocene pole 
= 329øE / 86øS, Miocene pole = 334øE / 81øS in African co- 
ordinates; 2, African mean poles of Schneider and Kent 
[1990], Oligocene pole = 4.2øE / 74.6øS, Paleocene pole = 
33.0øE / 70.1øE in African coordinates; 3, mean of trans- 
ferred poles in Table A1. See Table A3 for Euler poles used 
to transfer African mean poles into East Antarctic coordinates. 

* their pole based on geocentric axial dipole model. 
'{' A95 estimated as the major axis of the confidence el- 

lipse. 
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Table A3. Euler Poles Used for Transferring 
Paleomagnetic Poles to East Antarctica 

Continent Age Latitude Longitude Angle, 
Ma øN øE deg 

New Zealand 95 64.03 -56.96 57.65 
India 65 9.62 !6.39 -46.72 

India 115 -1.39 9.90 -80.85 
Australia 96 1.00 38.00 -28.30 
Australia 1 12 0.19 38.24 -29.09 
Africa 3.5 12.90 -39.77 -0.52 
Africa 15 11.48 -53.79 -2.04 
Africa 35 9.76 -39.52 -5.38 
Africa 62 2.66 -39.52 -10.86 
Africa 75 -2.50 -40.99 -14.01 
Africa 80 -4.63 -39.74 -15.96 
Africa 90 -3.54 -36.58 -21.83 
Africa 95 -4.48 -34.96 -24.27 

Africa 112 -6.49 -31.50 -34.31 

Africa 130 -7.18 -28.25 -46.27 
North America 88 66.11 108.12 35.33 
North America 100 65.99 104.08 44.34 
North America 122 62.98 94.68 58.24 
North America 124 62.56 93.85 58.84 
North America 129 61.48 92.00 60.30 

Ages according to timescale of Kent and Gradstein 
[1986]. Rotation parameters are interpolated between the 
reconstructions from the following sources. New Zealand 
to MBL, Mayes et al. [1990]; India to Antarctica, Royer 
and Sandwell [1989] 65 Ma; Royer and Coffin [1992] 117 
Ma; Australia to Antarctica, Royer and Sandwell [ 1989]; 
Africa to Antarctica, Mayes et al. [1990] 3.5 - 35 Ma; 
Royer et al. [1988] 62 - 80 Ma; Royer and Coffin [1992] 90 
- 130 Ma; North America to NW Africa, Pindell et al. 
[1988]; NW Africa to south Africa derived from NW Africa- 
South America equatorial fit of Pindell et al. [ 1988] and 
South Atlantic fit and opening of Rabinowitz and 
LaBrecque [1979]; Africa to Antarctica, Royer et al. [1988] 
88 Ma; Royer and Coffin [1992] 100 - 129 Ma. 
Interpolations assume constant spreading rate in K quiet 
zone; negative rotation angles are clockwise. 

and only supported an age of at least 90 Ma. The Bunbury 
basalts are underlain by Upper Jurassic strata and overlain by 
Lower Cretaceous strata [Veevers, 1984; Playford et al., 
1976]. Veevers [1984] considers the emplacement of the 
Bunbury basalts to be related to the initiation of seafloor 
spreading between Greater India and Australia at about 128 Ma 
(-132 Ma using timescale of Kent and Gradstein, 1986). 
Davies et al. [1989] and Storey et al. [1992] consider the 
Bunbury basalts to be related to the inception of the mantle 
plume responsible for the Early Cretaceous Naturaliste Plateau, 
Rajmahal Traps, and Kerguelen Plateau, beginning at around 
120-130 Ma. It therefore seems likely that the mixed polarity 
magnetizations reported for the Bunbury basalts were acquired 
during emplacement in the Early Cretaceous, before the onset 
of the Cretaceous Normal Superchron (118 Ma). Also, a num- 
ber of palcomagnetic results from Australia have been reported 
in older rocks, apparently remagnetized during the mid- 
Cretaceous [Schmidt and Embleton, 1981; Schmidt, 1976], but 
the magnetization age is only inferred by the general similar- 
ity with the Cretaceous poles. These remagnetization poles 
are not suitable for inclusion in the APWP. 

The Cenozoic portion of the East Antarctic APWP is in- 

cluded for completeness and is based on the African Paleocene 
and Oligocene poles of Schneider and Kent [1990] and the 
African Pliocene and Miocene mean poles of Tauxe et al. 
[1983] (Table A2). 

The North American poles were transferred to northwestern 
Africa using the reconstructions of Pindell et al. [1988]. 
Rotation parameters for opening in the Benue Trough between 
136 Ma and 84 Ma (northwestern Africa to southern Africa) 
were derived from the equatorial fit of northwestern Africa and 
South America of Pindell et al. [1988] and the South Atlantic 
fit and opening of Rabinowitz and LaBrecque [1979] 
(following the model of Pindell et al. [1988]). The North 
American poles, as well as the African poles, were then trans- 
ferred from southern Africa to East Antarctica using the recon- 
structions of Royer et al. [1988] and Royer and Coffin [1992]. 
Australian poles were transferred using poles of rotation inter- 
polated from the reconstructions of Royer and Sandwell 
[1989], and the Indian poles were transferred using the recon- 
structions of Royer and Coffin [1992]. The interpolations as- 
sume a constant spreading rate through the Cretaceous Quiet 
Zone. The timescale used was that of Kent and Gradstein 

[1986]. The interpolated rotation poles are listed in Table A3. 
Most of the African poles are from southern Africa. The 

northern African poles are either younger than the opening of 
the Benue Trough or in the case of the two Wadi Natash, Egypt 
(circa 95 Ma) poles there is less than 1 ø of rotation in the 
model. It is unclear how the model applies to Egypt, at the 
pivot of the opening wedge. Therefore no correction for ex- 
tension in the Benue Trough has been applied to the Wadi 
Natash poles. 
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