
Colorado. In both these sequences the 
rocks show mixed polarities and over- 
lie a thick sequence of rocks that are 
reversely magnetized (Fig. 2). On the 
basis of the Australian data and sparse 
data from Europe (6), the beginning 
of the Kiaman interval is placed at the 
base of the Upper Pennsylvanian. On 
the western slope, the lower reversal is 
located in rocks of this approximate 
age. In places, the Fountain formation 
contains fossils as old as Lower Penn- 
sylvanian, but it is probable that forma- 
tion was initiated during Upper Penn- 
sylvanian in the area sampled; thinning 
of the formation in this area supports 
this interpretation. 

It is important to establish the time 
at which the magnetic moment was 
acquired by these rocks. Unlike igneous 
rocks (which have thermoremanent 
magnetization) or varved clays (which 
have detrital remanent magnetization), 
the mechanism, and therefore the time, 
of magnetization of red beds is poorly 
understood. 

In the western interior of the United 
States the good correlation between the 
established stratigraphic relations and 
the top of the Kiaman division, as de- 
termined from available paleomagnetic 
data, suggests that the magnetization of 
the beds was acquired near the time of 
deposition. Further supporting this in- 
terpretation is the observation that in 
the red beds of the western interior of 
the United States there is a steadily re- 
versed zone which, on the basis of fos- 
sil evidence (4), is the approximate 
age-equivalent of the Kiaman division 
defined by Australian paleomagnetic 
data. 

Thus we may conclude that the evi- 
dence to date suggests that the pattern 
of polar reversals occurs on three time 

scales: approximately 104 or 105, 106, 
and 50 X 106 years. An effort to check 
the validity of the Kiaman magnetic 
interval as a worldwide event has dem- 
onstrated good correlation between the 
western interior of the United States 
and observations based primarily upon 
Australian paleomagnetic data. Because 
the Australian data came from igneous 
rocks dated by radio isotopes, and the 
data from the western interior of the 
United States were obtained from red 
beds dated by fossils, the evidence fa- 
vors the interpretation that the red 
beds were magnetized early in the his- 
tory of the deposits. Finally, the corre- 
spondence between paleomagnetic data 
and classical geological correlations 
within the western interior suggests that 
paleomagnetic information may even- 
tually aid stratigraphic correlation. 
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Composition of the Ancient North American Crust 

Abstract. Geochemical studies of Wyoming Precambrian graywackes derived 
from continental crust older than 3.2 x 10'9 years indicate that their source 
area was at least as highly differentiated as most younger Precambrian crust. 
The composition of this early crust (approximately that of calcium-rich granite) 
is not unlike that of the 2.5 to 3.2 x 109 year old North American crust, 
Limited geochemical data suggest that the composition of North America may 
not have changed significantly during the last 3.0 to 3.5 X 109 years. 

Whether or not continents have 
changed appreciably in composition as 
a function of geologic time is a major 
problem in the study of continental 
evolution. Although geologic and geo- 
chemical data indicate that K:Na, 
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Fe3? Fe2+, and Ca:Mg ratios of sedi- 
ments (which in turn reflect continent 
composition) have increased in the last 
0.6 to 1 X 109 years (1), the evidence 
for secular compositional changes prior 
to this period is less certain. 

It appears that the oldest orogenic 
granite-forming event preserved in the 
continental crust is about 3.4 to 3.6 
X 109 years old (2). Although ex- 
posures of such ancient crust have 
been reported only in northern Europe 
and southern Africa (2), zircons that 
may be of this age have been found 
in younger Precambrian terranes of 
North America (3, 4). Such relict 
zircon ages suggest that a 3.4 to 3.6 
X 109 year old crust also once existed 
in North America. Although detailed 
results of geochemical studies of the 
European and African terranes are not 
available, geologic studies indicate that 
they are composed predominantly of 
granite, gneiss, and migmatite, with 
lesser amounts of mafic igneous and 
metamorphic rock and only minor 
amounts of sedimentary rock (2); their 
gross lithology is not unlike that of 
younger Precambrian shields. 

Graywackes that occur as large pend- 
ants engulfed in 2.5 to 3.2 X 109 
year old granitic batholiths in North 
America represent rapidly eroded min- 
eral and rock-clast assemblages derived 
from a source, partially or entirely, 
older than 3.2 X 109 years. The exist- 
ence of zircons that may be 3.5 X 109 
years in age (4) in the Wyoming- 
Montana portion of the 2.5 to 3.2 
X 109 year old North American crust 
(Superior Province) suggests the pos- 
sibility that such graywackes in this 
area may have been derived from 
crust as old as 3.5 X 109 years. 

Graywackes from a large pendant 
in the Precambrian core of the southern 
Wind River Range in Wyoming have 
been sampled in order to estimate the 
composition of this ancient crust in this 
area. Although the graywackes have 
undergone low-grade metamorphism, as 
evidenced by their constituent mineral 
assemblages, it is unlikely that their 
original composition has been ap- 
preciably affected. Especially sugges- 
tive of approximately isochemical meta- 
morphism is the fact that the enclosed 
rock fragments indicate a source-area 
composition similar to that indicated by 
the bulk chemical composition of the 
graywackes (5); the fragments indicate 
a dominant granitic igneous and meta- 
morphic component in the source area. 

Twenty-three graywacke samples 
have been analyzed for eight major 
and five trace elements by nondestruc- 
tive x-ray fluorescence and neutron 
activation (5). The mean values for 
each oxide and trace element are ac- 
companield (Table 1) by an estimate of 

1013 



Table 1. Compositions of, and elemental ratios in, ancient North American graywackes and 
common igneous rocks. Total Fe as Fe203. Rocks: A, calcium-poor granitic (6); B, calcium- 
rich granitic (7); C, continental basaltic (6); D, oceanic tholeiitic basalt (8, 15); E, average 
2.5 to 3.2 x 109 year old North American sediments (1); F, average 2.5 to 3.2 X 109 year 
old Wyoming graywacke. 

Rock 
Item 

A B C D E F 

Oxides (percentage by weight) 
SiO2 74.22 67.17 49.20 49.30 66.0 64.43 
TiO2 0.20 0.57 2.30 1.49 0.62 
A1203 13.61 15.50 14.74 17.04 14.5 15.48 
Fe2O3 2.03 4.23 12.37 9.57 5.7 6.54 
MgO 0.27 1.56 7.63 7.19 2.2 ?3.12 
CaO .71 3.54 10.64 11.72 2.8 2.22 
Na2O 3.48 3.83 2.43 2.73 3.0 3.74 
K1(O 5.06 3.04 1.00 0.16 1.4 2.44 

Trace elements (ppm) 
Mn 390 540 1500 1300 529 
Ni 4.5 15 130 97 91 
Rb 170 110 30 1.2 88 
Sr 100 440 465 120 424 
Zr 175 140 140 95 196 

Ratios 
Rb:Sr 1.7 0.25 0.65 0.01 0.27 
K:Rb 246 229 277 1400 230 
Na:K 0.6 1.1 2.2 16 1.9 1.4 
Ca: Sr 59 44 153 640 37 

the composition of 2.5 to 3.2 X 109 
year old sediments (1) and average 
values of common igneous rocks. The 
gross similarity in composition of the 
Wyoming graywackes to calcium-rich 
granites (6) suggests that they were 
derived from a source area of this 
composition. The fact that the gray- 
wackes contain somewhat less Si and 
Ca and more Mg, Fe, and Ni than 
granodiorites and most quartz diorites 
(7) indicates, however, some contribu- 
tion from more mafic igneous rocks. 
It is clear, however, from the geo- 
chemical data (Table 1) that rocks of 
basaltic composition were not major 

components of the source area. The 
typical continental values of the K:Rb 
and Ca:Sr ratios in the Wyoming gray- 
wackes seem to indicate that oceanic 
basalts similar to those found on the 
ocean bottoms today (8) were negli- 
gible in or absent from the ancient 
source area. 

With the exception of perhaps K 
and Mg, the composition of 2.5 to 3.2 
X 109 year old North American sedi- 
ments (chiefly graywackes), estimated 
by Engel and Engel (Table 1; 1), is 
grossly similar to that of the Wyoming 
graywackes. Such data suggest that the 
North American crust older than 3.2 

Table 2. Compositions of the 2.5 to 3.2 X 109 year old Superior Province. Included are two 
estimates of Precambrian-shield compositions. Total Fe as Fe2O,. Key: A, average compo- 
sition of Superior Province in New Quebec (11); B, average composition of Superior Province 
in northwestern Ontario (10); C, average composition of Superior Province in Wyoming (this 
report); D, average composition of 1.8 to 2.5 X 109 year old North American sediments (1); 
E, average of estimates A-D; F, average composition of Canadian Shield (12); G, average 
composition of Finnish Shield (13). 

Item 
Composition, average 

A B C D E F G 

Oxides (percentage by weight) 
Si02 64.5 66.3 65.3 65.2 65.3 63.1 67.5 
TiO, 0.48 0.47 0.50 0.48 0.8 0.4 

A1203 16.1 15.4 16.5 14.1 15.5 16.8 14.6 
Fe2O3 4.7 4.4 4.3 4.9 4.6 5.6 4.8 

MgO 2.3 2.1 2.6 2.3 2.3 1.8 1.7 
CaO 3.3 4.0 3.5 3.1 3.5 4.1 3.4 
NaO 4.0 3.9 3.6 2.8 3.6 3.6 3.1 

K2O 2.8 2.3 2.5 2.6 2.6 3.1 3.6 

Manganese (ppm) 
Mn 600 500 400 500 200 300 

Ratio 

Na:K 1.3 1.5 1.3 1.0 1.3 1.0 0.8 
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X 109 years was chiefly of a calcium- 
rich granite composition. The overall 
compositional similarity of these anci- 
ent clastic sediments to younger Pre- 
cambrian terranes (Table 2) poses the 
possibility that the sediments were de- 
rived from an ancient crust of similar 
composition. The fact that in lithologic 
composition preserved 3.4 to 3.6 X 109 
year old crust in Africa and Europe 
is not unlike later Precambrian crust 
adds support to this possibility. At 
any rate the conclusion seems justified 
that the earliest continental crust in 
North America of which we still have 
record was at least as highly differenti- 
ated as most later Precambrian crust. 

In an attempt to estimate the com- 
position of the Wyoming portion of the 
2.5 to 3.2 X 109 year old Superior 
Province, about 300 samples were col- 
lected from major rock types in the 
Wyoming Precambrian crust and ana- 
lyzed for Si, Al, Ti, Fe, Mg, Ca, K, Na, 
and Mn by x-ray fluorescence and neu- 
tron activation. By combining these 
data with other published results of 
analyses (9) and by weighting each 
rock type according to its approxi- 
mate abundance, an average composi- 
tion was calculated. The results are 
accompanied (Table, 2) by other esti- 
mates of compositions of the Precam- 
brian shield. This estimate closely 
agrees with two recent compositional 
estimates for the Superior Province in 
Ontario (10) and Quebec (11), and 
with a compositional estimate for 1.8 
to 2.5 x 109 year old sediments (1) 
that were probably derived chiefly 
from 2.5 to 3.2 X 109 year old ter- 
ranes. The mean value of these four 
estimates (Table 2, column E) may 
serve as a best approximation of the 
composition of the 2.5 to 3.2 x 109 

year old North American crust at the 
present time. It is noteworthy that 
in composition this crust appears to 
closely resemble the crust older than 
3.2 X 109 years as inferred from the 
graywackes. 

Because sampling in the Superior 
Province has included terranes repre- 
senting metamorphic grades as high as 
the granulite facies, one probably may 
infer that the compositional estimates 
of Table 2 apply to depths in the 
crust of at least 10 to 20 km. The 
fact that seismic data imply that the 
-upper one-third to two-thirds of the 
continental crust is of similar overall 
composition supports this inference. 

Also shown in Table 2 are estimates 
of the average composition of the Ca- 
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nadian Shield (12) (including terranes 
varying in age from about 1 to 3 X 109 
years) and of the Finnish Shield (13) 
(including terranes varying in age from 
1.7 to 3 X 109 years). Because of the 
fewer samples available, errors in early 
silicate analytical methods, and the 
limited amount of data related to 
lithologic abundances when these stud- 
ies were made, these estimates should 
not be regarded as being as accurate 
as the other estimates in Table 2. 
It is notable, however, that with the 
exception of their lower Mg, Mn, and 
Na:K values, which may or may not 
be real, both the Canadian and Fin- 
nish shields are of approximately the 
same composition as the Superior Prov- 
inee. If the 2.5 to 3.2 X 109 year old 
graywackes in North America reflect 
the approximate composition of the 
North American crust older than 3.2 
X 109 years, it appears unwarranted to 
propose major compositional changes in 
the North American continent during 
the period between about 1.0 and 3.5 
X 109 years ago. Furthermore, even 
though sedimentary rocks younger than 
1 X 109 years show some secular com- 
positional changes (1), the fact that 
they occupy a very small part of the 
North American continent seems to in- 
dicate that North America has not 
changed appreciably in composition 
during the last 3 to 3.5 X 109 years. 

There are now two popular theories 
regarding rates of continental growth: 
(i) one proposes that continents have 
grown at a rather uniform rate through- 
out geologic time (1), and (ii) the 
other advocates rapid growth during 
the early stages of continental evolu- 
tion, with little subsequent growth (14). 
The conclusion that the North Ameri- 
can continent may not have changed 
appreciably in composition during the 
last 3.0 to 3.5 X 109 years appears to 
be compatible with either theory. If 
one assumes that the first is correct, 
it appears that the composition of new 
material being added to the continents 
from the mantle has had approximately 
the same composition for the last 3.0 
to 3.5 X 109 years. The second theory 
makes it appear as though the uni- 
formity of composition was maintained 
primarily by recycling of crustal ma- 
terial. 

In summary, the results of this in- 
vestigation suggest that: (i) at least 
part of the ancient Norlth Americlan 
crust older than 3.2 X 1O9 years was as 
highly differentiated as most younger 
North American Precambrian crust, 
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and (ii) the North American crust 
may not have changed appreciably in 
composition during the last 3.0 to 3.5 
X 109 years. 
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Gravity Increase at the South Pole 

Abstract. Measurements made between December 1957 and January 1966 of the 
gravity difference between the McMurdo Sound pendulum station, which is on 
bedrock, and the South Pole station, which is on the Antarctic ice sheet, show 
a gravity increase at the South Pole of 0.11 milligals per year. The most likely 
hypothesis for the increase is that it was caused by ice flowing downslope across 
a gravity gradient and by the sinking of the South Pole station as a result of 
accumulation of ice. An alternate hypothesis that the gravity increase was caused 
by a decrease in ice thickness, of about 40 centimeters per year, is theoretically 
possible but is not supported by direct evidence. 

The Antarctic ice sheet is the largest 
ice sheet in the world, and any vertical 
or horizontal movement that can be de- 
tected on it has significant glaciologi- 
cal implications. Changes in gravity on 
the ice sheet at the South Pole are indi- 
cated by repeated measurements of the 
difference in gravity between the South 
Pole station and McMurdo station 
from December 1957 (1) to January 
1966. As McMurdo station is on bed- 
rock, the change presumably occurred 
at the South Pole. 

Recent improvements of gravimeters 
in sensitivity, calibration, and stability 
have increased the possibilities of de- 
tecting changes in elevation of the 
earth surface, and measurable changes 
have been reported (2). All measure- 
ments, or gravity ties, presented here 
were made by direct aircraft flight be- 
tween stations with La Coste Romberg 
geodetic gravimeters calibrated on the 
North American calibration range (3), 
with the exception of gravimeter G91, 
for which the calibration provided by 
the manufacturer was used. These gravi- 
ty ties are believed to include all of 
those made with thermostated gravim- 
eters. Several ties made with Worden 
gravimeters (1, 4) were not included, 

as the drift closures were too great 
and there were uncertainties in the cali- 
bration due to temperature effects. The 
original data were recomputed to the 
nearest 0.01 mgal, earth tide corrections 
were made, and the values were all ad- 
justed to the Gulf pendulum station 
at McMurdo station (5). 

At McMurdo, Sparkman used the 
pendulum station base (5), which is now 
relatively inaccessible; Behrendt and 
Rambo used an auxiliary base at the 
Biological Laboratory, and Den Hartog, 
Robinson, and Jiracek used an auxiliary 
base in the U.S. Antarctic Research 
Program warehouse. At the South Pole 
(6) all observers used the same base. 
The data are presented in Table 1 and 
Fig. 1. 

Figure 1 shows an apparent de- 
crease in the differences in gravity be- 
tween McMurdo station and the South 
Pole station of 0.11 mgal/year, de- 
termined by a least-squares fit to the 
data. As the standard deviation of the 
data from the line is only about 13 
percent of the total change, I believe 
that the change shown is real. Since 
the gravity is greater at McMurdo, the 
net result is an increase in gravity at 
the South Pole station. 
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