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ABSTRACT

Over 400 oriented cores of Permian, Triassic, Jurassic, and
Cretaceous sedimentary and igneous rocks were collected from 34 sites
at 10 areas throughout southern Alaska. After magnetic 'cleaning' in
successively higher alternating fields 179 samples were considered to
be stable and to give statistically consistent results within each
site and age group. Due to the lack of a sufficient number of stable
samples, the results from Permian, Triassic, and Cretaceous rocks
were inconclusive. The nine remaining Jurassic sites represent 100
samples from three general areas in southern Alaské.

The mean paleomagnetic declinations calculated with respect to
the presént, Carey's model, and Grantz's model are not significantly
different from one another and do nmot show a systematic change along
the strike of the orocline. The paleomagnetic poles for the Jurassic
from southern Alaska and North America are separated in the opposite
direction to be explained by the Alaskan orocline. The Alaskan
oroeline as Carey defined it, therefore, does not appear to be a
valid concept.

The southern Alaskan Jurassic paleomagnetic pole is significantly
different from the North American Jurassic pole. This sugpests that
since the Jurassic, southern Alaska must have moved approximately 18
‘degrees north and rotated 52 degrees clockwise to reach its present
position. Tectonic interpretation of these results give a possible
explanation for many of the geologic features observed in southern

Alaska.
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I. ARCUATE TECTONIC FORM OF ALASKA

The arcuate form of Alaskan topography and tectonics has been
a topic of speculaticn for many years, especially since the accep-
tance of continental drift ideas spurred real interest in global

geology.
TOPOGRAFPHIC EXPRESSION

Besidés the southern shereline, the most obvious topographic
feature in Alaska with an arcuate form is the Alaska Range, which
is a part of the Cordillera that bounds the western edge of the
Americas. The trend traced by the Ceoast Mountains of Canada, the
Alaska Range and the Aleutian Range curves approximately 75 degrees
in mid-Alaska. The Tanana River and the Kuskokwim and Nushagak
Rivers create a lowland to the north that parallels the Alaska
Range. Still farther north the Kuskpkwim Mountains and the Tanana-
Yukon Uplands follow the general trend of the Alaska Range, as does
the Yukon River, which has its headwaters in Canada. The Brooks-
Range in northern Alaska forms an angle of about 30 degrees to the
trend of the Rocky Mountains. To the south of the Alaska Range,
the Saint Elias Mountains, the Chugach Mountains, and the Kenai
Mountains also form an arcuate belt along the Gulf of Alaska. There
are less obvious topographic features that parallel the trends of
the Alaska Range and the Brooks Range, but few other features are

continuous across Alaska.



GEOLOGIC EXPRESSION

Payne (1955) mapped the Mesozoic and Cenozoic tectonic elements
of Aiaska and explained the tectomic history of central and southexn
Alaska with a series of arcuate geosynclines and geanticlines of
different ages. The Paleozoic Seldovia, Talkeetna, and Tanana geanti-
clines, the lower Cretaceous Yakataga geosyncline, and the upper
Cretaceous Chugach Mountains, Matanuska, Alaska Range, and Kuskokwim
geosynclines are all examples of this.

qut of the following discussion of faults in Alaska is from
Grantz t1966). The righg-lateral strike-slip Denali.fault system,
which is %ell expressed topographically and defines the curvature of
the Alaska Range, consists of relatively straight fault segmer ts that
extend from Chatham Strait to Bristol Bay. The Denali fault shows a
cuf;e of about 30 degrees (Fig. 1-1).

From east to west, the Chatham Strait, Chilkat River, Shakwik,
Denali, Holitna, and Togiak-Tikchik faults compose the Denali fault
system. The Denali fault consists of the Farewel} segment, the Hines
Creek strand and the McKinley strand. Most of the faults of the
Denali fault system are thought to be older faults of an unknown
type, with imposed Cenozoic or latest Mesozoic to Recént right-lateral
Aisplacement along a length of over 2150 km. The Chatham Strait and
Chilkat River faults became active in the early Cretaceous; the Togiak-
Tikchik and Holitna faults became active in the late Cretaceous; an&
the various Denali fault segments became active in late Cretaceous or

Paleocene, All but the Chatham Strait and Chilkat River faults have



Figure 1-1. Major fault trends in Alaska and northwestern Canada.
(After King, 1969; Grantz, 1966; Richter and Matson,
1971;: and Churkin, 1970a)
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-experienced motion in Recent times. Estimates of the total right-
lateral offset of the Denald fault system range from 240 km (St._
Amand, 1957), to 80 km (Brew and others, 1966). The Totschunda fault
system, which is an extension of the Fairweather fault, intersects
the Denali fault system in the Mentasta Mountains at 144 degrees west
longitude (Richter and Matson, 1971). The Fairweather fault and
Totschundé fault systems are apparently no older than early Pleistocene
and are active today. The motion of these faults is predominantly
right-lateral, with up to 10 km displacement. All of these faults
are relatively straighf but iritersect to form a complex and definitely
arcuate fault trace.

The Tintina and the Kaltag faults may also form an arcuate fault
system (Fié. 1-1), approximately 150 miles north of the Denaiivfault
system (Churkin, 1970a). From Canada, the Rocky Mountain trench,
extrapolated across the Liard Plain, trends into the Tintiné trench
and Tintina fault which extend into Alaska (Roddick, 1967). It is
unclear whether the Tintina fault bends westward into the Stevens
Creek fault zone and still further west into the Kaltag fault or
trends into the Kobuk trough. The right-lateral Tintina fault was
active in lower Paleozolc {Roddick, 1967), from Jurassic through late
bretaceous, and from Oligocene through Pliocene (Grantz, 1966). The
Tintina fault and Tintina trench have a combined length of approxi-
mately 1300 km with postulated offsets ranging from 80 km, estimated
in Alaska (Grantz, 1966), to.400 km, estimated in Canada by Roddick
(1967). It should be noted that the existence of faulting along the
Kobuk trough és suggested by Grantz (1966) and King {1969) is now

being questioned (Fritts, personal communication, 1972).



The Kaltag fault may bend into the Tintina fault or trend north-
east into the Porcupine lineament as mentioned above (Fig. 1-1). The
right-lateral Kaltag fault can be traced westward onto the Bering
shelf (Scholl et al., 1970). The Kaltag, which is 400 km long on
land, has been active from the late Cretaceous to the Recent and has
a displacement of approximately 140 km.

. In western Alaska, approximately half-way between the Farewell
segment of the Denali fault and the Kaltag fault, lies the right-
lateral Iditarod-Nixon Fork fault. The Iditarod-Nixon Fork fault
became active’in late Cretaceous and has'displacement until Recent
time with a_maximum total offset of 110 km., This 500 km long fault,
although predeminantly strike-slip, has a reverse dip-slip component
which is upthrown on the north. Even though the Iditarod-Nixon Fork
fault cannot be traced east beyond 152 degrees west longitude, and
thus cannot be traced around the bend, its sense of motion, age, and
trend are identical to the westerm portiong of the Denali fault system
and the Kaltag-Tintina faults. Trending north from the Togiak-Tikchik
fault, terminating the Iditarod-Nixon Fork fault, and ending in the
Kaltag'fault, is the left-lateral Aniak-Thompson Creek fault, which
has about 40 km of late Cretaceous or Tertiary displacement.

Approximately 110 miles south of the Farewell segment of the
Denali fault, the Castle Mountain fault follows a parallel trend.

The Castle Mountain fault has had possibly up to tens of kilometers
of right-lateral displacement along a length of approximately 450 km

since late Cretaceous. Apparently the Castle Mountain fault does not



make a bend and trend into the Chitina Valley to connect with the
Fairweather fault as postulated by St. Amand (1957), but splays out
in the southern Talkeetna Mountains just north of the upper Matanuska
Valley (Grantz, 1966).

On the west coast of Cook Inlet, to tﬂe southwest of the Castle
Mountain fault, is the Bruin Bay fault, which is nearly parallel to
the Holitna fault of the Denali fault system. Both the Bruin Bay
fault, and a parallel fault along the northwest shore of Kodiak
island, are high—-angle reverse faults upthrown on the north. On the
-gsoutheast shére of Kediak Island are at least two maiof normal faults
upthrown on.the northwest, which are nearly parallel to the Helitna
fault. The Bruin Bay fault became active in the mid to late Jurassic,
while tha faults on Kodiak Island became active in the eariy to mid
Tertiary. Other areas in scuthern Alaska also have thrust faulting
that parallels the general trend of the Denali- fault system, as shown

in Figure 1-1.
DISCUSSION OF ORIGIN

Alaska appears arcuate in both topographic and geologic form.
In view of the increasing evidence for plate tectonics, an understand-
ing of the contact between Eurasian and North American plates would
answer many questions about the geologic history of the North Pacific
and Arctic Oceans. The arcuate form of Alaska either developed as
such from the beginning, is tectonically controlled, or is the result
of some combination of the two. Carey (1958) explained the arcuate

tectonic form of Alaska by the Alaskan orocline (Fig. 1-2), which is



ASIA

- ALASKAN —
KOROCLINE ===

oo J

oSimple
Tension
Rift

NORTH
AMERICA

Figure 1-2, Alaskan orocline and Arctic sphenochasm.
(From Carey, 1958.)



the compressional side of a rift that he called the Arctic spheno-
chasm. The Arctic sphenochasm has an opening of about 30 degrees
which is distributed into two en echelon tension rifts, forming the
Arctic Ocean and the Greenland, Barents, and Kara Seas and the
Khatanga, Davis Strait, and Baffin Bay troughs. Carey also developed
‘explanations for many other features around the Arctic Ocean that
followed from the Alaskan orocline hypothesis.

Carey's pivot point for the Alaskan orocline is approximately
148 depgrees west longitude and 64 degrees north latitude, which is a
point just north of the bend in the Alaska Range. He divides the
hinge region of the orocline into a complex array of orotaths,
sphenochasms, rhombochasms, and megashears in an attempt to match
similar topographic and geologic features of Alaska and eastern
Siberia. Further evidence Carey uses in support of the Alaskan
orocline are the Precambrian through present virtual geomagnetic
poles for Britain and North America, whose curves intersect at 30
degrees and fit the Alaskan orocline better.than other explanations
of that time for opening of the Atlantic. However, due to the few
data that these poles represent, and to the large statistical error
¥imits involved, all that is proven is that North America and Britain
digd driﬁt apart; the data may not be used to demonstrate with any
certainty about what axis this occurred. Another supporting factor
for the Alaskan orocline 1s the coherent pattern of paleogeography it
presents.

Grantz (1966) argues that insofar as the mountains are a late

Miocene and Pliocene feature, younger than the postulated formation
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of the arcuate tectonics, they cannot be a direct result of oroclinal
bending. In fact, the trend of the Cenczoic mountains show greater
curvature than that of the Mesozoic tectonic elements and late Meso-
zolc faults. The curves of the present mountains, though, are
probably the result of earlier orogenic trends which may reflect
oroclinal bending. Curved late Mesozoic features, such as strike-
~slip fault zones, might lead to evidence of oroclinal origin.

Grantz (1966), in his study of strike-slip faults in Alaska,
presents two possibilities for the internal rotation of Alaska along
the arcuate fault patterns. The first possibility is that the faults
were once straight but have been bent up to 50 degrees along a north-
érly strikiﬁg axial plane; the second is that the right-lateral--
the most recent--motion has adopted favorably situated members of an
old andtextensive fault system. ‘

Grantz pursues several lines of reasoning regarding these possi-
bilities. One is based on a hypothesis .of St.‘Amand (1957), which
suggests the right-lateral faults are in response to counferclockwise
rotation of the Pacific Basin; however, in light of recent plate.
tectonic evidence (Atwater, 1970; McKenzie and Parker, 1967; and
others) this hypotheslis seems an unlikely explanation. Work by
Richter and Matson (1971) on the Totschunda fault system also indi-
cates a different sense of stress for southern Alaska. This line of
reasoning, in any case, would not apply to interior Alaska and the
Tintina-Kaltag faults. Another way of creating the arcuate form is
by regionél compression, which would result in conjugate strike-slip

faulting. Most of the strike-slip faults in Alaska are straight;



however there appear to be no conjugate faults except in the Yukon
Delta area (Grantz, 1966).

Restoring the movement along the faults on the western side of
the bend by a simple mechanical model, Grantz (1966) was able to
demonstrate how the bend could be straightened by rotations of up to
50 degrees. Rotation in this mechanical model is around individual
pivots along a north trending axis at about 148 degrees west longi-
tude. Fifty degrees is also approximately the amount by which the
Mesozoic tectonic elements (Payne, 1955) are bent. Despite similar-
ities, it seems that such a gimple model of bending does not ade—
quately explain several factors, such as only 7 degrees of rotation
required to.restore the Castle Mountain fault and the apparent lack
of maximum stress concentration in the axial region of the Eenaing
(Grantz, 1966). Of course intcrpretation is complicated by lack of
data on the type and extent of Paleozoic and earlier displacements
along the faults. Grantz (1966) also suggested that the arcuate.
tectonic form of Alaska might represent one limb of a buckle created
by longitudinal drift of North America toward Siberia and not by a
simplé rotation about a pivot in Alaska, as was Carey's (1958)
hypothesis.

Churkin (1969, 1970a, 1970b) has correlated Pre-Cambrian,
Paleozoic, and early Mesozoic rocks of Alaska and Siberia. Work
reported on by Churkin (1970a) indicates that Wrangell Island, north
of Siberia, is connected across the Chukchl Sea to the Lisburne
Peninsula by bathymetric and gravity anomalies, and that these repre-~

sent a structural extension of the Brooks Range. TFossiliferous

11
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Mississippian rocks, which are a part of a sequence of marine sediments
and non-marine conglomerates with outcreops of comparable sections on
Wrangell Island, in the Brooks Range, and in the Arctic Islands, thus
probably represent a clastic wedge deposited around the Canada Basin
(Fig. 1-3)}. Paleozoic plutonic history aldo appears to be similar.

.At Cape Dezhneva, the easternmost tip of the Chukotsk Peninsula,
there is a gneiss and amphibolite dome surrounded by marble and schist.
A similar structure is present in the Kigluliak Mountains on the Seward
Peninsula across the Bering Strait, about 60 miles east of Cape
Dezhneva. Fossils of Ordovician and Silurian age have been found in
l}mestones overlyving both structures. Rubidium—strontium ages on both
metamorphic domes indicate Pfecambrian and Cretaceous metamorphic-
plutonig eﬁents. Thrust faulting and plutonic activity also appear
to have a good correlation on both sides of the Bering Strait (Churkin,
1970a).

Churkin (1970a) also reports that St. Lawrence Island has an
almost complete Devonian through Triassic section that resembles
rocks of both the Chukotsk Peninsula and the western Brooks Range.
Farther inland, the Yukon-Porcupine Rivers area in Alaska and the
Kolmski massif in Siberia have similar sections of carbenate and
terrigenous rocks.

Churkin (1970b) attempts to correlate the Paleozoic submarine
voicanic rocks and volcanoclastic sedimentary rocks—~eugeosynclinal
deposits~--that occur in southeastern Alaska, western Canada, and the
Alaska Range with Chukotka (Fig. 1-3). The best seétion, where

Ordovician through Permian rocks (including plutonic rocks and
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aésociated conglomerates) are exposed, 1s in southeastern Alaska.
This same rock sequence is found in incomplete sections in some areas
of the Alaska Range and farther south. Churkin (1970b) cites Russian
work that reports similar volcanic-terrigeneous rock units around the
ﬁorthwestern rim of the Pacific Basin in the Koryak Mountains of
Chukotka. Churkin (1970b) proposes that, based on the correlation of
these Paleozoic sections, the Cordilleran geosyncline of southern
Alaska continues west to become the Koryak geosyncline.

The conclusion Churkin (1970a) draws is that Alaska and Chukotka
have been connected since Paleozoic time and probably since the Pre-
cambrian. Ihis, of course, precludes any large-scale continental
drift between Alaska and Siberia. Recent geologic and geophysical
evidence from the Arctic Ocean indicates that Carey's (1958} idea
of a single rifting creating the Arctic Ocean is probably incorrect.
The geometxy of the Canada Basin opposed to the Eurasian Basin, the
active Wansen Cordillera, the inactive Alpha Cordillera, and the non-
volcanic.Lomonosov Ridge all indicate a complex origin for the Arctic
Ocean Basin. Rather than Carey's simple rifting, Churkin has proposed
spreading along the Nansen Cordillera in the Eurasian Basin, as the
extension of the opening of the Atlantic Ocean, and compression in the
Verkhoyansk and Cherski Mountains in Weétern Siberia., This implies
that the Canada Basin formed earlier. Hamilton (1970) believes that
the Nansen Ridge ends in a right-lateral fault that trends east along
the northern coast of Siberia, thréugh the Chukotsk Peninsula and into
the Bering Sea. The pole of rotation for the drifting of North America

with respect to Furasia, based on azimuths of fractures across the
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northern part of the mid-Atlantic ridge, is 78 degrees unorth, 102
degrees east (LePichon, 1968). The pole based on best fit for
breenland against Europe is 73 degrees north, 96.5 degrees east
(Bullard et al,, 1965). More recent work by Pitman and Talwani
(1972), show the pole of rotation for the Atlantic north of the
Azores to be around 149 degrees east longitude and 65 degrees north
latitude. These poles are near the apex of Churkin's proposed
hinge zome.

Compression of this magnitude, Churkin (1970b) feels, was
taken up by closing a break in the Verkhoyansk Mountain region
rather than creating a buckle between Alaska and Siberia. The
Verkhoyansk Mountain area is a fold belt that forms the boundary
between thé Precambrian and PaleozoicASiberian platform and £hé more
intensely deformed Mesozoic Chukotka fold belt (Churkin, 1970b).
Churkin (1969) proposed that the bend in Alaska is largely fhe
fesult of a long period of regional stress created by spreading of
the Pacific sea floor, oriented against the continental margin of
the Gulf of Alaska. This is supported by faults and folds in the
Koryak Mountains and around the Gulf of Alaska (Stoneley, 1967), and
by magnetic anomalies in the Gulf of Alaska (Pitman and Hayes, 1968).
Land movements associated with the 1964 Alaska earthquake also support
this concept (Plafker, 1265).

The arcuate Alaskan form thus may be the result of a combination
of tectonic bending and formation under regional stress; however, the
complexities involved are obvious from the above discussion. The

question is far from being resolved, and Alaska is in a unique posi-
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tion for interpretation of the tectonic history of the Arctie and
North Pacific regions. St. Amand (1957) suggested that remanent
magnetization of appropriate rocks in Alaska be measured to see If
any rotation was indicated. Chantry-Price (1967) attempted a pre-
liminary study of the Alaskan orocline by collecting rocks of
different ages at six sites. Due to questionable stability of the
samples collected or an intensity too small to measure successfully,

his results were inconclusive. The results of a more detalled study

are presented here.



II. PALEOMAGKETIC APT'ROACH
REMANENT 1 AGNETIZATION

Rocks containing magnetic minerals may acquire a remanent magne-—
tization known as natural remanent magnetization or NRM. Minerals
having ferrimagnetic properties at normal temperatures lie predomi-
nantly within the Fe0-Ti0p-Fe,0q ternary system but also include
minerals such as the pyrrhotites and various oxyhydroxides of irom.
Irving (1964), Nagata (1961), Strangway (1970), and others discuss
the magnetic properties of rocks in great.detail.

Rocks may obtain an NRM through thermal, chemical, or mechanical
processes or through some combination of these. Rocks become magne-
tized in the direction of the ambient magnetic field as the rock's
constituent magnetic minerals cool through their respective blocking

temperature or T This process is called thermo-remanent magneti-

b
zation or TRM, and is generally very stable, Thus, for igneous rocks,
the geomagnetic field present at the time of formation is 'frozen' in
by TEM. A metamorplhic event with temperatures above Tb also records
the geomagnetic field. Tb is determined mainly by particle size,
erystal structure, and composition.(Nagata, 1961).

Cﬁemical remanent magnetization or CRM is also impertant in
reéording field directions. This type of NRM is the result of either
the formation of new magnetic minerals or recrystallization of
exlsting minerals at temperatures below their blocking temperatures.

~As the mineral grains grow through their blocking diameter (Irving,

1964) they obtain an NRM parallel to the ambient field.

17



18

Another low-temperature NRM 1s viscous remanent magnetization, or
VRM. At the expense of previously acquired TRM ox CEM, the magnetic
vector in minerals with a low coercivity and/or a short relaxation
time mway change direction to become aligned with a changing geomagnetic
field. For most rock types VRMlonly affects 2 or 3% of TRM during
periods up to 109 years, except at elevated temperatures (Nagata,
1961). Both CEM and VRM are often regarded as secondary magnetization
or 'noise' on top of the primary TEM, and various techniques can be
used to separate, eliminate or reduce their effects.

A mechanilcal process by which sedimentary rocks may acquire an
NRM is called detrital remanent magnetization, or DRM. Small magnetic
particles.become oriented by the geomagnetic fleld as they settle and
are eventuélly censolidated into the sediment. Even though mechanical
interactions—--~such as shape, relative size, water velocity, and com-—
paction—have an effect, experiments with different types of sediments
in still, running, and turbulent water, and tests on natural sediments,
have shown that the accuracy with which sediments record the ambient
magnetic field is good. Nagata (1961) and Irving (1964) explore DRM
in detail and have shown the existence of two types of error--an incli-
nation error, and an error due to the slope of the original bedding.
These errors may result in an inclinatién that is generally 20 degrees
less than that of the geomagnetic field (Nagata, 1961). However, con-
sistency tests on slumped beds In sediments, such as fine-grained
sandstone or coarse-grained siltstone, in which the magnetic particle
size was relatively smaller (at least by a factor of 2) than the

sediment particle size, have shown inclination errors to be extremely
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amall. This is believed to be a result of the magnetic minerals
aligning themselves within the interstitial spaces until compaction
énd cementation locks them in place. The error caused by compaction
in most cases has been found to be small. Errors in.declination are
easily averaged out.

Since secondary effects such as weathering, metamorphism, heat-
ing or VRM can alter the primary NRM, a stability check is generally
made before using magnetic data, Successively higher alternating
field (AF) demagnetization and successively higher temperature (ther-
mal) demagnetization technigues are widely used. Both methods deter-
mine the magnetic stability by measuring the resistance of NRM to
heat and magnetically induced changes. Collinson et al. (1967},

Nagata (1961), and Irving (1964) describe both methods.
PALEOMAGNETISM

Paleomagnetism is based on the use of NRM in various rock types
throughout the geologic past. Oriented samples are collected from
in situ outcrops, and the direction of the NRM vector is measured.
A number of samples from the same outcrop should be averéged to
mean out random errors in both the collection and measurement pro-
cesses, and the way in which the rock has recorded the geomagnetic
field. This NRM direction serves as a "spot" reading of the geomag-
netic field.

A basic assumption of paleomagnetism is that the average geomag-
netic field is that of a geocentric axial dipole (Briden, 1968; Creer,

1967; Runcorn,.1959a, b; Opdyke and Henry, 1969; and others). The
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position of a geocentric dipole axis is easily calculated from a
magnetic vector at a given site, using the basic equation
tan T = 2 tan A

where I is the vector inclination and A is the paleolatitude. This
pole, calculated from a spot paleomagnetic reading, is called a
virtual geomagnetic pole, or VGP (after Cox and Doell, 1960), because
it probably does not represent a true pole. If the secular variation
component of the earth's field (which can be averaged in about lO4
years) is taken into account, by averaging poles from rock units
that span at least 104 vears, the pole poéitions are called paleo-
magnetic poles (Irving, 1964) and probably represent true poles.
Statistiqél treatment is required because of the dispersion of
paleomagnetic directions which can be the result of a variety of
factors—-such as secular variation, wandering of the rotational axis
of the earth, magnetic reversals, and errors both experimental in
nature and related to the acquisition of NEM. Excellent summaries
of paleomagnetic dispersioms and their relative importance are given
by Doell and Cox (1963), Bingham (1971), Irviog (1964), and others.

Paleomagnetic data which are assumed to have a Fisherian, or
'spherical normal' distribution (Fisher, 1953}, can be treated by
statistics that deal with the directions of.unit vectors, i.e. points
on a unit sphere. A set of statistical parameters, which have become

nearly standard within the literature, make possible the treatment of

paleomagnetic data (Irving, 1964; Bingham, 1971; and others). The

(N-1)
(N-R)

sum of N unit vectors whose directions correspond to the data points

best estimate of precision is k = where R is the length of the
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on the sphere. The radius of the circle of confidence at the 95%

level around the mean is 1

L N1 ) o 140

1-.95 AN

N-R

= -1 -
cos™* [1 R

o ( ¢

95

TECHNIQUES

The methods and equipment used to collect and measure the
samples for this study are similar to those used by others and are
described in the literature (Collinson et al., 1967). The par-
ticular methqu and equipment used in this study are dgscribed by
Cameron (1970), Cameron and Stone (1970), and Bingham (1971).

) Cores, 2.54 cm in diameter, were drilled by a gas powered
backpack drill which drives a stainless steel shaft tipped by
diamonds set in a phosphor-bronze matrix. Doell and Cox (1967)
describe a similar drili. While still attached to bedrock, the core
is fitted with a slotted copper tube through which a fiducial line
is inscribed with a brass wire. The fiducial line is oriented with
respect to magnetic north, topographic features, the sun, and thg
horizontal from a moveable platform at the top of the tube which

has an inclinometer and mounts for both a Brunton compass and a sun
compass.

The cores, cut into 2.1 cm discs and marked, were measured in
either a 5 Hz spinner magnetometer (Foster, 1966) or a 5 Hz Schonstedt
Model SSM-1A spinner magnetometer, which has a sensitivity of 10—9
emu. Errors due to orlentation in the field and positiening in the

spinner magnetometer are thought to average less than 2 degrees

(Doell and Cox, 1963). Measurement error is less than 5 degrees.
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Cores were collected in groups, referred to here as sites, with
an attempt to collect three cores or more from a stratigraphic level,
;nd to sample as many levels as time and conditions permitted. The
spacing laterally within a site was usually at least 100 feet, and
geographic spacing was achieved where possible by collecting at more
than one site, separated by more than one quarter mile, within the
same rock unit. The number of cores collected per site, depending
largely on logistic circumstances, numbered usually ten or more but
never less than six, as per Doell and Cox (1963). Generally samples
from aASingle rock unit at a‘given_area were treated together,
statistically unweighted, 1if the individual sites were one mile or
less from each other. When the sites within the same rock upip from
the same sémpling area have a separation of greater than one mile,
the samples were treated statistically unweighted within the site,
and the site means were then used in comparison with other areas
{(Irving, 1964). Treatment to the contrary is noted within the
deseription of individual areas. Cores were taken only from in situ
outcrops and at least one quarter mile from faulting, in an attempt
to aveid leocal rotation, although in many areas in Alaska geologic
mapping or exposure is insufficient to assess this properly.

The samples, tumbled about two mutually perpendicular axes in
field free space, were subjected to sucessively higher levels of
alternating (60 Hz) field (AF) demagnetization for magnetic 'cleaning'
and as a stability test. Low-field bulk susceptibility measurements
for.the samples were also made with a total and anisotrople suscep—
tibility meter (Collinson, et al,, 1963; Cameron, 1970; Cameron anq

Stone, 1970).



23

Magnetic vector measurements, bedding orientations, and orien-
tation calculations were used to calculate final magnetic direction
and VGP on an IBM 360/40 electronic digital computer. Statistical
parameters were calculated on the same computer, and the results

were hand plotted on a Wulff stereographlc projection.
APPLICATION TO STRUCTURAL PROBLEMS

Irving (1964) describes many applications of paleomagnetism
to structural problems, Including detection of relative rotation
about a vertical axis. This rotation may be on the local fault block
or regional oroclinal scale, and is detected from the divergence of
declinations between two different areas of the same age. Of course,
the method is dependent upon the accuracy with which the declination
is measured. Irving (1964) points out that &D = a95 sec 1. Thus,
when the inclination is steep, the declination is poorly defined.

In several areas where oroclinal bending has been postulated
on geological grounds, paleomagnetism has shown rotation of a
similar magnitude., Geologic and paleomagnetic evidence together
suggest that Japan underwent an early Tertiary bending of 58 degrees
{(Irving, 1964). Divergent declinations on the Eocene Siletz River
volcanics of Oregon compared to the Eocene Green River Formation of
Colorado, indicate a 63 degree clockwise rotation between the two
areas (Irving, 1964). This rotation corresponds to the rotation
required in the formation of the Mendocine orocline postulated by
Carey (1958). A 35 degree counterclockwise rotation of Spain, the

result of the formation of the Biscay sphenochasm, was postulated
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by Carey (1958) to have taken place since the Mesozoic. Carey based
his idea largely on fit; however rotation of this amount brings
declinations of Permian formations from Spain into agreement with
those from Northern Eurcpe {(Irving, 1964),

The technique used in this study will consist of both a comparison
of the declinations from sites throughout Alaska and an analysis of
the VGP's of North America, Asia, and Europe, with respect to Alaska.
A systematic change in declination would be the only acceptable proof
of oroclinal bending. On the other hand,_a lack of significant
change would mean no bending-or one too small to be-detectable with
these data. . Scattered declinations could be the result of local
fault block rotation or one or more of the undetected factors that
affect NRM as discussed above, and would be inconclusive.

The VGP for Alaska will give its latitude with respect to the
north pole assuming the geocentric axial dipole. By éomparison with
the equivalent North American pole position, Alaska's relative
latitude with respect to North America can alsc be determined, as

can the relationships between Asia, Eurcpe, and North America.



ITI. MESDZOIC PALEOMAGNETIC RESULTS FROM ALASKA-
ALASKA PENINSULA

Over 260 samples were collected at 21 different gites from the
Chignik Lake, Chignik Lagoon, Puale Bay, Cape Kekurnoi, Katmai, and
Tuxedni Bay areas on the Alaska Peninsula (Fig. 3-1). Rocks of
Permian, Triassic, Jurassic, and Cretaceous ageé were represented.
The majority of the samples were sedimentary recks with fossil age

control, but some K-Ar dated intrusive rocks were also collected.

Geologic setting of the Alaska Peninsula

The largest part of this geologic summary was taken from C. A.
Burk's G.S.A. Memoir 99, Geology of the Alaska Peninsula-Island Arc
and Continental Margin (1965), which includes an excellent biblio-
graphy of previous geologic work on the Alaska Peninsula,

Permo-Triassic detrital volcanic rocks, extrusive flows, and
limestones are exposed at various ldcalities along the Alaska Penin-
sula, and smaller amounts of sandstones, argillites, slates, and‘
graywackes occur loﬁally. These rocks, part of which are metamor-
phosed, constitute the oldest rocks on the Alaska Peninsula, and
appear to be at least 10,000 feet thick.in the Puale Bay region.
Thelr age is determined, due to lack of fossil control, from their
relationship to the 1500 feet of overlying late Triassic limestone
and chert.

The volecanie-rich rock units of early Jurassic age conformably

overlie the late Triassic strata. Along the southern coast of the
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Alaska Peninsula the fossiliferous early Jurassic consists of tuffa-
ceous sandspone, calcareéus sandstone and shale, limestone, and
volcanic conglomerate grading upward to fine-grained shales and
sandstones. Inland, porphyritic flows (latite to basalt), breccias,
and tuffs form up to B00O feet of section, and from thelr strati-
graphic position are presumed to be of early Jurassic age.

A very complete section of middle and late Jurassic sedimentary
rocks is well-exposed in the Tuxedni Bay region, and conformably
overlies the early Jurassic. Part of this section, the Tuxedni
group, is composed of siltstomes, arkoses; graywacke sandstones,

.conglomeraﬁgs, massive sandstones, and shales, and has been divided
into six formations (Detterman and Hartsock, 1966). Conformably
overlying the Tuxedni group, the Chinitna Formation--massive to
thinly bedded siltstone, ellipscidal limestone concretions and
sandstone--is divided into two members (Detterman and Bartsock, 1966).
A total of at least 10,000 feet of the combined Tuxedni group -and

the Chinitna formaﬁion are exposed at Tuzedni Bay. Further south-
west along the Peninsula, early Jurassic formations occur only
locally, leaving only the léte Jurassic.

The upper Jurassic Naknek Fermation conformably overlies the
Chinitna Formation, and is composed of a basal conglomerate, arkosic
sandstone, and siltstone, Exposed the entire length of the Alaska
Peninsula, the Naknek Formation forms a distinctive marine rock type
that reaches its maximum thickness of 10,000 feet in the Wide Bay
area. Southwest of Wide Bay the late JﬁrassiC*early Cretaceous

Staniukovich Formation conformably overlies the Naknek, The Stan-
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fukovich Formation, composed of fine-grained feldspathic sandstones
and arkoses, reaches a maximum thickness of 2000 feet in the Wide

Bay area and thickens and thins irregularly to the southwest. In

the Cape Douglas area the Staniukovich is conformably overlain by the
lower Cretaceous Herendeen limestone.

The sedimentary section on the southeastern shore of the Alaska
Peninsula, from the middle Jurassic through the early Cretaceous,
represents sediments deposited in a rapidly subsiding area close to
an eroding granitic source. The Aleutian Range batholiths of Jurassic
age (Reed and Lanphere, 1969) separated from the sedimentary sequence
by the Bruig Bay fault appear to have served as the source area. The
Bruin Bay fault, a high-angle reverse fault upthrown on the northwest
side, uplifted'the granitic hody relative to the Jurassic sediments.
On the basis of the sedimentary record, the fault must have become
active in the mid to late Jurassic time. The Jurassic batholiths,
although not exposed southwest of Wide Bay, must now be coyered by
Tertiary and Quaternary age rocks, because the sedimentary sequence
contains a record of granitic erosion similar te that northeast of
Wide Bay. Similarly, the Bruin Bay fault is not exposed southwest
of Becharof Lake,

Uplift and minor deformation must ﬁave occurred on the Alaska
Peninsula in the mid Cretaceous, because all late Cretaceous rocks
rest unconformably on early Cretaceous rocks. The late Cretaceous
Chignik Formation, exposed irregularly southwest of Wide Bay, is
composed of 1250 feet of a thick basal coal member and 2000 feet of

argillaceous sandstone and siltstone. The Hoodoo Formation confor-



mably overlies the Chignik Formation and consists of 2000 feet or
more of siltstone and shale.- The Kaguyak Formation exposed at Cape
Douglas is equivalent, in age and composition, to the Hoodoo Formation.

The Tertiary 1s characterized by an almost complete rock record,
consisting larpely of basaltic and andesitic flows, sills and their
sedimentary debris. Paleocene rocks lie with a slight unconformity
on the upper Cretaceous or older rocks, indicating that the Alaska
Peninsula underwent minor uplift and erosion. From Wide Bay south-
west to Pavlof Bay, 5000 feet of non-marine wvolcanie siltstones and
interbedded flows and sills, called the folstoi Formation, were
deposited during the Paleocene and early Eocene., The Oligocene
Stepovak Formation, 15,000 to 20,000 feet of volcanic sandstonme and
conglomerate, conformably overlies the Tolstoi and is exposed south-
west of Purt Moller. 1Its age equivalent, the Meshik Formation,
consists of 5000 feet of coarse volcanic debris, and extends from
Port Moller to Wide Bay. In many areas it is impessible to separate
the Stepovak and Tolstol Formations; the combined Paleocene through
0ligocene section has been called the Beaver Bay Group. The Miocene
Bear Lake Formation, composed of 5,000 feet of marine and non-marine
volcano-~clastic material with chert and a basal conglomerate member
locally, unconformably overlies the Stepovak Formation. The Bear
Lake Formation is exposed from Aniakchak Crater southwest to the tip
of the Peninsula,

During earliest Tertiary time a quartz‘diorite body was Intruded
into upper Cretaceous slate and graywacke on Kodiak Island. This

perhaps corresponds to the slight uplift in the early Paleccene. The
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slight deformation and uplift in late Oligocene-early Miocene time is
thought to correspond to the intrusion of a mid Tertiary granodiorite
body along the Pacific coast of the Alaska Peninsula.

The deformation responsible for most of the anticlinal and sym-
clinal folding, and the local faulting associated with the anticlinal
complexes, culminated in the Pliocene, From Kamishak Bay northeast
along the west coast of Cook Inlet, a narrow strip of land southeast
of the Bruin Bay fault has undergone tight anticlinal folding and
three types of minor faulting (Detterman and Hartsock, 1966). Detter-
man and Hartsock {1966) describe cross féults, both normal and reverse,
oblique to Fhe trend of the Bruin Bay fault. These are thought to be
due to differential uplift and stresses involved in the movement along
the Bruln Bay fault. Hinge faults that have minor rotational move-
ment, and normal faults that generally parallel the Bruin Bay fault,
are present but do not create any major offsets.

From Kamishak Bay southwest to Becharof Lake folding is reduced
to a broad anticline, the Kamishak anticline, and minor gentle folds
that have a general homoclinal dip toward Shelikof Strait. Northwest
of the Bruin Bay fault folding is leccal and genmerally restricted to
early Mesozoic age rocks, and is thought to be due to the intrusiom
of the Jurassic Aleutian Range batholiths.

Southwest of Becharof Lake the style of folding changes. Three
" long anticlinal arches can be seen: one from Puale Bay to Aniakchak
- Crater area; one from Chignik Bay to Stepovak Bay; and one from Port
Moller to Cold Bay. All are broad features with two anticlines and

minor high-angle reverse faults on the southern margin,
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Volcanism has continued from the Pliocene to the present, and is
continuing alqng the length of the Alaska Peninsula. Quaternary and
recent flows and associated pyroclastic material, glaclal material,
and stream deposits, make up the recent rock record on the Alaska

Peninsula.

Sites on the Alaska Peninsula

Chignik Lake (CHL)

Fifty-two cores from the Upper Jurassic Naknek Formation were
collected at five sites along the northeast shore of Chignik Lake.
These sitgs‘are separated geographically by approximately four miles.
It is difficult to estimate the total number of stratigraphic'feet
represerted by all five sites; however, each site represents at least
10 stratigraphic feet. The samples collected consist of fine- to
coarse-grained sandstone, composed of sub-angular quartz, plagioclase,
biotite, opaques, and rock fragments of gfanitic, volcanic, and meta-
morphic rocks. The beds for the three sites at the northwest end of
the lake have a 5 to 15 degree dip to the northeast, and the two sites
at the southeast end of the lake have dips of 10 degrees to the south-
west and southeast, respectively.

The vector directions and pole positions for CHL-1 to 5 at NRM
and demagnetization levels are given in Table 3-1, and are shown in
Figures 3-2 to 3-6. The mean NRM P (with respect to the present
horizontal) direction does not lie along the present axial dipole
field direction. An AF level of 95 oe caused a slight shift in the

position of the mean and probably removed any VRM components or
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Explanation to Tables 3-1 to 3-10

Location gives local name and approximate latitude and longitude of
collection locality, number of individual sites, and age and name of
unit from which the samples were collected.

Treatment explanation is as follows:

NRM P

A95, K

|

LAT, ELONG

A95, K -

mean NRM vector direction with respect to present
horizontal (not given if bedding is horizontal).

with respect to ancient horizontal.

alternating field demagnetization followed by the
level in ocersteds (peak to peak).

aumber of samples used in the determination of the
mean directions.

mean declination in degrees east of true nortn.

mean inclination in degrees below (+) or above (-)
horizontal.

radius in degrees of the 95% circle of confidence
about the mean paleomagnetic field direction, and
K, the Fisher parameter, k.

- coordinates of the mean virtual geomagnetic
pole position in degrees north (+) or south (-)
latitude, and degrees east longitude.

radius in degrees of the 95% circle of confidence
about the mean paleomagnetic pole position, and K,
the Fisher parameter, k.



TABLE 3-1

PALEOMAGNET IC DIRECTIONS AND POLE POSITIONS

DIRECTION . POLE PUSITION

LOCATION TREATMENT N 8] 1 ADS K LAT ELONG A9s K
CHL~1 - CHIGNIK LAKE, NRM P 10 26 60 10.6  21.5 67 322
ALASKA
(56.3N,;201.26) NRM 10 18 69  10.7 21.5 78 285 16.5 9.5
1 SITE AF 48 OE 10 - 5 72 8.0 37.8 86 262 12.9 15.0
UPPER JURASSIC
NAKNEK FM AF 35 [IE 10 1 70 6.8 ° 51.2 89 339 10.8 21.0
AF 190 DE 10 7 63  21.2 6.2 80 352 18.3 8.0
AF 380 0E 10 5 63 7.2 45.7 79 1 10.6 21.8
CHL=2 NRM P 10 54 60 14.2  12.6 52 292
o (56.3N,201.1E)
~ NRM 10 54 55  14.2  12.6 50 296 18.4 7.8
1 SITE
AF 48 OE 10 59 57  13.3 14.2 48 289 18.2 8.0
AF 95 QE 10 62 61  13.5 13.8 49 282 19.5 7.1
AF 190 OE 10 75  S4  19.8 6.9 39 280 25.1 4.7
AF 380 OE 10 88 41  26.9 4.2 22 219 30.8 3.4
CHL-3 NRM P 11 32 61 16.4 8.7 65 313
(56.3N,201.1E)
NRM 1t 49 59  16.4 8.7 56 291 22.6 5.0
1 SITE
AF 48 OE 11 56 49  21.9 5.3 46 300  23.0 4.9

£e



TABLE 3-1 (CONTINUED}

PALECOMAGNETIC OIRECTIONS AND POLE  POSITIUNS

DIRECTIIN
AQS

ik

POLE PUSITIIN

LOCATION TREATMENT N D K LAT ELUNG AGS

CHL-3  (CONT'D) AF 95 0 11 47 58 2944 3.4 57 297 33.3
AF 190 UE Il 1a 46 38. 56 2.4 52 340 3843

AF 380 OE il 27 33 42.5 2.1 51 340 33.0

CHL-4 NRM P 9 77 53 15.5 12.0 34 EALE
- {5643Ny201.1E)
NRM 9 81 38 15.5 12.0 24 215 la,7
L SITE

AF 48 0OE G 95 . 33 20.3 Te4 13 275 17.6

AF 95 Of 9 S0 32 23.1 5.9 15 2380 19.3

AF 190 OF 9 87 5 33.4% 3.3 4 292 26.06

AF 380 OE 9 84 -8 28,95 4.2 -1 298 25.2

CHL=-% NRM P 12 63 549 1540 9.3 47 286
NRM 12 70 45 13.0 Gl 33 290 17.7
1 SITE

AF 48 DE 12 83 ‘ 45 15.3 9.0 26 284U 17.4

AF 95 0E 12 6L~ 39 l6.06 7.8 23 254 18.0

AF 190 CE 12 70 306 19.3 6.0 24 294 18.2

AF 380 0t . 12 66 31 2.9 3.6 30 ag2 24.9

e
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Explanation to Figures 3-2 to 3-16, 3-18 to 3-22, and 3-24

Paleomagnetic data for the particular sampling locality are shown
according to the following notation:

NEM P -~ Mean NRM vector direction with respect to
present horizontal (not given if bedding is
horizental).

NRM - NRM magnetic vector directions of the
samples and their mean, with respect to
ancient horizontal,

M x lO_Gemu/cm3 - Magnetic intensity vs. alternating field
demagnetization level (oersteds, peak to
peak), and the corresponding change in
directions of magnetization for pilot samples
during AF¥ demagnetization.

Demagnetization - Mean vector directicn after AF demagnetization
at the indicated level (cersteds, peak to
peak). This vector direction and its cor-
responding VGP (not shown) are used in the
analysis of results presented in Chapter IV,

Plots are shown on Wulff stereonets with solid cireles indicating lower
(+) hemisphere and open circles indicating upper (-) hemisphere.

A hexagon, solid or open as above, indicates the mean vector directions;
a circle of radius o (except where noted) is drawn about the mean.

Mean data are from rgievant table.

X gives the position of the present axial dipole field,
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Figure 3-2,

Paleomagnetic data for CHL-1l, Chignik Lake, Alaska.
{a) NRM P. (b) NRM., (c) Magnetic intensity and (d)
directions of pilet samples during AF demagnetization,
{e) After demagnetization at 95 oe,
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Figure 3-3. Paleomagnetic data for CHL-Z, Chignik Lake, Alaska.

(a) NRM P, (b) NRM. (c) Magnetic intensity and {(d)
directions of pilot samples during AF demagnetization.
(e) After demagnetization at 95 oce.
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Figure 3-4, Paleomagnetic data for CHL-3, Chignik Lake, Alaska.

(a) NRM P. (b) NRM. (c) Magnetic intensity and (d)
directions of pilot samples during AF demagnetization.
{e) After demagnetization at 93 oe,
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Figure 3-5.

Paleomagnetic data for CHL~4, Chignik Lake, Alaska.
(a) NRM P. (bh) NRM.

directions of pilot samples during AF demagnetization.
{e) After demagnetization at 95 oe.

{c)} Magnetic intensity and (d)
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Figure 3-6.

Paleomagnetic data for CHL-5, Chignik Lake, Alaska.
{a) NRM P. (b} NRM,

(c) Magnetic intensity and (d)
directions of pilot samples during AF demagnetization.
(e) After demagnetization at 95 oe.
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secondary magnetizations present. Demagnetization in successively
higher alternating fields up to 380 oe only slightly changed the mean
‘directions of magnetization but increased the scatter, due in part to
the increasing "noise' level as the intensity decreases. Above 380 oe
up to 2380 oe, the directions became extremely scattered and three
samples became reversed. Intensity curves for AF demagnetization
levels are shown in Figures 3-2 to 3-6. Mean of the NRM intensity for
CHL-1 to 5 is 560 x ].O_6 emu/cmB, and the mean susceptibility is

3000 x 10_6 emu/cm3. The scatter of CHL-3 after demagnetization at

an AF of 95 oe is large, but "the other sites after the same treatment

are a good representation of the upper Jurassic VGP.

Chignik Lagoon (CHG)

On the northwest shore of Chignik Lagoon, on both sides of Dago
Poiht, 21 samples were collected from the Chignik Formation of upper
Cretaceous age. These samples represent approximately 10 strati-’
graphic feet per site, and are from two sites about one mile apart.
At the northeast site, CHG-1, a very fine—grained sandstone composed
of angular quartz, orthoclase, biotite, chlorite, opaques, and plagio-
clase in an argillaceous matrix was sampled. The southwest site,
CHG-2, is a fine-grained carbonaceous sandstone, compbsed of quartz,
plagioclase, biotite, epidote, and opaques in an argillaceous matrix.
The beds dip southeast at 15 degrees. A stratigraphic section for
this area has been described by Keller and Cass (1956). CBG-1 is oﬁe
gquarter of a mile south of a dip-slip fault wﬁich is upthrown on

the north.
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CHG vector directions and pole positions are given in Table 3-2
and shown in Fig. 3-7. CHG-2 had a meaﬁ NEM P that was nearly parallel
to the presént axial dipole field direction, and a demagnetization at
48 oe removed a present fleld component from the mean vector direction.
Although the mean NRM positions for CHG-1 and 2 were divergent, after
demagnetization their mean vector directions converged. Thus CHG-1
and 2 can be treated as a single site. Four of the vector directions
were significantly different from the mean (>60°) and were omitted
from the final mean. This had negligible effect on the position of
the mean, but considerably improved the ﬁrecision, The NEM intensity
of the rockg averaged 6 x lO—6 emu/cmB, and after demagnetization at
48 oe was too weak to demégnetize further. The mean susceptibility
for these samples was 70 x 10_6 emu/cmB. Thus it would seem that
although the samples' intensity was weak, their mean vector divection

is a fair approximation of the VGP during the upper Cretaceous.

Puale Bay (PLB)

From the upper Triassic limestone exposed near the entrance on
the northeast shore of Puale Bay, 53 cores were collected at two
different sites about a half-mile apart. PLB-1 represents over 100
feet of section, including 50 feet of volcanie agglomerate, and
PLB-2 about 25 feet of section. The beds at PLB-1 dip nearly west
at approximately 13 degrees, and PLB-2 has beds dipping west-south-
west at 22 degrees. The limestone consists of round aggregates of
calcium carbenate and opaques, probably hematite, in an argillaceous

matrix.



TABLE 3-2

PALEOMAGNETIC OIRECTIONS AND POLE POSITIONS

DIRECTICN POLE POSITION
LUCATION TREATMENT N 1 A5 K LAT ELONG A95 K
CHG-1 — CHIGNIX NRM P 10 39 53 19,7 7.0 55 318
LAGGUN, ALASKA
{56.3Ns201.4E) NRM 10 53 50 19.5 7.1 46 299 24.5 4.8
1 SITE _
Upper CRETACECUS AF 48 OE 10 54 30 17.5 - 8.6 33 312 18.4 7.9
CHIGNEK Fi4 .
CHG=2 NRM P S B 175 15 29.6 3.3 -30 210
(55.3N5201.4E)
: NRM 11 173 7  29.6 3.3 -26 210 24.7 44
L SITE
AF 48 OE 11 26 24 53.7 1.7 42 349 49.7 1.8
CHG-1&2 AF 48 g 21 43 29 24.1 2.7 38 325 23.6 2.8
{MINUS 4 SAMPLES) AF 48 DE 17 48 31 13.1 8.4 37 319 13.5 T.9.

£Y
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Figure 3-7.

Paleomagnetic data for CHG, Chignik Lagoon, Alaska,
fa) NRM P. (b) NREM. (e} Magnetic intensity and (d)
“directions of pilet samples during AT demagnetization
(e} CHG-1 and 2 after demagnetization at 48 oe.
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The vector directions and pole positions for PLBE are given in
Table 3-3, and pletted in Figure 3-8. The mean ¥RM P direction was
ﬁearly parallel to the present axial.dipole field direction, and
demagnetization at 48 oce did not move this significantly. These
rocks had too small an intensity to demagnetize at a higher level.
For these limestones the mean NRM intensity was 0.3 x 10'_6 emu/cm3
and their mean susceptibility was 4 x 10_6 emu/cm3. These results
are marginal and should be used only with reservation as an approxi-

mation of the upper Triassic VGP for this area.

Cape Kekurnol (CPR)

A voicénic agglomerate of Permian age containing fragments of
volcanic glass, plagioclase, olivine, augite, and opaques, well
cemented together by calcium carbonate, was collected about a fourth
of ; mile north of Cape Kekurnoi (Fig. 3-1). The twelve cores
collected represent approximately 10 feet of stratigraphic section.
Bedding is horizontal.

The results from paleomagnetic measurements of the samples
collected at CPK are presented in Table 3-4 and Figure 3-9. The
mean NRM direction was significantly different than the present axial
dipole fileld direction. On demagnetization at an AF of 150 ce the
mean shifted; upon further demagnetization at an AF of 190 oe the
scatter was reduced and the position of the mean did not change.

The samples became unstable when they were demagnetized at an AF
of 380 oe. The mean NRM intensity was 150 x 10_6 emu/cmBAand the
mean susceptibility was 1800 x lO_6 emu/cmB.r Both the behavior 6f

the two pilot samples shown and the complete instability of the



TABLE 3-3

PALEOMAGNETIC DIRECTIONS AND POLE POSITIONS

DIRECTION POLE POSITION
LOCATION TREATMENT N I A95, K LAT ELGNG A95 K
PLB - PUALE BAY, NRM P 53 37 79 8.6 6.2 71 247
ALASKA

(57.7N,204.6E)  NRM 53 314 78 8.9 5.8 66 169 14.0 2.9

2 SITES AF 48 OC 53 325 82 12.8 3.2 69 . 181 18.7 2.1
UPPER TRIASSIC
LIMESTONE

oy
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Figure 3-8.
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Paleomagnetic data for PLB, Puale Bay, Alaska. (a) NRM P.

(b) NRM. (c) Magnetic intensity and (d) directions of pilot
samples during AF demagnetization. (e) After demapnetization
at 48 oe,.
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Figure 3-9,

oe

(b)

Paleomagnetic data for CPK, Cape Kekurnoi, Alaska.

{(a) NRM. (b) Magnetic intensity and (c) directions of
pilot samples during AF demagnetization, (d) After
demagnetization at 190 oe.
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samples at an AF of 380 oe indicated a general instability of these
samples. The results though shown for the NRM and at an AF of 190 ce

must be considered to be marginal at best.

Katmal area {KTM)

Cores of the Jurassic Naknek Formation and Jurassic quartz
diorite batholith were collected in the Katmai area. Twenty-six
cores of gray fine-grained sandstone composed of quartz, plagioclase,
and opaques from the Naknek Formation were collected from the lower
part of the south flank of Mt., Katolinat. At this location the
Naknelk is intruded by rhyolite dikes and a hornblende andesite sill,
w&th the sill crosscutting the dikes. The exact age of these intru-
sives is unknown, and the rocks are too altered to date by the K-Ar
method.‘ Samples were taken both of the intrusives (8 samples) and
from the Waknek Formation at three different sites, which have a
separation of approximately one-half mile and fepresent approximately
700 stratigraphic feet of section. -The Naknek Formation dips at 3
degrees to the east-northeast throughout the séction. S5ix cores of
the Naknek Formation were also collected on cliffs above Margot
Creek to the south-southeast of Mt. Katolinat. These samples repre-
sent approximately 10 feet of stratigraphic section in flat-lying
beds of fine-grained sandstone.

Twenty-seven samples of mid Jurassic (Reed and Lanphere, 1969)
guartz diorite were collected from the Aleutian Range batholith along
the shores of the Iliuk Arm of Naknek Lake. Two sites were on the
north shore, mid lake, at the base of Mt. La Gorce, and about 3 1/2

mlles apart; and a third site is located on an island on the south
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side of the lake, 7 1/2 miles from the entrance to Iliuk Arm. These
sites are a mile or more from the trace of a fault (the Bruin Bay
fault) that is upthrown on the northwest (Keller and Reiser, 1959).
Although no attitude was observed in the reconnaissance study of the
area made for this collection, it 1s assumed that the batholith has
not tilted or rotated significantly since its ewmplacement. This
assumption is probably correct considering that a part of the gentle
deformation of the sediments in this area is thought to have been
caused by emplacement of this batholith (Burk, 1965).

The results of NRM measurements and AF demagnetization are given
in Table 3-5 and Fig. 3-10 to Fig., 3-12. The 95% confidence limit
aLout the mean of NRM P for the samples from the three sites on
Mt., Katolinat included the present axial dipole field direction.

This meén {(KTM-1) represents samples of the Naknek Formation only.

It appears that the intrusives had little or no effect on the surround-
ing sediments. Cores from the sediments were ét least six feet from
the baked zone surrounding the intrusives. Demagnetizatioh at an AF
of 48 oe removed most of the present fileld comﬁonent but produced a
large scatter about the resulting mean., Upon demagnetization at an
AF of 95 oe, the scatter was reduced, but further demagnetization

at an AF of 142 oe created a unearly random distribution of directions.
The mean NRM intensity for these samples was 30 x 10-6 emu/cm3 and
ﬁean susceptibility was 90 x 10—6 emu/cm3. Although the dispersion

is large the moderately stable results obtained after demagnetization
at an AF of 95 ope represent a tentative approximation of the upper

Jurassic VGP.



LUCATION

KTM-1 — KATMAIL AREA,
ALASKA

(58.4N+204.6E)

3 SITES
UPPER JURASSIC
NAKNEK FM

KTM-2
(58.4N+204.6E)

1 SITE
UPPER JURASSIC
NAKNEK FM

KTM=-3
{58.5N,204.5E1}

3 SITES
MID JURASSIC
GRANODIDRITE

TREATMENT
NRM

AF 4@
AF 95
NRM

AF 48
AF 95
AF 190
AF 380
AF 760
AF 1520
NRM

AF 190

OE

GE

OE

OE

0E

0E
Ot

OE

0OE .

N

26
26

24

24

27
27

TABLE

69
6%

38
T2

354

288

286

284d

218

272

257

349
333

3-5

DIRECTION
I A95
87  21.3
85 21.3
12 46.8
34 21l.8 .
72 15.3
50 9.2
52 10.6
47 12.0
37 13.8 -
27 15.9
21 20.5
67  11.2
65  14.1

" PALEOMAGNETIC DIRECTIONS AND POLE POSITIONS

K

20.1
54.3

41.0

3l.9

24.4

1a.7

1l.6
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&0
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28

29

89

37

37

34

22

14

Bl
72
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ELONG
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86
118

i20

115

119

120

131

82
109

A95

9.6

41.1

21.8

23.5
9.9

12.1
11.3
12.2
13.4

17.2

15.5
18.4

K

9.1
aTal
31.5
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26.1

16.1
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Figure 3-10.

Paleomagnetic data for KTM-1l, Katmai area, Alaska,

(a) NRM P, (b) NRM. (c) Magnetic intensity and (d4)
directions of pilet samples during AF demagnetization.
{(e) After demagnetization at 95 oe.
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Figure 3-11.

oe

(b}

Paleomagnetic data for KIM-2, Katmai area, .Alaska,

{a) NRM. (b) Magnetic intensity and (c) directions of
pilot samples during AF demagnetization. ({d) After
demagnetization at 95 oe.
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Figure 3-12.

(b)

Paleomagnetic data for KIM-3, Katmail area, Alaska.

{(a) NRM. (b) Magnetic intensity and (c) directions of
pilot samples during AT demagnetization. (d) After
demagnetization at 190 oe.
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The meaﬁ of NRM measurements on samples from KIM-2 included
the present axial dipole field direction within its 95% confidence
limits. Demagnetization at an AF of 48 oe removed this present
field component and reduced the scatter. Subsequent demagnetiza-
tion at an AF of 95 oe, 190 oce, and 380 oe did not significantly
change the position of the mean. Demagnetization at an AF of 760 oe
and 1520 oe however displaced the mean significantly and increased
the scatter about it. Although the rocks did not have a particularly
high intensity--mean intensity 20 x 10—6 emu/cm3, and mean suscep-—

6

tibility 275 x 10 emulcmgu—the intensity decreased slowly on demag-
netization. Because the mean of the samples' magnetic direction
during demagnetization was apparently still moving the stability

of the samﬁles are in question and the results must be considered
marginal.

Cores from the granodiorite had a mean NRM vector direction
coincident with the present axial dipole field direction. Demagne-
tization at an AF of 190 oce failed to shift it significantly away
from the present field direction. At an AF of 380 ce the éamples
became unstable, probably due to a large viscous component indicated
by a lack of repeatibility of measurements. Although the g5
circle of confidence was falrly small after demagnetization at
190 oe, these results were unusable. (Their plots are shown, however,
for the sake of completeness.) These samples had a mean NRM intensity
6

of 310 x lOfG emu/cmB, and the mean susceptibility was 3000 x 10

3
emu/cm”.
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Tuxedni Bay (TXD)

At four sites, separated by approximately 16 miles, a total of
48 cores from the Naknek Formation, Tuxedni Group, Chinitna Formation
and quartz diorite, all of Jurassic ape, were cocllected along the
shores of Tuxedni Bay. The first site (TXD-1), located across
Tuxedni Channel from Chisik Island, covers 80 stratigraphic feet of
lsection and ranges from fine to coarse—grained arkosic sandstone
composed of quartz, plagioclase, hornblende, biotite, opaques, and
fragments of granitie, volcanic and sedimentary rock, in a slightly
carbonaceous argillitiec matrix. These 15 samples from TXD-1 are
from the upper Jurassic Naknek Formation which dips toward the
east=goutheast at 15 degrees.

Samples from the Red Glacier Formation of the middle Jurassic
Tuxedni Group were collected from the southwestern shore of Tuxedni
Bay, approximately 1 1/4 niles northwest of Fossil Point. The 14
samples from TXD-2 consist of calcareous fine-grained sandstone
composed of quartz, plagioclase, opaques, and shell fragments in a
carbonaceous argillitic matrix. Approximately lOISEratigraphic
feet were sampled in beds that dip at 15 degrees to the east-southeast.

At the third site, on the northeast shore of Tuxedni Bay less
than a quarter mile from the mouth of the Tuxedni River, 10 cores
of early Jurassic, 170 to 168 my (Reed and Lanphere, 1969), granodi-
orite were collected. Although no attlitude was observed in the
reconnaissance study of the area made for this collection, it is
assumed that the bathelith has not tilted or rotated significantly

since its emplacement. This assumptlion is probably correct, consider—



ing that a part of the gentle deformation of the sediments in this
areé is thought to have been caused by emplacement of this batho-
lith (Burk, 1965).

Samples of the upper Jurassic Tonnie S5iltstone Member of the
Chinitna Formation were collected on the westernmost tip of Chisik
Island., These 9 samples at TXD-4 are dense, calcareous fine-grained
siltstones containing shell fragments and occurring as lenticular
bodies in a coarser grained arenaceous siltstone. The samples came
from nearly 10 feet of section in beds that dip east-northeast at 12
degrees. Minor dip-slip faulting has been mapped throughout thg
Tuxedni Bay area (Detterman and Ha?tsock, 1966); however, the samples
were collécted at least one-fourth of a mile from any fault.

Results of measurements on cores from the Tuxedni Bay cﬁliection
locality are given in Table 3-{ and plotted in Figures 3-13 to 3-16.
The mean NRM P field direction forrTXD—l included the preseﬁt axial
dipole field direction within its Cgc circle of confidence; however
upon demagnetization at an AF of 95 oe the present field component
was removed. Demagnetization at still higher levels resulted in no
significant shift in the position of the mean but increased the
scatter. The mean NRM intensity of the samples from TXD-1 was 280 x
10—6 emu/cm3, and the mean susceptibility was 3,800 x 10_6 emu/cms.
Thus, despite a low-coercivity secondary compeonent aligned along
the present field these samples are a good approximation of the
upper Jurassic VGP.

Results from TXD-2 showed the mean NRM P direction to be dis-

placed from the present axial dipele field direction. Although a
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LOCATILION

TXD=1 = TUXEDNI BAY,s
ALASKA

(60.1N,207.4E)

1 SITE
UPPER JURASSIC
NAKNEK FM

TX0-2
{60.2Ns207.3E)

1 SITE
MID JURASSIC
TUXEDNI GROQUP
RED CLACIER FM

TX0-3
(60.3N,207.1E}

1 SITE
LOWER JURASSIC
QUARTZ DIGRITE

PALEOMAGNETIC DIRECTIONS AND POLE

TREATMENT
NRM P
NRM

AF 95
AE 190
AF 380
NRM P
NRM

AF 95
AF 190
AF 380
NRM

AF 95
AR 190
AF 380

OE
QE

OE

OE

Ot

O

OE
aE

0E

N

15
15

15
15

15

14
14

14

14

14

10

10

10

L0

TABLE

15
48

14
358

is57

239
227

238
242

244

36

335

3-6

DIRECTION
I A9

67

64

53
52

56

38
42

49

45

43

52

43
45

28

5

11.1
11.1

1542
19.1

25.4

1444

l4a4
12.7

16.3

16.3

12.1
19.7

18.4

23.3

POSITIONS
K LAT
12.9 T
12.9 60
Ts3 65
5.0 67
3.2 71
8.6 5
8.0 4
10.8 1z
6.9 12
6.9 10
17.0 48
1.0 41
7.8 50¢
5.3 39

POLE POSITION

ELONG
341
296

G
34

42

154
165

159

155

153

3l4
318

336

343

Ag95

].ql3

15.2
22.1

274

16.2
15.4

17.9
16.8

15.2
21.6

20.5

22.9

K

8.1

7.3

4.0

11.1
5.0

6.5

5.4
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TABLE 3-6 {CONTINUED)

PALEOMAGNETIC DIRECTIONS AND POLE POSITIONS

DIRECTION POLE POSITION
LOCATION . TREATMENT N I A95 - K LAT ELONG A95 K
TXD=% NRM P 9 68 57 20.6 7.2 43 294
{60.2N,207.4E)
NRM g 70 45 2046 7.2 36 298 19.5 7.9
1 SITE .
UPPER JURASSIC AF 48, 0OF g 68 58 17.1 10.0 48 290 20.2 Tak
CHINITNA FM
TOGNNIE SILT- AF 95 QE 9 71 Y 15.8 11.5 52 276 20.4 7.3

STGNE MEMBER

09
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Figure 3-13.

Paleomagnetic data for TXD-1, Tuxedni Bay, Alaska.

(a) NRM P, (b) NRM. (c¢) Magnetic intensity and (d)
directions of pilot samples during AF demagnetization.
(e) After demagnetization at 95 oe.
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(c)

Paleomagnetic data for TXD-2, Tuxedni Bay, Alaska.
{(a) NRM P. (b) NRM, (c) Magnetic intensity and (d)

directions of pilot samples during AF demagnetization.
{e)} After demagnetization at 95 oe.
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Figure 3-15.

Paleomagnetic data for TXD-3, Tuxedni Bay, Alaska,
(b} Magnetic intensity and (c) directions

(d) After

(a) NRM.

of

(b)

pilot samples during AF demagnetization,

demagnetization at 190 oe.
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Figure 3-16. Paleomagnetic data for TXD-4, Tuxedni Bay, Alaska.
(a) NRM P. (b) NRM. ({¢) Magnetic intensity and (d)
directions of pilot samples during AF demagnetization.
. (&) After demagnetization at 95 oe.

64



65

Vslight shift of the mean occurred upon demagnetization at 95 oce,

demagnetization at higher lewvels only increased the scatter. The
mean NRM intensity and suscéptibility for these samples were 45 x
10"6 emu/cm3 and 280 x 10“6 emu/cma, respectively. Results from the
samples collected at TXD-2 thus appear to Be a good record of the
mid Jurassic VGP.

Samples from the Jurassic granodiorite at Tuxedni Bay, TXD-3,
had a mean NRM direction that was not aligned along the present
axial dipole field direction. Demagnetization at an AF of 95 and
190 oce caused slight shifts in the position of the mean of the
paleomagngtic field direction, but demagnetization at 380 oe only

increased the scatter. The mean NEM intensity for these samples

6 6

was 200.x 10~ emu/cma, and the mean susceptibility was 40 x 10
emu/cmB. Thus the mean of the vector directions after demagneti-
zation at an AF of 190 oe is a good approximation of the early
Jurassic VGP, if the assumption of horizontal orientation is
correct.

The samples from Chisik Island, TXD-4, had a mean NRM P that
was not in the same direction as the present axial dipole field
direction. Demagnetization in an AF of 48 and 95 oe caused a small
shift of the mean magnetic vector direction. The samples were too
weak to demagnetize at a higher level, as the mean NRM intensity
was 4 x 10"6 Emu/cma, and the mean susceptibility was 35 x 10_6

emu/cmB. The results, however, seem to be stable and a good approx-

imation of the upper Jurassic VGP.
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SOUTHCENTRAL ALASKA

Over 100 cores were collected at 11 different sites from the
Sheep Mountain, Menfasta, and Nabesna areas in southcentral Alaska
(Fig. 3-17). Rocks of Permo-Triassic, Jurassic, and Cretaceous age
were sampled. The rock types collected were both sedimentary and

igneous.

Geologic Setting of the Upper Matanuska Valley

Capps' (1927) description of the geology of the upper Matanuska
Valley served as the main source of the geological information included
here. Waring (1936), Martin and Katz (1912), Capps (1940), and Grantz
(1964) degcribe various aspects of Matanuska Valley geology. More
recent geologic maps and cross sections of adjacent areas by Grantz
(1960a, b, c; 196la, b) and Barnes (1962) are also available.

The oldest rocks in the upper Matanuska Valley are early Mesozolc
or older, and consist of slates, graywackes, basaltic greenstones,
tuffs, and associated mica schists and gneissic rocks. These metamor-
phic rocks are exposed along the flanks of the Chugach Mountains to
the south of the Valley. Throughout the Matanuska Valley the lower
Jurassic Talkeetna Formation i1s a widespread unit that consists of
volcanic agglomerate, breccia, and tuff with interbedded minor
amounts of sandstone and shale. Although this formation is largely
marine, its age has been established from fossil plant remains.

Middle and upper Jurassic rocks are not exposed in the upper
Matanuska Valley, although they were deposited in the Talkeetna

Mountain portion of the upper Matanuska geosyncline (Grantz, 196la).
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These rocks are sandstones of the Tuxedni Formation, siltstones of
the Chinitna Formation, and siltstones and shales of the Naknek
‘Formation. During the Jurassic or early Cretaceous, a quartz dio-
rite and granodiorite body was intruded into the Talkeetna Formation
on the flanks of the Chugach Mountains to the south of the Valley
(Grantz, 1961a) and in the Talkeetna Mountains to the north {Capps,
1927). The Arkose Ridge Formation was deposited directly on part

pf this bﬁtholith in the lower Matanuska Valley. In the upper
Matanuska Valley during the lower Cretaceous, local deposits of
siltstone and sandstone were laid down, wﬁich vnconformably overlie
the Talkeetna Formation, and are themselves unconformably overlain

by the Matanuska Formatiom.

The Matanuska Formation is an extensive unit in the lower Mata-

nuska Valley. TIts lower half consists of shale and its upper half

of sandstone and shale (Barnes, 1962). 1In the upper Matanuska Valley
however, the Matanuska Formation varies locally in compesition. Gen-
erally it consists of a basal coarse sandstone, unconformably overlain
by sandstone and siltstone, which is unconformably overlain by clay-
stone, siltstone, sandstone, and conglomerate. This formation spans
the entire upper Cretaceous, and in the lower MafanuSka Valley it is
separated from Tertiary arkose and conglomerate by an unconformity.

In the upper Matanuska Valley, the basal portion of the overlying
early Tertiary coal-bearing sandstone, pebble conglomerate, siltstone,
and claystone, called the Chickaloon Formation, is not exposed. Simi-
larly it is impossible to distinguish the Paleocene or early Eocene

wishbone and the Eocene Tsadaka Formations, from the Chickaloon For-



69

mation conglomerates and sandstones, mgpped in the lower Matanuska
Valley.

In the Paleocene or Eocene, felsic plugs and dikes of quartz
and feldspar porphyries were intruded in rocks to the north of the
Matanuska Valley. Focene mafic dikes, silis, and plugs of diabase,
basalt, and gabbro also intrude the rocks to the north. Although the
relative number of hypabyssal intrusives is comparatively small, they
have a large areal distribution In the eastern Talkeetna Mountains
to the north of the Matanuska Valley. Extrusive basalt flows and
associated pyroclastic debris of late Eocene and younger age overlie
the Tertiary sediments and cap the mountains immediately north of
the Matanuska Valley. Quaternary glaciers dissected the area and
are responsible for extensive outwash deposits in the Valley proper.

The Matanuska Valley is the northern part of the Cretaceous
Matanuska geosyncline, bounded on the south by the Seldovia geanticline
and on the north by the Talkeetna geanticline (Payne, 1955). In the
upper Matanuska Valley, Mesozolec and Tertiary sediments have been
moderately folded, with the fold axes generally parallel to the trend
of the valley. Several high-angle normal faults, alsc parallel to the
trend of the Valley, are present in the upper Matanuska Valley.
Grantz (1961) believes they define threé or four elongate blocks in
the Valley. With one exception the upthrown blocks are on the north.
The right-lateral strike~slip Caribou fault (Grantz, 196la) is approxi-
mately 10 miles to the north, and it joins the Castle Mountain fault
in the lower Matanuska Valley. The majority of the deformation in

. the Matanuska geosyncline occurred in the mid to late Tertiary.
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- Sites in the Upper Matanuska Valley

Sheep Mountain (SHP)

To the west of Sheep Mountain at the base of the north end of
Anthracite Ridge, 31 cores of the Cretaceous Matanuska Formation were
collected from three sites. The sites have a total separation of
approximately two miles. Each site represents at least 10 strati-
graphic feet, and consists of tan to gray, fine- to coarse-grained
sandsteone compesed of quartz, plagioclase, opaques, and sedimentary
rock fragmen;s in an argillaceous matrix. Bedding plgqes at SHP-1
and 2 dip northwest at 25-30 degrees and at SHP-3, two miles south-
east, dip southeast at 53 degrees.

The results of measurements for samples from Sheep Mountain are
given in Table 3-7 and plotted in Figure 3-18. The means for NRM P
for the three sites were significantly different from the present
axial dipole field direction (Fig. 3-18). SHP-3 and SHP-1 and 2
overlapped in the NRM P plets of thermeans, but when the vector direc-
tions were corrected for the orientation of the bedding planes tbey
separated. SHP-1 and 2 had a small scatter, and SHP-3 a very large
scatter, Both means shifted upon demagnetization in an AF of 48 oe.
SHP-3 scatter was reduced but remained large, and the sample intensity
was too weak to demagnetize further. For SHP-3 the mean NRM dntensity
was 1 x 10“6 emu/cm3 and the mean susceptibility was 1 x 10—6 emu/cmB.
SHP-1 and 2 were also demagnetized at an AF of 95 oe which decreased
the scatter, but did not shift the mean significantly. The mean inten-

slty and susceptibility for samples at SHP-1 and 2 were 2 x 10_6 emu/cm3
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TABLE 3-7

PALECMAGNETIC DIRECTIONS AND POLE POSITIONS

DIRECTION POLE POSITION
LOCATION TREATMENT N D I A95 K LAT ELONG A95 K
SHP=182 - SHEEP MTN NRM P 22 28l 74 7.7 17.2 54 156
AREA, ALASKA
{61.6N,212.0E) NRM 22 306 51 8.1 15.6 46 106 9.1 12.6
z SITES AF 48 O 22 350 48 8.8 13.3 58 48 9.4 12.0
UPPER CRETACEQUS -
MATANUSKA FM AF 95 QE 22 334 50 6.7  22.7 55 T4 7.5 18.3
SHP-3 : NRM P 9 226 55  34.5 3.2 14 175
(61.8Ny212.0E}
NRM 3 192 19 34.5 3.2 -17 201 33.0 3.4
1 SITE
AE 48 OF 9 104 30  29.8 3.9 8 281 32.8 3.4

(¥4
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Figure 3-18.

Paleomagnetic data for SHP, Sheep Mountain area, Alaska,
{a) NRM P. (b)Y NRM. (c)} Magnetic intensity and {(d)
directions of pilot samples during AF demagnetizationm,

{e} SHP-1 and 2 after demagnetization at 95 ce, and SHP-3
after demagnetization at 48 oe.



and 15 x 10_6 emu/cmz, respectively. Because the mean vector posi-
tions for S$HP-1 and SHP-?2 combined were different than SHP-3, and
because SHP-3 also seemed at least potentially unstable, it has been
ignored in the final statistics. The mean of SHP-1 and 2 probably

represents a fair approximation of the upper Cretaceous VGP.

Geologic setting of the Mentasta Mountains

| Most'of the geologic history presented here comeé from Richter
(1967). Reports by F. H. Moffit, who did most of the early work in
this area, are summarized and referenced by Richter.

The Mentasta Mountains_are divided into two geélogic sections

by the Denali fault which cuts their northern flanks. To the north
of the Dénali fault, Paleozolc low-grade regionally metamorphosed
sediments and volcanics make up approximately 10,000 feet of section.
These rocks consist of quartz mica schist, phyllite limestone,
marble, serpentinite, serpentine-chlorite schist, and greenstone.
These Paleozole metamorphic units dip steeply to the southwest. On
the south side of the Denali fault relatively non-metamorphosed vol-
canlc and sedimentary units dip at moderate angles to the northeast.
The oldest of these units 1s the Permian Mankomen Foxrmation, which
consists of over 2500 feet of argillite, shale, limestone, and chert.
The unconformably overlying Triassic-Permian amygdaloidal basalt,
called the Slana basalt (Richter, 1967) or the Nikolai greenstone,
correlated from the scuthern Wrangell Mountains (Moffit, 1938), is
approximately 8000 feet thick. A massive limestone, limy siltstomne
and sandstone, known as the Jack limestone, conformably overlies the

amygdaloidal basalt and occurs locally with thicknesses up to 600
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feet, Diorite, granodiorite, and quartz monzonite bodies intruded
the rocks throughout the Mentasta Mountain area in the early Meso-
zoic, Mafic bodies (dunite) that were intruded into the Denali
fsult zone can also be found within the Mentasta Mountains.

Up to 9000 feet of upper Jurassiec to lower Cretaceous marine
sediments unconformably overlie the Triassic limestone. These Jura-
Cretaceous marine sediments are part of a unit that extends into the
Nutzotin Mountains to the southeast and into areas of the Alaska
Range to the northwest. Fairly extensive stream and glacial deposits,
developed since the Pleistocene, cover the valleys within and around
the Mentasta Mountains.

The Denali fault trends northwest and has probably been active
since the middle Mesozoic with most of the offset occurring during early
Tertiary time, ' Right-lateral strike-slip has been the principal direc-—
tion of motion, but evidence for a vertical displacement can also be
observed, South of the Denali fault, folding is only evident close to
the fault zone. Richter and Matson (1971) have also described another
fault zone in the Mentasta Mountains, the Totschunda fault system, which
abuts the Depnali fault from the south in the northwestern Mentasta
Mountains., The Totschunda fault has had predominantly right-lateral

offset and is believed to be no older than 2 million years.

Sites in the Mentasta Mountains

" Mentasta (MNT)
Thirty-seven cores of Triassic-Permian greenstone were collected

at three sites from outcrops on a large hill 4 1/2 miles northwest of



75

Mentasta Lake. These Perme-Triassic gréenstones are paré of the Slana
basalt {(Richter, 1967) or the Nikolai greenstones (Moffit, 1938} and
consist of green—to-marocon amygdaloidal basait that has been metamor-—
phosed through the pumpellyite-prehnite facies. MNT-1 represents
approximately 10 stratigraphic feet; MNT-2, approximately 60 strati-
graphic feet; and MNT-3, approximately 50 stratigraphic feet. Bedding
orientation measured on vesicle bands at the three sites, which have

a separation of about three-quarters of a mile, generally dips north-
east at 20 to 60 degrees. These sites are approximately two miles
south of the Denali fault zone.

The mean vector directions and pole positions at NRM and demag-
netization levels are given in Table 3-8 and are shown in Figure 3-19.
The mean NRM P did not lie along the present axial dipole field direc-
tion., The mean NRM intensity was 250 x 10-6 emu/cm3 and the mean sus-—
ceptibility was 450 x lO_6 emu/cm3. The moderate amount of alteration
observed in thin-secticn might explain the behavior of the intensities
of the pilot samples during stepwise demagnetization, and the widely
varying intensity from core to core. The scatter was fairly large, k
< 4, and often individual samples moved nearly randomly from one demag-
netization level to the mext, The measurements are repeatable, however.

‘These results are marginal in interpreting the Triassic-Permian VGP.

Nabesna area (NBS)
Samples of the Permo-Triassic greenstone and the Jura-Cretaceous
marine sediments were collected in the Nabesna area. Fifteen cores

of Triassic-Permian greenstone (described in the Mentasta section)
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Paleomagnetic data for MNT, Mentasta, Alaska. (a) NRM P.
(b) NRM. (c) Magnetic intensity and (d)} directions of
pilot samples during AF demagnetization. (e) After demag-
netization at 380 oe.
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representing about 25 feet of section were collected on the east side
of Lost Creek, about 5 1/2 miles north of the Nabesna Road. The
bedding dips northwest at 45 degrees.

Approximately three miles due east of this Lost Creek site, on
either side of Platinum Creek, are two sites from which 25 cores of
the Jura-Cretaceous marine sediment unit were collected. The samples
“are fine-grained calcareous sandstone composed of quartz, plagiocclase,
biotite, and sedimentary and volcanic rock fragments in an argilla-
ceous and calcareous matrix. The sandstone occurs interbedded with
siltstqpe. NBS-1 on the.eastlside of Platinum Creek covers 400 feet
of section in bedé dipping 10-24 degrees to the east;northeast. On
the west éiae, NBES-3, approximately 50 feet of section is represented
in beds that dip northeast at 17 degrzes.

The means of the measured palecmagnetic field directions and
paleomagnetic pole positions for cores collected in the Nabesna area
are shown in Table 3-9 and Figures 3-20 to 3-22. NBS-1, from Jura-
Cretacecus marine sediments had a mean NRM P which included the
present axial dipole field direction within its 95% confidence limits.
This component was removed after demagnetization at an AF of 48 and
95 oe, and the 95 ove level also reduced the scatter. The mean NRM
intensity and susceptibility were 10 x 10'-6 emu/cm3 aﬁd 35 x 10_6
emu/cma, respectively. The mean NEM P vector direction of the Jura-
Cretaceous marine sediments from NB3-3 did not lie along the present
axial dipole field direction. After demagnetlization in an AF of 48 oe

and 95 oe, the mean shifted and at the same time the sgcatter decreased.

The mean NRM intensity was 10 x 10—6 emu/cmB, and the mean susceptibi-
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Figure 3-20.

{¢)

Paleomagnetic data for NBS-1, Nabesna areca, Alaska,
(a) NRM P. (b) NRM. (c) Magnetic intensity and (d)
directions of pilot samples during AT demagnetizatiom.
(e) After demagnetizatioen at 95 oe.
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Figure 3-21.

Paleomagnetic data for NBS-2, Nabesna area, Alaska.
(a) NRM P. (b) NRM. (c)} Magnetic intensity and {(d)
directions of pilct samples during AF demagnetization,
(e) After demagnetization at 1520 oe.
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Fipure 3-22,

Paleomagnetic data for NBS-3, Nabesna area, Alaska.
(a) NRM P. (b) NRM.

directions of pilot samples during AF demagnetization,
(e} After demagnetization at 95 oce.

{c) Magnetic intensity and {(d)
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lity was 30 x 10—6 emu/cmg. The samples from both NBS-1 and 3 had
intensitles too small to demagnetize further. It would appear that
both of these groups of samples arrived at a stable position by the
removal of low-coercivity secondary components. The scatter for

both sites was extremely small, and they are both good approximations
of the Jura-Cretaceous VGP,

The Triassic-Permian greenstone sampled in the Nabesna area had
an NRM P that did not lie along the present axial dipole field direc-
tion. Demagnetization at an AF of 380, 760, and 1520 oe caused a
small éhift in the mean ﬁectdf direction and at the same time reduced
the scatter. The mean NRM intensity was 220 x lO“6 emu/cmB, and the
mean susceptibility was 630 x 10-6 emu[cmS. The behavior of these
samples was nearly the same as those of the same rock type collected
at MNT. The scatter was a bit less than MNT, but the secondary com-
ponents shown in the iﬁtensity upon demagnetization and the alteration
as seen in thin section were the same, These results, then, are

marginal in their representation of the Triassic-Permian VGP.
WHITEHORSE, CANADA

Geologic setting of the Whitehorse area, Canada

The geologic summary presented here is taken from J. 0. Wheeler's
Geological Survey of Canada Memolr om the Whitehorse map-area, Yukon
Territory 105 D, which was published in 1961. His work is an excel-
lent treatment of the geology, glaciation, and economic mineral depos-
its in the Whitehorse map—area. An attempt has been made to limit
the HiSCUssion, when possible, to the Takhini Hotspring vicinity where

paleomagnetic samples were collected (Fig. 3-23).
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Figure 3-23. Location map for place names and sampling locality in the
Whitehorse area, Canada.
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The Yukon group, Precambrian and early Paleozoic metamorphics,
which are composed chiefly of quartz-mica schist, quartzite, and
feldspathic gneiss 1s the oldest rock unit in the Whitehorse map-
area. It outcrops along a northwest trending belt approximately
30 miles southwest of Whitehorse. The Taku group, a massive lime-
stone interbedded with greenstone and chert, is exposed to the
southeast of Whitehorse. The age of the Taku group ranges from
Pennsylvanian through upper Triassic. The relationship of the Taku
group to the upper Triassic Lewes River group is unknown.

The Lewes River group is exposed in the north, central, and
eastern parts of the Whitehorse map-area. In the Takhini Hotspring
area it is the oldest unit exposed aﬁd is composed of interbedded
limestone;-volcanic graywacke, and mafoon sandstone and congio%erate.
Generally its composition through 10,000 feet of section ranges from
graywacke, siltstone, andesite and basalt flows, limestone, and low-
grade metamorphosed volcanic rocks. This assemblage probably repre-
sents a trough in which clastic sediments, partly of volcanic origin,
were deposited during most of Norian time. In late Norian ﬁowever,
limy muds were deposited throughout the trough. This trough has
been called the Whitehorse trough and is part of the Tagish belt,
which has been classified as an idiogeosyncline that extends south
into British Columbia.

In the Takhini Hotspring area the Lewes River group is discon-~
formably overlain by approximately 9500 feet of a graywacke with
interbedded conglomerate and argillite of the early to middle Juras-

sic Laberge group. To the southwest of Whitehorse, the Laberge



group 1s in fault contact with the upper Jurassic-lower Cretaceous
Tantalus Formation, which is composed of arkose, siltstone, and con-
glomerate. To the northeast of Takhini Hotspring, the Laberge group
is intruded by a mid Cretaceous peridotite body that is highly
deformed and lies parallel to the bedding plane.

The Hutshi group, comsisting mainly of flows that range in
composition from basalt to rhyolite and minor graywacke and argil-
lite, is mid Cretacecus in age. On Flat Mountain to the north of
Takhini Hotspring, the Hutshi group is in contact with the Laberge
group and the Lewes River group across an-angular unconformity,

This area was deformed in the early to mid Cretaceous into northeast
trending folds. In the Takhini Hotspring area the folding is rep-
resented by a broad syncline; however, the intensity of folding in-
creases to the northeast.- Minor faulting also occurred during this
time. Northward trending right-lateral strike-slip faults are
predominant, one occurs in the Takhini Hotspring area. Cross faults,
beth normal and reverse, are also present.

Intruded into the Hutshi group in the Takhini area is a body

of Cretaceous leucocratic granite., This bedy is a part of a granitic

complex known as the Coast Intrusives that outcrop in and underlie
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well over half of the western portion of the Whitehorse map-area. The

rock types in order of abundance in this complex are granodiorite,
leucocratic granite, and quartz diorite. Other smaller bodies of
gquartz monzonite and the Eocene or older Skukum group, an andesitic

and basaltic volcanic flow unit with assoclated pyroclastic debris,

are present in the Whitehorse map-area but do not occur in the Takhini
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Hotspring area. Minor block faulting accompanied the intrusion of
some of the larger granitic bodies.

Extensive glacial deposits from the Cordillerian Ice-sheet of
Pleistocene age, recent alpine glacial deposits, and deposits of a
small Pleistocene basalt flow and pyroclastics (western Whitehorse

map-area) make up the Cenozolc record.

Sites near Whitehorse area, Canada

Whitehorse, Canada (WTH)

Forty-four cores from the upper Triéssic Lewes River group were
collected_from the Takhini Hotspring vicinity approximately twelve
miles northwest of Whitehorse. These samples are from two sites,
approximately a quarter of a mile apart. The rock consists of tan-
to-maroon fine-grained chlorite with minor argillacecus interstitial
material. In some area the rocks have been affected by hematite
staining that has been preferentially absorbed by the argillaceous
fraction. WTH-1 represents approximately 400 stratigraphic feet, and
WTH~2 approximately 100 stratigraphic feet. The beds dip east-north-
east at 15 to 30 degrees.

The results of measurements on the samples from WTH are presented
in Table 3-10 and Figure 3-24. The mean of NRM P was not along the
present axial dipole field direction. On demagnetization at an AF of
48 and 95 oe the mean shifted slightly and reduced the scatter of
vector directions around it. The mean intensity and susceptibility
were 30 x 10“6 emu/cm3 and 120 x lO-.6 emu/cms, respectively. It seems

that the mean direction of these samples after demagnetization at an



TABLE 3-10

PALEOMAGNETIC DIRECTIONS ANO  POLE  POSITIUONS

: DIRECTIUN .
LOCATION TREATMENT N I A95 K LAT
WTH - WHITEHGRSE AREA, NRM P 44 269 67  11.5 4.5 42

CANADA : :
(60.9Ny224.TE)  NRM 44 19 78  11.8 4.3 76
2 SITES AF 48 OE 44 65 60 1041 5.6 50
UPPER TRIASSIC
LEWES RIVER AF 95 0F 44 73 sl 9.3 6.4 &7
GROUP

POLE POSITION

ELONG

166

249

306
299

AQ5

16.9

12.9
ile4
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Figure 3-24.

Palecmagnetic data for WTH, Whitehorse area, Canada,
{a) NEM P. (b) NRM. (c) Magnetic intensity and (d)
directions of pilot samples during AF demagnetization.
(e) After demagnetization at 95 oe.
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AF of 95 ve represents a stable field and a good approximation of

the upper Triassic VGP for this area.
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IV. ALASKAN MAGNETIC DECLINATIONS AND VIRTUAL GEOMAGNETIC POLES

A suumary of the results from Chapter III is presented in Figures
4-1 to 4-3, The mean virtual geomagnetic poles (VGP's) for NRM P (NRM
with respect to pfesent horizontal), NRM (NRM with respect to ancient
horizontal), and demagnetization levels are plotted for all sites
except KTM-3, which was unstable. Selection criteria were applied to
the "good" results (see Chapter IIL), as indicated in Figures 4-la,
4-2a, and 4-3a, by discarding any results having a k < 5, namely CHL-3
and KTM-1. Also rejected was the mean pole from TXD-Z because it is
~displaced from the mean of the other Jurassic samples by more than 90
degrees. ‘There appears to be no simple explanation for this divergence
in termslof magnetic stability, local rotation, or tilting. The most
plausible explanation is probably that of a large field excursion.

These selected VGP's and their 957 circles of confidence are
plotted in Figures 4-1b, 4-2b, and 4-3b, and listed in Table 4-1.
Although there are other ways of combining the apparently stable
results from individual sites by choosing different selection criteria,
etc,, they do not significantly alter the mean paleomagnetic pole
positidn. The particular approach used here is the most viable paleo-
magnetically and geologically. A two-tier analysis (Watson and Irving,
- 1957) wés not applied to the data because the variances, k, are un-
equal, and because the products, KiNi’ vary widely (McElhinny, 1967;
and Bingham, 1971).

Fpr the Triassic the only stable result is WIH. No obvious expla-

nation can be found for the divergence between the two apparently mag-
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Explanation to Figures 4-1 to 4-3

{(a) Plots of mean VGP's for NRM P (NRM with respect to
present horizontal) shown as s, NRM (NBM with respect to ancient
horizontal) shown as L= , and demagnetization levels for both
stable and marginal results from Chapter III shown as —»—. The

best demagnetization level for stable results is shown as @ .

{(b) Stable results shown within 95% circles of confidence.

*“VGP's not dincluded in mean if k < 5, or divergent (indicated by 7).

Mean is shown as [3 .
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Figure 4-1.

R

(a) Mean VGP's for Iriassic and Permian sites. (b)
Mean of stable results. (Explanation on preceding
page.)
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~Figure 4-3. (a) Mean VGP's for Cretaceous sites. (b) Mean of
stable results. CHG~1 and 2 combined (see Chap. III).
(Explanation precedes Fig. 4-1.)



TABLE 4-1

PALEDOMAGNETIC DIRECTIONS AND POLE POSITIONS

SITE  TREATMENT N D xDIREcXégN‘ K LAT EEEEGPOSILégN K

TRIASSIC WTH AF 95 QE 44 73 61 9.3 6.4 47 299 11.4 4.5
JURASSIC CHL-1 AF 95 OE 10 1 70 6-8  51.2 89 339 10.8 21.0
CHL=2 AF 95 QE 10 62 61  13.5 13.8 49 282 19.5 7.1

CHL-4 AF 95 OF 9 90 32  23.1 5.9 15 280 19.3 8.1

CHL-5 AF 95 OE 12 81 39  16.6 7.8 23 284  1B.0 6.8

TXD-1 AF 95 DE ~ 15 14 53 15.2 0 7.3 65 0 15.2 7.3

TXD-3 AF 190 0E 10 36 45  18.4 7.8 50 336 20.5 6.5

TXU=~4 AF 95 OE g 7L 66  15.8  11.5 52 276°  20.4 1.3

NBS—1 AFE 95 0 14 63 65 T.4  30.2 54 297 10.6 15.1

NBS-3 AF 95 OE 11 26 40 4.7  93.8 47 1 4.8 91.4

MEAN 9 E 54 303 20.3  T.4

CRETACEQUS CHG-162 AF 48 DE 17 48 31 13,1 8.4 37 319 13.5 7.9
SHP-182 AF 95 OF 22 334 50 6.7  22.7 55 74 7.5 18.3

96
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netically stable Cretaceous results from CHG-1 and 2 from SUP-1 and
2. Without other measurements from these same general areas and from
southern Alaska, no firm conclusion can be drawn as to the true posi-
tion of the southérn Alaskan Triassic and Cretaceous paleomagnetic
poles. It is interesting to note, however, that the mean VGP's of
Cretaceous CHG~1 and 2, the stable Triassic WTH, and the Alaskan mean
Jurassic pole all have 95% circles of confidence which overlap. Also
interesti&g is the fact that the mean VGP's of the Cretacecus SHP-1
and 2 and the Cretaceocus Taylor Highway site of Chantry-Price's study

(1967) have a circles thaf overlap.

95
The mean pole position of the nine remaining Jurassic VGP's have

a k equal to 7.4 and an ., of 20.3 degrees (Table 4-1). The data

95
are a good representation of the paleomagnetic field on the basis that
it comes from sites that have a geographic spread of over 700 miles,
and have a varied lithology which includes sandstones, siltstones, and
granitic intrusives. The Jurassic period is also adequately repre-
sented by rocks that range in age from lower to upper Jurassic. Thus,

although a,. and k indicate a fair amount of scatter, the results are

a5
certainly significant. Because of the inconclusive Cretaceous and

Triassic data, the Jurassic results have been used to test the oro-

‘cline.
ALASKAN OROCLINE

Workers attempting to define oroclines in the past have worked
mainly with declinations (see Irving, 1964), because inclinations

add sti1ll another variable, In Figure 4-4 the declinations for the
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Figure 4-4. Magnetic declinations from Alaska
for the (a) Triassic, (b) Jurassic,
and (c¢) Cretacecus.
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stable results for the Triassic, Jurassic, and Cretaceous are shown.
Figure 4-5 shows the declinaticn for the Jurassic after "unbending'
according to both Carey's and Grantz's models of the orocline.

Grantz (1966) modeled the Alaskan orocline as a series of rigid
bodies rofating about pivots along a north;south line in mid-Alaska
(see Chapter 1). The rotation he estimated for the Alaska Peninsula
was 40 degrees. A simple rotation of 30 degrees has alsc been shown
for Carey's (1958) model of the orocline (Fig. 4-5). This represen-
tation is not precisely correct, because an orocline is a 'fold',
and points near the axis would undergo relatively leséér amounts of
rotation. In practice, this woqld only increase the scatter of the
declinations for Carey's model, because as can be seen from Figure
4-5, the largest declinations are farthest from the pivot points.

In Figure 4-5d, the mean vectof directions and their standard
deviations indicate that the two models are neot significantly dif-
ferent from the present; thus it Is impossible to say for sure
whether or not oroclinal bending has occurred. This is In part due
to the moderately large scatter, and hence large standard deviations,
about the means of the various models, and In part due to the fact
that not enough resolution can be obtained from the two sites on the
North American or eastern limb of the Alaskan orocline. In order to
establish a fixed point from which to determine relative motion
between the two limbs, it will be necessary to collect more samples
from the eastern limb, If the VGP's from the western limb are com-—
pared with those from elsewhere in North America, as 1s explained
in more detail in the next section, they are displaced from each

other in the wrong direction to be explained by the Alaskan orocline,
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In summary, the relative positions of the Jurassic poles for
Alaska and North America represent relative motion in a sense oppo-
site that suggested by Carey. Thus it would seem unlikely that

Carey's concept of an Alaskan orocline is valid.
ALASKAN PALEOMAGNETIC POLES

For the purposes of comparing Alaskan data with the continents
surrounding the Arctic Ocean, a compilation of paleomagnetic poles
was made, and is given in the Appendix. The mean paleomagnetic pole
for the Jurassic from southern Alaska is shown in Figure 4-6 along
‘with selected Jurassic paleomagnetic poles for North America and
their mean (see next section). The Jurassic paleomagnetic pole
from southern Alaska is significantly different from the present
magnetic dipole and from the Jurassic paleomagnetic pole for North
America,

Alaska's Jurassic orientation and latitpde with respect to the
present has been determined from the Jurassic mean paleomagnetic pole
position (Table 4-1), Employing the common paleomagnetic assumption
of a mean geocentric axial dipole (see Chapter II), the latitude and
orientation for any given "reference site" can be found by spherical
trigonometry from the paleomagnetic pole position, which is latitude
independent. For convenience, a "reference site" has been defined to
be located at 60 degrees north latitude and 207 degrees east longitude,
which is the location of Tuxedni Bay and also nearly the median of the
Jurassic sampling areas. The paleolatitude of the reference site

during the Jurassic has been determined to be 42 degrees north, com—
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Figure 4-6.

Selected North American paleomagnetic poles ® , and
their mean [3 . Mean VGP's ¢ and their mean & for
Jurassic results from southern Alaska. Circles are 95%
confidence limits.



103

pared with the present latitude of 60 degrees north, thus requiring a
position approximately 18 degrees further south for Jurassic times. A
counterclockwise rotation equal to 52 degrees is also required to place
Alaska in its Jurassic orientation. Applying the 957 confidence limits,
Alaska could have been as far north as 62 degrees north latitude and as
far south as 23 degrees north latitude. The 95% confidence limits
would allow a rotation of at least 29 degrees with a maximum of 68
degrees. At lesser confidence levels, however, say the 637 confidence
level, these limits are reduced by nearly half, i.e. there 1s a higher
p:obability of the true pole position being nearer the center of the
error limits than at its edges.

Alaska's Jurassic latitude with respect to North America may also
be found bf superimposing the Jufassic paleomagnetic poles for the two
blocks. Relative to the Jurassic North American pole, southern Alaska
must have had a paleolatitude equivalent to that of Oregon, the con-
tinental margins of the Alaska Peninsula and Washington-Oregon being
approximately parallel, If Alaska and Washington-Oregon were together
in the Jurassic, then the required motion, determined graphically,
could be described in terms of an opening of approximately 97 degrees
about an Euler pole at 59 degrees north, 236 degrees east. The paleo—
longitude of southern Alaska, however, is indeterminable from a single
paleomagnetic pole position.

Unfortunately the Jurassic paleomagnetic pole for North America
is not well defined because there are only four poles from sites east
of the Sierra Nevada Mountains. Poles from west of the Sierra Nevada

Mountains indicate either a complex tectonlc history, a very erratic
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magnetic field during the Jurassic, or undetected magnetic instabi-

lity (see next section).

POLAR WANDERING CURVES

The Appendix is a compilation of Permian, Triassic, Jurassic and
Cretaceous paleomagnetic poles for North America, Asia, and Europe
taken from compilations by Irving (1964) and McElhinny (1968a, b;

1969; 1970) and recently published pole positions.

An attempt was made to list every Mesozoic mean paleomagnetic
pole position for the United States, Canada, China, Union of Soviet
Soclalist Republics, and European countries, available in scientific
journals in English, with the exception of results from areas in south-
ern Europe. These are not listed because of the complex tectonic his-
tory of the area. The paleomagnetié pole positions are listed system-
atically by longitude within each country, starting with the USA and
working west to England. It was also the practice to list the extremes
of latitude and longitude when samples for the same study were collected
over a large region. In a few cases many formations of the same.age
were collected From a given region, and their poles have been listed
separately if so reported. This 1s more effective in averaging
secular variation. Care was taken to avoid duplication of results
that have been superceded by further study; however, different studies
of the same rock unit in adjacent areas are included separately.

In calculating the overall mean paleomagnetic pole, pole posi-
tions that were extremely divergent (> 40 degrees) from a visual mean

of the greatest demsity of points were excluded. Also excluded from
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the mean were thoée poles mentioned in the original publications as
having undergone local‘rotation or tectonic movement. The mean paleo-
magnetic pole position for a given age follows the list of thé indi-
vidual determinations used. Any poles of that age which were not
included for any of the above reasoné are given after the mean for
that section.

Figures 4-7 to 4-18 are derived from the Appendix. The pole
positions and cellecting sites are both shown and are connected
together when the pole is divergent from the mean and in other cases
of interest. 'The mean palecmagnetic pole position for each continent
by age is listed in Table 4~2. A brief explanation of some of the
mean paleomagnetic pole positions in figures 4-7 to 4-18 follows.

The.e appears to be a difference between Permian poles determined
from eastern Asian sites and western Asian sites; a mean pole position
from the eastern sites would not be well defined {Fig. 4-7). Hamilton
(1970) cites paieomagnetic evidence to support a hypothesis that the
Siberian and Russian platforms were separated until the Permian or
Triassic, but 1t has not been possible to review all of the Russian
data he used.

Jurassic pole positions from North America (Fig. 4-13) show a
distinct division between those from sltes east of the Sierra Nevada
Mountains and those from sites west of the Sierra Nevada Mountains.
Poles 120 and 121 are west coast batholiths, and 122 and 123 are
peridotite and dunite respectively, from the Franciscan Formation.

Pole 124 represents 'divergent' results from both the peridotite and

the dunite. Pole 125 is from a number of sedimentary sections within
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Explanation to Figures 4-7 to 4-18

* sites from which samples were collected.
® pole positions included in the mean,
& poles not included in the mean.

{3 mean pole position, within its 95% circle
of confidence.

All data taken from Appendix.
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Figure 4-7. Permian paleomagnetic poles from North
America. (Explanation on preceding page.)
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Figure 4-8, Permian paleomagnetic poles from Asia.
(Explanation precedes Fig. 4-7.)
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. Figure 4-~9. Permian paleomagnetic poles from Kurope.
(Explanation precedes Fig. 4-7.)



Figure 4-10,

raty

Triassic paleomagnetic poles from North
America. (Explanation precedes Fig. 4-7.)
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Figure 4-11. Triassic paleomagnetic poles from Asia.
(Explanation precedes Fig. 4-7.)
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Figure 4-12. Triassic paleomagnetic poles from Europe.
(Explanation precedes Fig. 4-7.)
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Figure 4-13. Jurassic paleomagnetic poles from North
America. (Explanation precedes Fig. 4-7.)
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Figure 4-14. Juvassic paleomagnetic poles from Asia.
(Explanation precedes Fig. 4-7.)
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Figure 4-15. Jurassic paleomagnetic poles from Lurope.
(Explanation precedes Fig. 4-7.)
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Figure 4-16. Cretaceous paleomagnetic poles from North
America., (Explanation precedes Fig, 4-7.)



Figure 4-17.

Cretaceous paleomagnetic poles from Asia,
(Explanation precedes Fig. 4-7.)
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Figure 4-18. Cretaceous paleomagnetic poles from Europe.
(Explanation precedes Fig. 4-7.)
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the Franciscan Formation. Pole 126 comes from the Island Intrusives
on Vanccouver Island. It is interesting to note that the poles from
west of the Sierra Nevada Mountains are spread out along a great
circle. There is no cobvious explanation for this, and any explanation
must take into account the diverse rock types, northerly gecgraphic
spread of sites, and the time span represented.

The Cretaceous paleomagnetic poles for North America (Fig. 4-16)
have been divided into those from sites east of the Sierra Nevada
Mountains, because the Cretaceous results are probably influenced by
whatever affected the west coast Jurassic results. Pole 163 from
Cretaceous plutonic rocks in Washington indicates a paleolatitude 25
degrees sough of its present position (Beck and Neson, 1%72). It is
of inteFesf to note here that the Triassic Guichon batholith in
western British Columbia gives a similarly anomalous pole (pole 97,
Fig. 4-10). Other west coast Cretaceous poles (161, 162, 164, 165)
do not indicate such a large displaqement. Poles 166 and 167 from
the northeast Pacific have been determined for the Great Mégnetic
Bight (Vine, 1968) and the Hawaiian seamounts {(Francheteau et al.,
1970), respectively, and are displaced in the same general direction
as the Alaskan data. Tertiary seamounts in the northeast Pacific have
poles which lie on the trend between the Cretaceous and the present
geographic pole (Francheteau et al., 1970).

Polar wandering curves have been constructed (Figs. 4-19 to
4-21) from the data listed in the Appendix. Unfortunately most
pole positions are not well enough defined at the 95% confidence level

to show small movements of the poles, but all accurately portray the
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Figure 4-19. Polar wandering curve for North America.
Mean paleomagnetic poles within 95% circles
of confidence,



Figure 4-20.

Polar wandering curve for Asia. Mean
paleomagnetic poles within 95% circles
of confidence.
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Figure 4-21. Polar wandering curve for Europe. Mean
palecomagnetic poles within 95% circles of
confidence.
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trends of the motions involved. A schematic picture (Fig. 4-22)
combining these pelar wandering trends clearly indicates a contrast
betweeﬁ the Jurassic pele from southern Alaska and the poles for
Permian through Cretaceous from North America, Asia, and Europe. In
fact, assuming the Alaskan Cretaceous pole lies between the Jurassic
pole and the present magnetic dipole, the southern Alaskan results

have the same trend as the results from the northeast Pacific.
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Figure 4~22. Schematic representation of pelar wandering curves for
' North America © , Asia &, and Europe & . Northeast
Pacific Cretaceous poles ¢ from the Appendix with
trend —P— . Mean Jurassic paleomagnetic pole (J for
Alaska. '



V. TECTONIC IMPLICATIONS OF ALASKAN PALEOMAGNETIC DATA
SUMMARY AND CONCLUSIONS

For the purpose of defining the Alaskan orocline, over 400
oriented cores of Permian, Triassic, Jurassic, and Cretaceous sedi-
mentary and igneous rocks were collected from 34 sites at 10 areas
throughout southern Alaska. After magnetic "cleaning' in successively
higher alternating fields 179 samples were considered to be stable and
give statistically consistent results within each site and age group.
Due to lack of a sufficient ﬁtmber‘of stable samples, the results from
Permian, Triassic, and Cretaceous aged rocks are inconclusive. The
nine remaining Jurassic sites represent 100 samples from three_general
areas in ééuthern Alaska. |

The major conclusion is that the southern Alaskan Jurassic paleo-
magnetic pole is significantly different from the North American
Jurassic pole. These poles indicate that since the Jurassic, southern
Alaska must have moved approximately 18 degrees north and rotated
52 degrees clockwise to reach its present positioh.

The mean paleomagnetic declinaticns calculated with respect to
the present, and with respect to Carey's and Grantz's models of the
possible bending of Alaska are not significantly different from one
another, and do not show any systematic change along the strike of the
orocline. Also, the paleomagnetic poles for the Jurassic from Alaska
are separated in the wrong direction to be explained by the Alaskan
crocline. The Alaskan orocline as Carey defined it, therefore, does not

appear te be a valid concept.
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TECTONIC IMPLICATIONS

The above conclusions have obvious implications for any tectonic
interpretation of the geologlc history of Alaska and the northeast
Pacific, because the Alaskan Jurassic pole position is significant
and must be accounted for in some way in any explanation of the geo-
logic history of Alaska. The Jurassic pole could be the result of
many local rotations, but due to the internal consistency of the data
and the overall indication of northward movement, this explanation
seems implausible. As a result, it seems worthwhile to present a
possible first attempt at a reconstruction, as an idea of what must
bé done to incorporate the results of this paleomagnetic study into
the general understanding of the geology of Alaska.

Thé geologic history of Alaska‘is extremely complex, and no
clear understanding of what took place is yet available. It seems
that a reasonable picture can be constructed that explains many
features; however, the following exﬁlanation is in no way to be con-
sidered the final explanation, but rather a speculative attempt to
combine geologic and geophysical features from Alaska and the north-

east Pacific.
SPECULATIVE RECONSTRUCTION

For the Jurassic, the paleomagnetic pole for southern Alaska with
respect to the North American pole indicates a latitude equivalent to
that of Oregon-Washington, and an orientation such that the continental

margins are approximately parallel. Although longitude is indetermi-



128

nate from a single pole, it might be worthwhile to assume that in
Jurassic time the southern part of Alaska was attached to the Jurassic
west céast ﬁf North America. Because rocks from the western edge of
North America, i.e. west of the Sierra Nevada Mountains, give discor-
dant pole positions (see Chapter IV and Figs. 4-13 and 4-16), some
indicating a clockwise rotation and/or a more scutherly latitude in
the past, direct matching of geologic features between the two areas
is not likely.

In the Jurassic, the west coast of North America is thought to
have been generally characterized by a sﬁbduction‘zone. If the
reconstruction presented here is correct, then an explanation of the
Permian and-Triassic volcanics, tuffs, pillow lavas, limestones, cherts,
and volcanic breceias found on the northwestern shore of Kodiak Island
requires a small basin or gulf in which spreading and shallow marine
deposition were taking place. A comparable feature today migﬁt be
the Gulf of California and Baja California. Jurassic sediments
were deposited around the edges of this gulf also, and make up the
shallow water deposits such as the Naknek and Tuxedni Formations of
the present Alaska Peninsula (see Chapter III}. The subduction zone
could aiso have generated the Jurassic Aleutian Range batholiths on
the Alaska Peninsula.

Lack of a mid Cretaceous sedimentary record on the Alaska Penin-
sula indicates a short period of uplift, possibly representing the end
of subduction at least locally, and the time that southern Alaska became
attached to the Pacific plate. The lower to mid Cretaceous also

appears to correspond to a new plate tectonic regime in the Pacific.
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This is based on the central and northem Pacific magnetic anomaly
pattern which seems to have orlginated during the magnetically quiet
léte Cretaceous. The east-west orlented anomalies of the north
Pacifie, and presumably the ridge generating them appear to have
formed at a site now represented by the Chinook trough (Naugler and
Réa, 1970; Erickson, 1969). Because this occurs in the magnetically
quiet zone, it cannot be dated accurately, but all indications point
to a late Cretaceous age.

The mid Cretaceous uplift and erosion also mark the beginning of
rapld déposition of the mid to upper Cretaceous flysch deposits pf
Kodiak Islund. These deposits, as described by Moore (1872), formed
in a trough in which the direction of the paleocurrent was parallel
to the present coastline and flowing in what is now a southwesterly
direction. He implies that a gulf situation would best describe the
depositional features. On the Alaska Peninsula, the upper Crefaceous
Chignik and Hoodoo Formations, composed of a basal coal member, silt-
stoﬁes, and sandstones, were deposited in large bagsin—-like areas
(see Chapter III).

By the end of the Cretaceous, Alaska was attached to the Pacific
plate, had undergone at least some rotatiom, and was moving north on
it. The direction of motion of the Pacific plate and hence‘southern
Alaska may well be represented by "hot spot" trails (Morgan, 1972). Mor-
gan, on the basis of several lines of seamounts generated by '"hot spots”
calculated Euler poles about which the Pacific has moved. Over the
past 40 million years, a rotation of 34 degrees about a pole at 67

degrees north and 73 degrees west describes the movement, and for the
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period from 40-100 million years ago the motion can be represented by
a 45 degree rotation about.a pole at 23 degrees north, 100 degrees

" west. A trend that ends today at the Cobb seamount is seen in the
Gulf of Alaska. By graphical methods, the 40 million year point, or
the bend in the Cobb or Gulf of Alaska seamount line is placed just
to the south of Kodiak Island. It should perhaps be noted that
Jackson et al. (1972) have dated the bend in the Hawaiian-Emperor
Chain at approximately 25 milliqn vears, compared with the 40 million
year date of Morgan (1972). The different dates have little effect
on the reconstruction presented here, because of its ill-defined time
scale. |

In terms of other evidence for ﬁotions of the Pacific plate,
from the réconstruction presented it is not possible to decide.between
the models presented by either Atwater (1970) ox Hayes and Pitman
(1970). This is largely due to the fact that southern Alaska must
have been essentially in its present position by the time the Kula
ridge-disappeared.

On the basis of Churkin's (1970a) geologic correlations of the
geology between Siberia and North America (see Chapter I) and Stone-
ley's (1971) note on Alaska's geologic evolution, it is likely that
the Brooks range was separated from southern Alaska in the Jurassic
because bf southern Alaska's Jurassic paleolatitude. The compression
created by southern Alaska's northward motion must have been taken up
on the north side of the southern Alaska block. Since all the required
motion could not have been taken up on the large thrust faults present

in the Brooks Range today (Tailleur and Brosge, 1970), a subduction



131

zone 1s required. It seems likely that this zone must have been
located between the Brooks Range and the Alaska Range, and is possi-
bly represented today by the Tintina and Kobuk systems in Alaska, gnd
the Koryak Mountain system in eastern Siberia. Perhaps an ocean basin
extended eastward, almost to the Canadian border, and this ocean, (the
Yukon Ocean!) together with the present Bering Sea, would have been
part of the Kula or North Pacific plate, as the Aleutian subduction
zone had not yet formed.

By latest Cretaceous or early Eocene time the Yukon Ocean was
closing rapidly, and imposing severe restraints on the motion of
southern Alaska. As a result of the increased resistance a new trench
s;stem on tﬁe south margin of the southern Alaska block began to form.
The line of weakness formed by this new trench propagated out from the
Neorth A%erican continental edge to Unimak Island and on across to the
Kamchatka Peninsula. The ancestral western Aleutian trench and arc
were formed, thereby cutting off the Bering Seé, and effectively
shortcircuiting the Koryak Trench. The oldest rocks on the eastern
Aleutian Islands are lower Cretaceous to Eocene {Coats, 1956), and
the oldest rocks on the western islands, the Komandorsky's, are Oligo-
cene (Vaslov, 1967}, perhaps indicating development from the east.

One line of evidence for the time of onset of the eastern Aleutian
subduction might be found in the upper Paleocene-lower Eocene Shumigan
batholiths, whichlare exposed in the Shumipgan Islands and on the north-
west shore of Kodiak Island. These intrusives were probably formed at
a time when the ;rench dipped at a steep angle, therefore gemerating

the batholiths close to the trench. As the dip of the subducticon zone



132

became shallower, another group of batholiths was intruded to the
northwest, and is exposed along the southeastern shore of the present
Alaska:Peninsula. These batholiths, exposed at many bays along the
length of the Alaska Peninsula, are thought to be Oligocene or Miocene
in age.

By middle Focene the paleogeography must have been roughly similar
to that seen today, although it is likely that the change from largely
north-south to northwest-southeast motion as suggested by the 0-40
million year "hot spot" trails (Morgan, 1972) further widened the Gulf
of Alaska. It is alsoc unlikely that Kodiak was above sea level until
"after the large-scale deformation and uplift that took place in the
Pliocene. |

| Much of the faulting pattern observed in Alaska today might
possibly be explained as the result of the closing of the Yukon Ocean.
It was postulated by Grantz (1966) that the faulting in the western
half of Alaska could possibly be the result of compressional stress
along an axls running west—northwest to easé—southeast, and that the
fault patterns represent conjugate faulting (see Chapter I). There is
conjugate faulting in the Yukon Delta reglon, and the Iditarod-Nixon
Fork ana the Aniak~Thompson Creek faults may be part of this patternm.
‘The north striking part of the Denali fault system, the Chatham
Strait fault, was probably associated with the transform fault system
along which Alaska moved north. The western Denali faults, the Holit-
na and Togiak-Tikchik faults, must be the result of interaction between

the southern Alaska and central Alaska blocks upon collision.
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The paleomovements of‘the central block (the portion of Alaska
between the Denali and the Tintina-Kaltag fault systems) and the
éorthern block (essentially the Brooks Range) have not been defined
paleomagnetically due to a lack of data, One site from the bevonian
of the western Brooks Range (Stone, unpublished data) indicates a
more northerly latitude with respect to North America, although the

exact position is uncertain,
RECOMMENDATIONS FOR FUTURE WORK

Fﬁfther collection of the Jurassic on the Alaska Peninsula would
reduce thé scatter of the results prgsented in this study, although it
would be unlikely to change the pole position significan*ly.‘ ?aleo—
magnetically, it is most importént to sample thoroughly and systemati-
cally the several sections of Cretaceous and Cenozoic rocks exposed
on the Alaska Peninsula. Thése samples would facilitate a Eetter time
resolution, a greater time span, and allow a polar wandering curve to
be congtructed.

To further investigate Carey's orocline, Mesbzoic rocks from the
eastern limb need to be collected. It would appear that a goed study
of the many dated batholiths in western Canada could yield worthwhile
results, assuming the geology is well enough known to make a reason-—
able guess at the ancient horizontal.

It is also important to paleomagnetically collect from the Brooks
Range, the northern block, and from the central block, in an attempt
to distinguish the role each has played in the tectonic history of

Alaska. Samples, which gave consistent results, from the Paleozolc
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sections of the Brooks Range have been collected by Humble 0il and
Refining Company. In this area it is moderately easy to find suitable
1imestones, shales, and sandstones, although access to the region is
difficult.

Samples from the centrai pr interior p;rtion of Alaska, especially
the Qestern segment, hold the least chance of giving successful results
because of the intense deformation throughout most of the area. Expo-
sures are also extremely small and 1ittle can be determined about the
overall structure. Intrusive complexes are probably the logical

choice, if their age and ancient horizontal are well known.
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Paleomagnetic Directions and Pole Positions

Permian, Triassic, Jurassic, and Cretacecus age rocks from selected
sites in North America, Asia, and Europe.

Column

Column

Column

Column

Column

Columns

Colurms

Columns’

-Columns

1 gives the map reference number of poles used in text and
figures.

2 gives the location of the sampling sites by country and
geographical coordinates.

3 gives name of the rock unit sampled and in some cases
specific locations. An asterisk followed by a number refers
‘to a special note listed at the end of the table. Abbrevia-
tions used are: combined — CMB; rocks - RX; sedimentary
rocks — SEDS.

4 pives relative age of the rock unit studied according to the
following symbols: Permian (P), Triassic (TR), Jurassic (J),
and Cretaceous (K), followed by U, M, or L, meaning Upper,
Middle, or Lower portion of that geologic age.

5 gives population used in statistical computations--usually
the number of samples (pieces of rock oriented individually),
but in & few cases, the number of specimens cut from these
oriented rocks.

6 and 7 give the mean declination, in degrees east of true
north, and mean inclination, in degrees below {+) or above
(-) horizontal, after correction for known local tectonic
movement. ' ‘

8 and 9 give the radius in degrees of the oy circle of con-
fidence about the mean paleofield directidi and the Fisher
(1953) parameter, k.

10 and 11 give the coordinates of the paleomagnetic pole
position in degrees north latitude and east longitude,

12 and 13 give the estimates of error, in degrees, of the pele
position in either DM, DP, the semi-axes of the elliptical
error at the 95% confidence level, or A95, the radius of the
circular error at the 95% confidence level--whichever was
listed in the literature.

Column 14 gives the number of the reference from which these data were

taken, listed after the notes at the end of this table.

For further explanation and remarks, see Chapter IV.



PALEOMAGNETIC DIRECTIONS AND POLE POSITIONS

DIRECTION POLE POSITION
NG LOCATION ROCK NAME AGE N o 1 A95 K NLAT ELONG (DM.DP) A9S REF
PERMIAN
1 UsA 39.5N,81k DUNKARD SERIES PL 57 164 8 & 77 44 122 2ot 1T
2 usa 355N, 105.2W YESD FM PL-MN 143 -1 3 99 41 127 2¢3 14
3 uUsa 35N 107 ABD FM CMB PL 153 3z 30 100 ' 14
4 USA 38N, 109w CUTLER FM CMB P 130 20 34 107 14
5 Uusa 361N F12.24 TORUWEAP FM  GRAND CANYON P 11 157 3. L 35 47 103 4o 7 20
5 USA 361N, 12,24 HERMIT SHALE GRAND CANYON P & 161 -7 B Th 53 101 4.8 20
T Uusa o.M, 112.24 CUTLEX GROUP 4 14 151 =1i & 54 43 ELT 3¢6 20
8 Usa CUTLER FMy UTAH [ ‘ L1 168 8
9 USA 2T-3TN+GT~132W SUPAL FM, OAXK CREEK PL 50 163 1 8 40 51 96 23
10 Us4a . Z2T=3TN,9T-132W SUPAL FM, HERMIT TRAIL PL . 5 152 13 40 105 23
11 usa ZT=3TNs9T-1324 CUTLER FM-2 MEMBERS PL 16 134 9 9 1T 30 126 23
12 Usa 2T7-3IN,9T-132W CUTLER FM-HALGAITO MBER PL 14 151 ~11 -] 54 4% 117 23
13 Uusa FT-3TN, 9 T—132m ABD FM PL 33 152 2 -] 77 LT-] 116 23
14 USA ZT-3TN,97-132W HENNESSEY SHALE PH 5 157 ~-10 53 122 23
1% usa 273N, FT-1320 TORGWEAP ALPHA MBR PM & 154 -20 7 356 55 17 23
16 USA 2T-3TNsBT-132W " GARBER FM PM 1 348 41 T4 125 23
17 USA 27T-3TN,9T-132H WELLTNGTON FM PH Ll 159 -& 7l 118 23
18 US4 27-3TNy9T-132W HERMIT SHALE PH .6 158 32 33 93 23
I3 uUsa 2T=3TN,97=132W CUTLER-DRGAN ROUK MBR 2] d 138 21 12 14 28 1L7 23
20 usa 2T=3TNs9T=1324 DEWEY LAKE FM Py ‘ i 336 l5 52 119 : 23

LET



ND
PERMIAN
21 usa
22 uUia
23 ySA
24 USA
25 USA
26 USA
27  USA
23 Us4
29  CANADA
30 USSR
31 USSR
32 USSR
33 USSR
34 USSR
35 USSR
36 USSR
37 USSR
33 UsSR

LOCATION

27=-3TN,9T-1324
2T=3TNeFT=132W
2T-3TN.97-132W
ZT=3TNy97-1324
2T-3TN,9T-1372W
2T~3TN,9T-132W
2T-3TN,2T-132w
2T-3TNs9T7-1324

GEN bW

PALECMAGNETIC DIRECTIONS

ROCK NAME

ELK CITY FM
DDXEY FM

CLOUO CHIEF FM
YATES FM

SEVEN RIVERS FM
MARLUW FM

00G CREEX FM
BLAINE FMN

BASIC SILL

MEAN OF NUMBERS 1-29, NOARTH AMERICA

43N, 132E
ToN.L11E
T2Ny 102E
S3IN,9PE
SaN,B7E
54N, ATE
SBN .S 6E
57N,55.5E

55N+ 35E

KALUZINA & YUZAGOL -SULTES

SANDS FONES
ULTRABASICS
COAL-FREE SUITE
TL*YINSK] SUITE
YERUNAKOVA SUITE
SEDS, KAMA RIVER
UFIMIAN CMA

SEDS, BELAGA HIVER

AND  POLE
AGE N
PU 22
Pii 5
Py ]
PU &
PU 13
PU T
Py 4
fu 3
PU 24
P 29

P

PU~TRL &0
PH~-U

PL

PU 11
PU 7
PU 1z
PU

PU 33

POSITIONS {CONTINUED}
DIRECTIGN

D I A95
157 =10 4
153 -2

357 33
331 L6

14T =13 7
159 -11

156 =1

1606 -5

182 -16

94 50 10
142 51

295 =58 5
264 =64

102 39 11
108 42 21
230 -44
224 =39

231 -39

K

56

EF]

70

10

23

i6

NLAT ELONG

53
47
12
54
59
54
48
51
50

49

16
19
40

ar

10
42
43
40

POLE POSITION

122
123

30
130

133

196
139
150
155
L53
159
167
173
16%

{OK.DP) A95

Gela
Te10

7.8

REF

23
22
23
23
23
23
23
23
18

19
17
14
18
19
19
18
14
18

BET



NO

PERMIAN

39 USSR
40 USSR
41 USSR
42 USSR
43 Ussa
44 USSR
45 USSR
46 USSR
47 US3R
48 USSR
49 USSR
50 USSR
51 USSR
52 POLAND
53 POLAND
54 LZECH
59 FRANCE

LOCAT IDN

5TN+55E
STNyS4E
55N, 53E
94Ny 93E
59N S0E
SHN 4 E
53=b61INy46-54E
G0Ny 45E
48M,3BF
4 BNy 3BE

49Ny 3BE

PALEGMAGNETIC DIRECTIONS

RGCK NAME

KAZANTAN CHB

SEDS, KaMA RIVER
SEDS

SEOSs ZAVOLZH'E
SEDS, VYATKA RIVER
SEDS, VOLGA RIVER
TARTARTAN CMB

SEDS. SUXKHONA RIVER
SAKMAR

QUNBASS RED SEDS

DONBASS

MEAN OF NUMBERS 30-49, ASIA

63N, 1592, 3E

SaN, 8aE

30N, 20E
51Ns15.5E
49.5N, 164 6E

43.5Ms6.BE

SEDS *

VOLCANICS

VOLCANICS
LOWEA STLESTA YDLCANILS
SANOSTONES

ESTEREL IGNEGUS RX CMB

LJ1]
PUY
PU
Py
|
Py
Py
PU
pL
eL

PL

PL

PL

PL

P

ANT

AGE

POLE POSITIDNS

54

44
15

23

a1

az

151

20

i2

13

41
60

L5

227
233

40

42
222
219
225

223

39
306

205
194
2186
201

DIRECTION

1

-43
-42
31

-39

-%

=24

52

-l&
-4
-9

1

{CONT INUED?

ags

13

11

K

22
21

41

33

3T

30

35

15

l4

NLAT €ELONG
45 170
40 163
44 176
42 167
42 165
51 I8
41 169
45 167
41 165
33 161
37 161
3T io4
52 279

2 137
43 165
43 175
36 150
50 146

POLE POSITION .

(OM,DP} A95

ile17

4ot

14420

448
6by11

LYL)

REF

14
18
17
is
18
18
14
18
18
14

18

22

19

17
20
17

14

6ET



LOCATIGN

NG
PERMI AN

56 FRANCE

57 FRANCE

53 FRANCE

9% FRANCE

60 W GERMANY
61 M GERMANY
62 W GERMANY
63 BELGIUM
64 ENGLAND
65 ENGLAND
66 ENGLAND
&7 SCOTLAND
63  SCOTLAND
69  SCOTLAND
T3¢ NOAWAY

43.5N,6.8E
48BN, 68
53.9MN+5.7E
b SNy 4. S5E
S0N, 8E
48-40N, 7-8E
4G.5N, 78
5043N,6.0E
51Ny oW
51N, 4w
ARy

55, 4Ns 4, 5H
55.4Nsbde5H
55 4NekhoSH

594 TNy 104 4E

PALEOMAGNETIC DIRECTIONS

ROCK MAME

ESTEREL IGNEQUS & SEDS
NIDECK PORPHYRY
VOLCANICS, NIDECK-DONDN
MONTCENIS SANDSTONE
NAHE IGNEOQUS AX CMB
ROTLIEGENDE $EDS & LAVA
$T WENDEL SANDSTONE

RED CUNGLOMERATE

EXETER TRAPS

EXETER LAVAS

EXETER LAVAS

MAUCHLINE LAVAS
MAUCHLINE SEDS

AYASHIRE KYLITES

IGNEQUS COMPLEX

MEAN GOF NUMBERS 52-70, EURQPE

p

P

PL
PL

PL

PL

POLE

58

30

b&

19

PASITIONS (CONTINUED)
DIRECTION
D i A9 5 K
207 =1é& 5 59
193 -T 5 22
133 -13 4 134
197 ] G 93
185 =10
177 1 18 27
181 -9 o 27
194 -14 ] 129
189 -9 20 15
198 =25 T
188 -~13 T i9
180 -4 B g
187 -6 12 5
190 2 12 5
204 -36 . 1 2}

NLAT ELGNG
47 145
43 168
4l 16%
38 162
43 187
40 150
45  1as
4“6 166
43 16%
50 149
46 185
36 175
37 167
34 163
47 157
43 165

POLE POSETION

iBM.OP) A9S

10.20
4,8
47
438
6412
Gpl2

L+2

REF

14
14
14

14

|1‘

14
14
18
14
18
18
14
i%
14

14

071



NQ
TRIASSIC
71 USA
T2 USA
T3 UsSA
T4 USA
15 USA
76 Us4
IT  USa
T8  USA
79 USa
80 usA
81 USA
82 USA
83 USA
B4 USA
85 USA
B6  USA
87 USA
88 US54
89 UsA
%0 USA

LGCATION

35-45N,65-800

41.5M,72-74
41.5%,72- T
415Ny T2-TH
415, T2-T4
41.5N, 72— W
61.5N,72-T4
41.5N,T2-TW
42N, 72,54
42N, TN
405N, T, W
60N, 76,50

G0Ny TTH

35-3IIN,L105-111wW

3.6, 106, 6W
43Ny 108454
43N+ 108,5W

38.6Ny 103 9K

36.1M, 112420

FTNeL13W

PALEQMAGNETIC DIRECTIONS

ROCK NAME

INTRUSIVES & SEDS
HULYOKE VOULCANIC UNIT
TALCGTT VOLCANIC UNIT
HAMPDEN VOLCANIC UNIT
WEST RUCK GIANT DIKE -
HAMPOEN VOLCANIC UNIT
MT CAAMELL SILL
CHESHIRE DIKES
MASSACHUSETTS LAVAS:
CONN VALLEY ROCKS
NEAARY GROUP, NJ
QI1ABASE, PENNSYLVANIA
NEW OXFORD FM

CHINLE FM CMB

UPPER MARDON FM
CHUGHATER FM (REVERSED)
CHUGWATER FM  (NORMAL}
MOENKOPI FM

HOSKINNEND TONGUE

SPRINGDALE SANDSTONE

A

TRU
TRU
TRU
TRUY

TRU

THU
TAU
TRU
TRY
TRU
TRY
TRUY
TRL
TRL
TRL
TRL
TRL

TRY

AND  POLE

GE N

146
40
54
&7

4]

9%

48

&7
318

18

Fl

K

102

136

34

32

31

41

49

ip2

36

10

85

23

POSITIONS (CONTINUVED)
DIRECTION
s} 1 A95
12 25 3
16 12 4
4 63 4
9 29 4
0 &9 T
10 26 4
1 47 4
10 l&é 10
12 14 i5
359 25 4
Q 23 3
334 48 T
346 16
142 =31 : &
348 39 T
346 17 5
150 =16 T
338 16

NLAT ELONG

68
60
51
73
63
79
61
78
55
54
63
62
&6
55
56
48
70
57
50

55

POLE PGSITIGN
{DH.DP} ASS

91
a3
T2
92
89
106
BY
103

g8

174
93

100

143
8¢9
121

107

4T
5+8

345

REF

13

14
14
14
17
14
14
19
18
18
20
20

14

7T



HO
TRIASSIC

91 CANADA
92  CANADA
93 CANADA
G4 CANADA
95 CANADA
96 CANADA
97 CANADA
93. USSR
9%  USSH
160 USSH
101 US3R
102 USSR
103 USSR
104 .USSR
105 CHINA
106 USSR

PALEUMAGNETIC DIRECTIONS AND

LOCATION AROCK NAME

55.9N,63.4W - MISTASTIN LAKE VOLCANICS
44 .9Ny 654 NORTH MTN BASALT
44.5N, 06,50 GRAND MANAN IS LAVAS
44Ny b6W  DIABASE OIKE
S2N.68W  MANICOUAGAN STRUCTURE
S1a5M,6R.5W  MANICUUAGAN DACLTE
MEAN OF NUMBERS T1-96, NORTH AMERICA
SON¢120-LZ1IN GUICHUN BATHOLITH *®
TSN, LOAE RED SANDSTUNE, TAIMYR
43N 1328 SEDSs LIANGCHI RIVER
TIN,101E SIDERLAN PLATFDRMle CHO
63-6TN,B8-114E STBERIAN TRAPS CMB
56Ny 65E VOLCANICS
4B-59N.38-52E  TRL SUITES CM8
49N.38E  SEDS. OUNBASS
MEAN OF NUMBERS 98-104, ASIA
DOLERITE, PEKING  #
63«65N 159159, 3F SEDS *

AGE

TRU
TRU
TRU
TR
TRL
TRL

TR

TRU

TR
TRM
TR
TR
TR
TRL
TRL
TR
TR
TR

POLE

73

40

22
B2
24

26

K

33
12

94

&9

12

26%

13

POSITIONS (CONTINUED}
DIRECTION
0 1 AG95
180 =68 2
4 47 5
3 55 16
7 41 5
12 42
12 36 10
20 51 10
130 68 &
56 70 1o
115 63
bb 59 9
42 46 i3
63 18 3z

NLAT ELUNG
86 118
73 104
80 100
69 98
60 BE
57 B9
66 102
66 13
40 147
53 184
34 153
60 133
44 142
51 159
51 L46
48 152
27 217
63 228

POLE POSITION .

{UM,DP) A95

547
17+24

LY ]

5,11

8,10

15417

11,11
1irle

14,22

10

REF

20
19

19

17

18

148

27

14
19
14
14
19
14

17

14

22

A



PALEUMAGNETIC DIRECTIONS AND PGLE  POSITIONS  (CONT INUED)

DIRECTION PGLE POSITION

N LOCATIGN ROCK NAME AGE N D I AYS K KLAT ELONG (DM,0OP) A9S REF
TRIASSIC

107 USSR ToN,111E SANDSTONES TRM 98 168 18 4 in3 448 17
168 USSR TaN,111E SANDSTONES TRL 163 161 39 9 129 0,10 17
109 CZECH 48.9Ny 19, 2E WERFENIAN STRATA © TRL 21 & i9 51 190 3,43 17
110  GER“ANY GG 4N, 11-TE LADINIAN VYDLCANICS TRM 8 2% 14 46 L35 19
111  FRANCE 48,5N,7E VOSGE SANDSTONE CMB TRL 25 l§> 44 151 I L4
112 FRANCE 43N, 1. 3E VOLCANICS ' TRY 26 29 :,"1 T 69 52 114 8,8 1%
113 ENGLAND 53N, 2H KEUPER MARIS TRUY 33 27 i2 is 43 131 6412 14
114 ENGLAND S50.TNs3e2W KEUPER MARIS [SIDMOUTHY TRU . 30 23 H4 134 14
115 5SCOTLAND 55.6Ny5.3W NEWw RED SANDSTOME, ARRAN TR ’ 214 -48 21 3 54 lia | 14

MEAN OF NUMBERS 109-11%, EURDPE TR 7 51 143 13

£Vt



LOCATIGN

44N TLW

USA  33,5-41.5Ny72~-63.5W

]
JURASSIC
116 USA
117

113 usa
119 Usa
120 USA
121 usa
122 Usa
123 usa
124  USA
125 USA
126 CANADA
127 CHINA
128 CHINa
129 CHINA
130 CHINA
13! CHINA
132 USSR
133 USSR

39N, L09W

3TN+ 111.54

3T.5N,120W
AI9.9N,121.3W
I7.6M,121.5H
3T7.4Ns121.5W
3T.4N,121.5wW

38N, 122.5W

48=50N,123-127H

29N, 105E
29N, 105E
€B45Ny 104, 6E
28.5N,104.6E

25Ny 102,2E

64—65N, 158-159E

62-6TNy 156~ 166E

MEAN OF NUMBERS 116-119, NORTH AMERICA

PALEOMAGNETIC DIRECTIONS AND POLE
ROCK NAME AGE N
WHITE MTN VOLCANICS JL 130
DIKES, APPALACHIANS & & 223
CARMEL FH 3
KAYENTA FM JL 144
X 4
GUAOELOUPE MTN IGNEUUS Ju-KL 56
BUCKS BATHOLITH JU=KL 116
FRANCISCAN PERIDOTITE JU-KY 41
FRANCISCAN DUNITE JU-KY 18
DIVERGENT FRANGISCAN * 5  JU-KU 17
FRANCISCAN FM JU-KL 127
VANCUUVER INTRUSIVES * 6 JH 65
REDBEDS, XICHUAN PROV J
REOREDS, XICHUAN PROV J
KEDBEDS, XICHUAN PROV J
REDBEOS, XICHUAN PROV J
REDBEOSs YUNNAN PROV J
S£DS * 1o 2
SEDS * 1 uM-y T

PDSITIONS (CONTINUED}
DIHECTION

o 1 A95 K
358 59 4 110
349 63 2 10

4 50 36
44 59 4 3e2
350 75 & 144
30 11 27 9
T4 42 8 13
46 b4 31

54 &9 17

22 54 B

46 64 17

21 &4 33

KLAT ELGNG
85 L26
56 145
B0 200
&3 39
82 145
43 171
58 195
56 310
L1 228

3 324
29 3is
e 240G
51 157
a1 135
oo 153
51 154
64 i39
8l 238
&4 135

POLE PDSITION-

{OM,0P) A9S REF

27,27

Geb
1i¢)2
14,27

Te+il

10411

40,50
22428
10,13
22,27

43453

a1

15

12
12
25
25
25
10
28

16
16
16
22

22

LAS



R .
PALEGMAGNETIC DIRECTIDONS AND POLE POSITIONS (CONTINUEOD)

ROCKX NAME

TURKMEMNIAN SEDS

ARMENLIAN PORPHYRIES (M8

MEAN OF NUMBRERS3 127-135, ASIA

NO LGCATION
JURASSIC

13& USSR 39.5N,54.5E
135 USSR 40N, 45E
136 CHINA 29Ny 1068
137 USSR THNy1L1E
139 AUSTHIA 4T+ 6Ns12.6E
139 FRANCE 43.0H, 1.6E
140 FRANCE 43N, 1.3E
141  ENGLAND 54,5%: 0. 5H
142  ENGLAND 54,6N,0,5W
153  ENGLAND S2N, 1K
144 ENGLAND 54N, LW
145 ENGLAND 51N¢2-5W
145 ENGLAND S1Ns 245K
147 ENGLAND 51N, 2.5H
148 SCOTLAND 57.5Ns5H
149 KOAWAY 78.3N,16.2E
150 NORDAY TANy l4—16E

DARK RED HEMATITE

SANDSTONES

ALPINE SEOS CMB
PYREMNEAN TUFFS
VOLCANICS

BLEA WYKE HEDS 1

ALEA WYKE BEDS 2
NORTHANTS TRON-$TONE
YORKSHIRE SEDS
SRIDPORT SANDS

YEOVIL SANDS

MIDFORD & COTSHWOLD CMB
SEDS

DIABASE QIKE, $PI1TIBERGEN

DULERITES, SPITIAERGEN

MEAN OF NUMBERS 138-150, EUROPE

AGE

JM-U

JH=U

JL=M
JL
JL
JL
Ji

JM

JL
JL
JL
JL
JU

JiU-KL

24

AT

13

42
55
16
10
349

341

23
359
91
234
198

25

DIRECTION
I AS5
40
61
34
49
50
59 &
39 7
67 4
66 9
55
67 5
60 5
b4 L]
&7

-6 7

-5 8

~T6 13

K

58

54

17
10
46

18

88
73

27

33
38

22

NLAT ELONG
59 165
53 115
60 46

1 37
22 162
56 115
49 77
65 143
B2 124
81 232
10 227
85 150
Tl 249
8s 185
36 50
56 76
58 178
53 3s8
g0 101

POLE POSITION
(DM+DP) A95

T+10

629

Geb

12414

be8

68

Fell
14,418

23:25

11

15

REF

14

14

14

1
14
19
14
14
14
14
14
14
14
14
19

19

1



PALEDMAGNETIC DIRECTICNS AND POLE POSITIONS ({CONTINUED)

i DIRECTION PGLE POSITION -

N0 LOCATIUN ’ ROCK NAME AGE ] ] o I A9 S K NLAT ELONG (DM,0OP} A%S REF
CRETACEDUS -

151 Usa 43,5NT2.54 MT ASCUTNEY GABBRO KL 24 150 -54% b4 187 213
152 USA 34.5H,92.8n RAFHOLITHIC CUMPLEXES KL &7 329 5% ] ‘ &5 1847 . 9,12 20
153 uUsSA 33.3N7104.6H KIDBRARA FM, PUEBLO COLAO (4] 100 70 240 26
194 UsSaA 1N+ 109N MESAVERAE GROYP SEL Ky 427 327 6% i3 L i% 198 22+2% 20
155 US4 34N, 110W DAKOTA SANOSTONE [ 164 —62 T5 200 9,11 14
154 US4 46Ny 112W  MAFIC DIKE, MONTANA KU 13 S 53 273 7.7 13
157 USA 4N, 13 2W ELKIIAN MTN VOLCANICS KU T3 190 8,8 13
153 CANADA 45.5N,TLW  MT MEGANTIC INTRUSIVES KL 157 -52 7 44 69 172 7.10 14
159 CANADA 45.3N,72.84  MONTEREGIAN HILLS KL 147 156 =59 2 71 190 2.3 15
150 CANADA TBaTH, 103, THW ITSACHEN DIABASE K 284 80 L] 20 69 130 l4+14 14

HEAN GF NUMBERS 151-160, NORTH AHERICA K 10 . 71 203 [:]

161 USA 3T.8N,119.6W GRANITE PLUTUNS 4 Ky 335 61 ) 202 0 171 BelO »
142 US4 30N, 120w SIERHA NEVAQA PLUTUNS Ky 80 &9 195 10,10 1l
163 usa G8.6Ny L21W STEVENS PASS GRANITE * T KUy 2y 3s7 49 11 T3 7L &8 13 1
164 USA SAN MARCOS GABSRO % B KM - BL 357 &« 9
189 USA 56Ny133W ULTRAMAFICS, SE ALASKA KM 17 206 15 9
166 NE PACIFIC GREAT MAGNETIC BIG?‘!T ¥* 9 XU 65 13 Tsll 29
167 NE PACIFIC HAWAT EAN SEAMOUNTS * 10 KU 9 [31 le B.8 T

O%T



PALEOMAGNETIC ODIRECTIONS AND POLE POSITIONS (CONT INUED)
DIRECTELN POLE POSITION

KQ LOCATIDN ROCK NAME AGE N +] T AR5 K NLAT ELONG {0M,0P} A95 REF
CRETACEQUS '

168 CHINA 23.3Ne114,.38 REDBEDS, CANTON PROV KU 43 &7 18 47 155 25,30 16
169 CHiINA 23.3N.114,3E REOHELS. CANTON PROV KU 14 65 l&6 .17 140 23,27 i6
170 CHINA 224 3Ny 114, 3E REDUEDS: CANTON PROV M 30 56 & 61l 170 LT la
17Tl CHINA 233N, 114.3E REDBEDSy CANTON PROY .4 33 55 o4 162 16_
172 CHINA 23.3Nsil 4. 3E REDBEUS, CANTON PROV K 21 6l0 -] 5% isl T:9 14
173 CHINA 29.5N. 111, 3E DONGHU SANDSTONEs HUBEL K 20 &4 8 68 151 11413 ia
174 CHINA 25N, 102.2E REDBEDS, YUNNAN PROV .S 33 4.5 18 &l lga 14,23 16
175 USSR &61-65N,164-1T9E SEDS * 1 KU & 6% 172 22
L76 USSR Gl-66N,156-1T%E SEDS * 1 K T 56 165 22
177 USSR 43Ny 132E SUCHAN SUITE KL 25 81 11 61 138 21421 19
178 USSR TO-T3IN,98-114E SEDS KL 63 174 24
179 . USSR S6N,926  ILIKSKAYA & SIMONVAYA FM Ky 93 330 72 T¢ 18 16418 17
180 USSH 41N, T3E SEUSy SENUNIAN E TURONIAN KU 13 18 3z 20 5 62 192 12,22 19
181 USSR 41N, T3E SEDS. CENCMANIAN K 52 32 56 3 3% 15 332 3¢d 19
182 USSR 3BN,H6TE SEDS, SW AISSAR CHAIN KL 17 55 5 110 Tb 162 95 17
183 uWSsR 39.58,55E SEDS KU 32 42 60 4.3 14
184 USSR 39.5K,54.5¢€ S5E0S KL 62 169 14
185 LSS5SR B1IN,49E VOLCANICS, GEORGIA K 13 1Y 22 78 16% 22,31 14

MEAN OF NUMBERS 168-185, ASIA K -.18 67 182
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Footnotes to Appendix

*1, Tor the most part the VGP's given are means of means. It was not
always possible o determine from the article (Reference 22} just
which listings were repeated in other listings, which were new
listings, as well as other important information. Therefore these

VGP's should be used with caution.

%2, This pole indicates a clockwise rotation of 40 degrees t 10 degrees
for the southern part of the interior plateau, British Columbia

(Reference 27).

*3, Samples are from the western hills near Peking, China; the exact

location is not given (Reference 14},

%4, These dikes are stratigraphically dated as upper Triassic to lower
Cretaceous. The Jurassic age is based in part on the paleomagnetic

pole position (Reference 5).

%5, This pele includes 'divergent' sites from both dunite and peridotite

of the Franciscan Formation {(Reference 25).

*H, Author states that the anomalous pole position may be explained by
approximately 15 degrees of clockwise rotation and by north-east-

ward tilt of less than or equal to 5 degrees.(Reference 28).

%7, Pole is from samples of the Stevens Pass granites from central
Washingten and probably indicates a 25 degree northward movement

relative to cratonic North America (Reference 1),

*§, Samples are from the San Marcos gabbro in western California, but
precise location and number of samples or sites not given (Reference

9},

*9. Magnetic field directions and VGP's determined for seamounts by

combining magnetic anomalies and seamount topography (Reference 29),
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Magnetic field directions and VGP's determined from ratio of
amplitudes of anomalles on north-south to east-west limbs of the

Great Magnetic Bight (Reference 7).
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