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TECTONIC ROTATION OF THE OREGON WESTERN CASCADES

INTRODUCTION

Anomalous directions of magnetization in Tertiary rocks of the Coast Range of Oregon
(Figure 1) (Simpson and Cox, 1977; Beck and Plumley, in press; Magill et al., 1in press)
have established that Cenozoic sedimentary and volcanic rocks have undergone clockwise ro-
tations about vertical axes of from 35° to 75° (Figure 2). Paleomagnetic sampling has been
extensive in both the number of individual rock samples analyzed and the number of geolo-
gic units studied. The observation that similar clockwise rotations are recorded 1in rocks
of varying Cenozoic age as petrologically dissimilar as basalts and turbidites leaves 1it-
tle doubt that the anomalous paleomagnetic directions have recorded a true tectonic rota-
tion. The regional geology and consistency in the paleomagnetic data indicate that the
Coast Range rotated as a single coherent block extending from the Klamath Mountains north-
ward to the Oregon-Washington border. This coherence and the apparent absence of major
cross-cutting tectonic boundaries are supported by several geologic observations:(l) the
continuity of outcrop of middle Eocene Tyee and Flournoy formations along the entire Coast
Range defining 4t as a single Eocene basin rather than a tectonic composite of several
basins, (2) the absence of strong deformation in these formations, and (3) the internal con-
sistency of current directions recorded in the turbidites of these formations throughout
the Coast Range (Snavely et al., 1964). The structural continuity suggested by these ob-
servations 1is further supported by the presence of a pronounced gravity high (Bromery and
Snavely, 1964) extending from the northern to the southern part of the Coast Range sug-
gesting an elongate regional structure. The smooth gravity contours characteristic of the
Coast Range do not display the offsets or short wavelength features that are commonly as-
sociated with major tectonic structures. The available geophysical and geologic data are
thus consistent with the Oregon Coast Range having rotated as one quasi-rigid block ex-
tending from the Klamath Mountains to the Oregon-Washington border.

Concerning the geologic names used in this paper, we are aware that the stratigraphic
correlations and formation names in western Oregon are currently undergoing extensive re-

vision. To minimize confusion, we have used the names used by the authors we cite. The



Figure 1. Generalized geotectonic map of the western U.S.

based on Cohee (1962) and Lawrence (19768). C=Cascades,
CR=Oregon Coast Range, CL=Clarno Formation, BM=Blue
Mountains, CPB=Coulumbia Plateau Basalts, DP=Drake Peak,
GV=Great Valley, IB=Idaho Batholi1th, K=Klamath Moun-
tains, Ku=Upper Cretaceous sediments, MB=Mojave block,
NR= Nevada rift, SN=Sierra Nevada., SRP=Snake River
Plain, W=Warner Mountains. Fault Zones: B=Brathers,
E=Eugene-Denio, G=Garlock, SA=5an Andreas, WiL=Walker
Lane. The numbered 1locations refer to paleomagnetic
sampling localities identified in Table 3.



discerning reader wil)l recognize that some of these are no longer accepted and will make
the necessary translation.

In attempting to incorporate the paleomagnetically observed rotation of the Oregon
Coast Range into the geologic history of the region. it is important to know the regional
extent of the rotated block, the timing of the rotation and a viable mechanism to produce
the rotation.

Where are the boundaries of the rotated region ?

Several lines of evidence suggest that the coherent rotated Coast Range block extends
north to the Washington border but not beyond. In contrast to the long wavelength anomaly
over the Oregon Coast Range, gravity anomalies over the the Washington Coast Range are of
short wavelength with sharp gradients suggestive of local crustal tectonic structures.
Moreover, north of the Oregon-Washington border, paleomagnetic results from the Black Hills
and Willapa Hills show variable rotation from region to region and indicate less rotation
than that recorded in similar age rocks to the south (Globerman and Beck, 13973; Wells and
Coe, 1979). The emerging picture 1s ane of different amounts of rotation in different
tectonic blocks north of the Columbia River contrasted with the coherent rotation of one
block to the south.

In southern Oregon the predominately Cenozoic terrane of the Coast Range meets the
mainly Mesozoic terrane of the Klamath Mountains (Figure 1) along a geologic boundary that
may or may not be a Cenozoic tectonic boundary. The possibility that the Klamath terrane
rotated with the Oregon Coast Range during the Cenozoic has not yet been tested paleomag-
netically. To the east, the early Tertiary rocks of the Coast Range pass beneath the mid-
dle and late Tertiary and Quaternary volcanics and sediments of the Cascade arc. The
guestion of whether the Cascades have participated in the rotation of the Coast Range s
the subject of Lhis paper and of much current research (Bates et al., 1979; Bates and
Beck, 1in press; Beck and Burr, 1979).

When did the rotation occur ?

Did the rotation occur throughout the Cenozoic or was 1t completed by the Miocene or
some earlier time? An important observation is that the post-Oligocene Coast Range rocks
{Clark, 1969; Simpson and Cox, 1977; Beck and Plumley, in press) and basalts and andesites
of the western Cascades of Washington (Bates et al., 1973; Bates and Beck, 1n press; Beck
and Burr, 1979) are rotated significantly less than older Eocene rocks of the Oregon Coast
Range (Simpson and Cox, 1977; Magill et al., in press) implying that significant rotation
occurred before as well as after Oligocene time. OQur paleomagnetic results from Oligo-

Miocene Cascade rocks help to further establish and refine these constraints on the timing
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Figure 2. Generalized geotectonic map of Oregon and Washington. Arrows
indicate the mean paleomagnetic directions found for the respective
geologic units. The open arrow marks the expected declination and the
solid arrow the observed declination. The arrows have been adjusted so
that the expected declinations point due north. An easterly directed
sol1d arrow therefore indicates a 30° clockwise rotation. The arrows
are labeled by geologic names or numbers listed in the rotation data
summary of Table 3. Paleomagnetic results reported in this paper were
collected in the Oregon Western Cascades at two Jlocalities 1labeled
(6). A paleomagnetic direction for the Coast Range Eocene intrusions
((12), Table 3) and outcrops of the Miocene Intrusions (4), Oligocene
Intrusions (7) and the Blue Mountains (Figure 1) are not shown for
simplicity. Map is based on Huntting et al (1961), Wells and Peck
(1961), Cohee (1962), Lawrence (1376) and Walker (13977).



and regional extent of the rotation.

By what mechanism did the rotation occur ?

The oldest rocks in the Coast Range (Figure 2), the lower and middle Eocene Siletz
River Volcanics and the correlative lower Eocene Roseburg Formation, consist of tholeiitic
pillow basalts, intercalated marine volcanic sediments and subaerial alkalic basalts
(Snavely and Wagner, 1963; Snavely et al., 1968: Baldwin, 1974, 1975). The overlying mid-
dle Eocene Tyee-Flournoy formations are marine turbidite sandstones and siltstones (Snave-
ly et al., 1364; Lovell, 1969; Baldwin, 1974). Flow structures and distinctive 1itholo-
gies indicate that the main source of the middle Eocene sediments was to the south in the
Klamath Mountains. Continued basaltic volcanism through the middle and late Eocene pro-
duced the Yachats basalt (Snavely and MacLeod, 1974) and the Tillamook Volcanic Series
(Snavely et al., 1970; Beaulieu, 1371, Nelson and Shearer, 1969).

Information about the original tectonic setting of the rocks of the Coast Range s
provided by geologic, geochemical, and geophysical data. The lower Eocene Coast Range
basalts are marine and are overlain by lower, middle and upper Eocene basalts with major
element chemistry most similar to that of oceanic island provinces (Snavely et al., 1968;
Glassely, 1974) 11ke the present-day Hawaiian Islands. Trace-element data from the Jlower
marine basalts (Loeschke, 1979) is supportive of formation as either an oceanic island or
ocean ridge. The overlying basalts, the upper Siletz volcanics, the Yachats and the upper
Tillamook basalts are all subaerial and therefore appear to cap an emergent island com-
plex. Correlative (Eocene) pillow basalts to the north in the Olympic Peninsula (Baldwin,
1974; Cady, 1975) are associated with pelagic limestones (Garrison, 1973), consistent with
an oceanic island setting. Snavely et al. (1868) have estimated the thickness of the
S1letz basalts at 10,000 to 20,000 feet, clearly anomalously thick crust. This and an
even greater crustal thickness of 15 to 20 km determined for the Coast Range from seismic
data (Tatel and Tuve, 1955; Berg et al., 1966: Langston and Blum, 1977) are consistent
with a basement of oceanic crust anomalously thick due to the presence of oceanic islands.
This model for the Coast Range basement is supported by the regional geology, by regional
isotopic data and by seismic, gravity and resistivity data as summarized by Simpson
(1977). A1l appear to support the existence of oceanic¢ crust beneath a large part of
western Oregon and southwestern Washington (Hamilton, 1969, 1978; Dickinson. 1976: Davis
et al., 1978) and suggest that the Eocene basalts that now form the Coast Range were a
seamount province.

Considering the original oceanic setting for the Oregon Coast Range rocks, the
paleomagnetically observed rotation would appear to be most easily related to accretion of
the seamount province to North America. Evidence for an early Eocene collision of the
seamount province with North America 1s found in the geology of the southern Oregon Coast

Range. At the extreme southern end of the range, the presence of a subduction zone is
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recorded in the early Eocene Roseburg Formation (Baldwin, 1974, 1975). The latter in-
cludes submarine basalts and marine sediments that are intensely thrusted and 1soclinally
folded, with late Cretaceous sediments being folded into the Roseburg during an early Eo-
cene episode of intense deformation. We interpret this deformation to mark a subduction
zone. Beaulieu (1371, p.30) notes that the Roseburg (lower Umpgua) has several features
of a melange. Strong northwestward vergence of the folds in the lower Eocene strata of
southern Oregon is suggestive of underthrusting from the northwest (Baldwin, 1964). Some
Roseburg strata were tectonically emplaced within the neighboring Jurassic Otter Point
Formation of +the Klamath terrane, and the Roseburg contains exotic blocks of schist and
greenstone and conglomerate all derived from the Klamaths, so the subduction zone at the
southern end of the Coast Range was located near shore in the early Eocene. Subduction at
this locality stopped abruptly at or near the end of the lower Eocene. The gently folded
middle Eocene turbidites and conglomerates of the Tyee and Flournoy formations which over-
lie the Roseburg formation with an angular unconformity display none of the thrusting and
telescoping of strata that characterized the underlying Roseburg Formation. The simplest
explanation 15 a westward jump of the subduction zone toward the end of the lower Eocene.

Magill et al. (in press) have recently proposed that collision of the Coast Range
seamount province began the first phase of a two-phase rotation of the Coast Range. Dur-
ing Phase I (Figure 3), the Coast Range underwent clockwise rotation when it became
trapped between two active trenches. Rotation ( 48“) and continued volcanism in the Coast
Range occurred as the wedge-shaped plate was consumed in the eastern trench. The pivot
point was near the present location of the Roseburg Formation., the volcanics and sediments
of which jammed the trench at its southern end. By the end of the Eocene the subduction
zone to the east was no longer active and the marine oceanic rocks of the Oregon Cnast
Range had become part of the North American plate. A modern analogue of the proposed ro-
tation and subduction zone geometry would be the piece of sea floor(Philippine plate)
bounded by the active Ryukyu and Izu-Bonin trenches in the western Pacific. Present — day
motion of the Philippine plate relative to Eurasia (Seno, 1377) indicates that the Philip-
pine plate is rotating clockwise into the Ryukyu trench about a local pivot (Figure 3)
similar to the proposed Eocene rotation of the Oregon Coast Range.

Phase 11 of the Oregon Coast Range rotation accounting for a further 30° of rotation
is suggested to be a late Cenozoic event related to extensfon in the Basin and Range pro-

vince. We will return to this model later in the paper.



WESTERN CASCADES
Geology and paleomagnetic data

The Cascade Range extends nearly due north from northern California 1into British
Columbia. In Oregon the range has & length of nearly 400 km and a width of 50 to 120 km
and 1ies directly east of the Coast Range and Klamath Mountains. The Pliocene and Quater-
nary shield volcanos, stratovolcanos and cinder cones of the High Cascades are underlain
by late Eocene to Miocene basalts, basaltic andesite, andesite flows and pyroclastics
(Peck et al., 1964; Wise, 1363). Rocks from this earlier episode of volcanism are termed
the Western Cascades and outcrop primarily on the western side of the High Cascades. The
combination of age and geographic position east of the Coast Range and Klamaths make the
Oregon Western Cascades of particular interest for paleomagnetic study. If the Cascades
have rotated with the Coast Range we would expect ta find the greatest amount of rotation
in the Western Cascades since they are the oldest units within the Cascades. In addition,
their position directly east of the Coast Range block and the existence of depositional
contacts 1inking the Cascades to the Coast Range and Klamaths (see discussion below) per-
mit the extrapolation of results from the Cascades to the Coast Range and Klamaths,
thereby increasing the geographic and temporal constraints on rotation of the Coast Range
and continental margin.

Paleomagnetic samples were collected from two regions in the Western Cascades of Ore-
gon 200 kilometers apart (Figure 2, sites 6), the northern one in the Sweet Home quadran-
gle and the southern one in the Butte Falls quadrangle. The geology of the northern sam-
pled section consists of subaerial flows of basalt and basaltic andesite of the Little
Butte and Sardine formations as mapped by Peck et al. (1364) (Figures 4,5 and 6). Geo-
chemical and age data show these rocks to be similar to typical island arc tholeiites (ex-
cept for anomalously high Th, U, and Rb and enriched REE patterns) and to range in age
from 20 to 30 m.y. (White and McBirney, 19739). Most of our paleomagnetic samples were
taken from the same flows sampled by White and McBirney to assure good age control. The
regional structure 1is relatively uncomplicated and has not been affected by any signifi-
cant faulting. Regional tilts in the 700 meters of sampled section are less than 5° and
appear randomly oriented. Such tilts likely reflect the original dip of the lava flows.

The southern sampled section (Figure 7) has been mapped by Wilkinson et al. (1941)
and J. Smith of the U.5.6.5. (personal communication) as consisting of subaerial flows of
basalt and basaltic andesite of the Roxy and Wasson formations within the Little Butte
volcanics. The 3000 meters of sampled section is of latest Oligocene age based on K-Ar

dating by J. Smith (personal communication). Again the regional structure is uncompiicat-
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Figure 5. Typical outcrop within the Western Cas-
cades. Outcrop shown lies just northwest of
paleomagnetic site 5034 along the Calapooia
R. in the northern sampling Tocality (SW 1/4
Sec. 6, T. 15 §S., R. 2 E., Sweet Home qua-
drangle).

Figure 6. Columnar jointed flow or s111 in the northernsampling locality located
along Wiley Creek (SE 1/4 Sec. 7, T. 14 S., R. 2 E., Sweet Home quadrangle).

Paleomagnetic samples of site 5066 were collected from this flow or sill.
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Figure 7. Generalized geologic map of the southern paleomagnetic sampling
locality in the Western Cascades. Geologic boundaries and stratigraphy are
from Wilkinson et al. (1941). Note the onlapping contact of Western Cas-
cade rocks upon Eocene and Mesozoic Klamath terrane.

ed, detailed mapping showing no faults with significant displacement (J. Smith, personal
communication). The regional structure has a uniform tilt of 7° to the northeast.

From 5 to B samples were collected from each of 17 sites in the northern locality and
11 sites in the southern locality. Each site consists of samples from a single lava flow
or dike and therefore represents a single instantaneous measurement of the paleomagnetic
field. Individual samples were drilled at the outcrop with a portable diamond dril1 and
oriented with a magnetic compass prior to removal from the outcrop, taking care to compen-
sate for local magnetic anomalies using backsiting techniques. A1l samples were stepwise
magnetically cleaned in alternating peak fields ranging from 5 to 100 milliteslas (see Ap-
pendix for data listing). The directional stability and coercivity spectrum of each sam-
ple was used to determine the optimum field for cleaning. Figures 8 and 9 show typical
examples of our data plotted on Zijderveld component plots. After removal of a secondary
overprint at low demagnetization fields, most samples experienced the removal of only a
single component of magnetization during further demagnetization. The straight demagneti-
zation trends which intersect the origin as in Figures 8b and 3a show the removal of a

11
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Table 1. Summary of paleomagnetic data from the Western Cascades

Site Declination Inclination .. x N H

Northern sites:

S001 57.9 63.3 4.6 174 7 20-70
sooa 207.4 -46.8 5.8 110 7 30-70
S015 186.6 -49.1 3.9 243 7 20-60
s022 208.4 -63.0 6.5 138 5 20-80
s0z28 357.4 75.6 11.8 i3 6 20-30
5034 40.4 72.2 5.0 231 5 20-40
5046 193.3 -57.7 4.4 234 6 20-80
s052 58.3 76.0 2.0 1084 6 30-40
s058 266.1 78.4 7.8 50 8 20-70
5066 53.3 739.0 3.6 357 6 10-15
s072 185.2 -65.3 5.2 136 7 20-40
s085 138.9 -86.8 3.3 341 7 10-70
s092 92.3 -88.3 3.2 451 6 20-60
5104 356.0 62.1 5.7 114 7 10-50
Southern sites:
Lool1 22.3 61.9 4.7 169 7 10-30
L014 25.3 28.5 5.9 167 5 10-80
Lo28 17.2 64.4 2.8 646 6 20-40
L034 337.1 70.7 3.3 337 6 10-30
LD40D 33.0 67.1 5.0 46 7 10-50
LO53 204.4 -60.4 3.1 377 7 15-40
LO60O 68.6 -71.8 6.8 128 5 20-60
LO66 23.7 54.7 3.0 487 6 10-30
Lo7z 45.6 55.4 8.7 60 8 15-40
L078 351.8 62.9 3.2 358 7 10-40
LI radius of 95% confidence in degrees, x= precision parameter, N = number of

samples, H = range of demagnetization cleaning fields in milliteslas which were
used to determine (by single measurtment or vector subtraction techniques)

the directions of remanent magnetization of the N samples.
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single component. In a few cases the demagnetization trends were straight but did not in-
tersect the origin, e.g. Figures 8a and 9b. This behavior was interpreted to be the
result of the superposition of the primary magnetization with a small secondary magnetic
overprint, likely a chemical alteration. This interpretation is supported by the extreme-
1y hard magnetization of the overprint, magnetic cleaning having 11ttle or no effect on
its 1intensity. The hardness of this magnetization 1s clearly seen in the demagnetization
trends of Figures 8a and 9b since the trends are straight. not curved as would be the case
for the simultaneous removal of two magnetic components. The primary magnetization was
recovered from samples similar to L053-1 for Figure 9b by analysis of the magnetic vectors
removed during demagnetization, this being a standard laboratory technique. Rocks from
four sites (three from the northern and one from the southern locality) were found to be
magnetically wunstable or overprinted by secondary magnetizations and were not included in
our final synthesis. The remaining sites were of high magnetic quality with 3 of reversed
polarity and 15 of normal polarity. Circles of 95% confidence were usually about 4° and
in all cases less than 12° (Table 1). The general existence of only a single component
during cleaning, the magnetic stability of this component, and the existence of nearly an-
tipalar reversals lends confidence to the conclusion that the primary remanent magnetiza-
tion has been recovered. Figure 10 shows a summary of the site mean directions after mag-
netic cleaning and correction for regional tilt of sites from the southern locality. The
measured field directions clearly show a significant clockwise rotation from the expected
Oligo-Miocene field direction for stable North America. Accounting fer dispersion in the
measured and expected field direction,the clockwise rotation is found to be 25° + 20° with
95% confidence (Table 2).

TABLE 2. Paleomagnetic results —-- Western Cascades
Pole Field Direction Flattening Rotation
N Lat E Long a95 N K Inc. Dec. F AF R AR
Observed 72.2 280.0 10.9 24 8.3 70.1 20.7 =2.0 8.1 24.7 19.7
Expected 87.0 162.0 4.0 21 66.0 62.1 356.0

Explanation: Expected field from Irving (1979) for 25 m.y.b.p.

a,. = radius of 95% confidence about the mean pole, N=number of sites, k=precision

95

parameter, Inc. = Inclination, Dec. = Declination, F = Inc'expec:ed - Inc'observed’
AF = [Alibs + AszpE% where Al = 2ﬂ95/l + 3c052p_ R = Dec'nbscrvcd - Dec'expected’
AR = [Anibs + Anixp15 where AD = gin'l;sinngslsinpj, p = colatitude,
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Figure 10. Paleomagnetic field directions for sites from
the Oregon Western Cascades (Table 1), northern locali-
ty average site directions are shown by boxes and
southern 1locality directions (corrected for tectonic
tiit) by c¢ircles. Directions of normal polarity are
plotted as Filled symbols and those of reversed polari-
ty as open symbols. Directions of reversed polarity
have been reflected through the origin to plot on the
lower hemisphere of this stereo polar plot. The mean
direction was computed from the mean pole of the 24
site VGP's. The circles about the expected and ob-
served means (Table 2) are the 95% confidence circles
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The mean measured inclination (700) and the expected 1inclination (820) differ by
&° +8.1° with 35% confidence (Table 2). If this difference is real, one possible expla-
nation of the steep inclination is that the Western Cascade volcanics underwent & south-
ward translation of 1200 km since emplacement, but this is ruled out by the depositonal
contact (see below) 1inking the Western Cascades and the Coast Range. Paleomagnetic data
from the Coast Range do not have steep inclinations and therefore do not indicate south-
ward translation. A more likely explanation of the steep inclination is that the strata
may have undergone a regional tilt of about 5n or so eastward toward the north-trending
subsiding axis of the Cascade Range (Peck et al., 1964). The strata are nearly horizontal
today because they were initfally deposited with a dip of 5° or so to the west, which 1s
reasonable since all the known Oligo-Miocene vents of the Western Cascade volcanics 1lie
some 40 to 50 km east of each of the sampling localities (Peck et al., 1964). It 1s im-
portant to note that a hypothetical westerly t11t bringing the measured and expected 1n-
clinations 1nto agreement increases the implied rotation to about 28°. We therefore con-

sider the measured mean rotation of the Western Cascades of 25° to be a minimum.

Regional interpretation

Our new paleomagnetic data from the Western Cascades, when combined with three other
Cascade paleomagnetic studies, strongly suggests & uniform rotation of the Cascade Range
from northern California to central Washington. Paleomagnetic results from basalts and
andesites of the early Cascade Goble Volcanics (32 to 45 m.y.) and Ohanapecosh Formation
(31 to 37 m.y.) of southern Washington (Figure 2) show rotations of 28° 1 12° (Beck and
Burr, 1979) and 35° + 12° (Bates and Beck, 1n press) respectively. Moreover, a rein-
terpretation of the paleomagnetic study of Beck (1962) of Western Cascade rocks (latest
Eocene to Miocene) in northern California (Figure 2) indicates 18° & 14° clockwise rota-
tion. In this early study Beck (1962) interpreted the clockwise-rotated magnetization
directions as the result of improper statistical sampling or anomalous behavior of the
geomagnetic Field. Considered in the context of the present results from Cascade rocks of
similar age, Beck’'s results from the Cascade rocks in northern California appear to have
recorded a true tectonic rotation. These three studies combined with our results yield an
average clockwise rotation (weighted by 95X confidence 1imits) of 27° £ 7°. The internal
consistency 1s remarkable and 1s clearly indicative of a tectonic rotation affecting a
broad region including the entire Western Cascades and adjacent terrane.

Having established the tectonic rotation recorded in rocks of the Western Cascades.
the geologic contacts of the Cascades with the adjoining Coast Range and Klamaths to the
west take on considerable significance. These geologic contacts are predominantly deposi-
tional contacts rather than fault contacts. This relationship is observable in south-
central Oregon and northern California where basal Cascade rocks (Colestin and Spencer

Fm.) 11ie conformably and unconformably on early and middle Focene Coast Range rocks
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Explanation

Coast Range - Klamaths Cascades
E Eocene Tyee Sediments m Quaternary Basalt
D Eocene Umpqua Fm. Sediments Cascade Volcanics

and Volcanics

Mesozoic Klamaths

Western Cascade Volcanics

Eocene and Miocene Intrusives

Eocene Spencer Fm. Sediments

Figure 11. Geologic cross sections showing the onlapping relationship of Cas-
cade rocks upon the rocks of the Coast Range and Klamaths. The location of
the cross sections are shown in the inset. Sections are shown without
vertical exaggeration. Sources for the cross sections and stratidraphy
are: (A),(B) Hoover (1963);: (C) Williams (1949).
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(Umpgua and Tyee) (Figure 11) (Wilkinson et al., 1941; Hoover, 1%63) and pre-Tertiary
rocks of the Klamath Mountains (Wilkinson et al., 1941; Wells and Peck, 1961) (Figure 11).
Similar depositional contacts between the Cascades and Coast Range exist inm southern Wash-
ington (Snavely et al., 1958; Roberts, 13958; Hammond, 1979). These onlapping relation-
ships and similar depositional relationships of the paleomagnetically sampled units upon
the basal formations of the Cascades require that both the Coast Range and Klamaths par-
ticipated in the 25° post-25-m.y.b.p. rotation of the Cascades. This collective rotation
of the Cascades, Coast Range and Klamaths amounts to rotation of a large segment of the
continental margin of western North America and places significant constraints on Oligo-
cene paleogeographic reconstructions.

A significant implication of the poast-25-m.y.b.p. rotation of the Cascades, Coast
Range and Klamaths 1s that this rotation must have resulted from internal deformation of
the North American continent. Since the Cascades are arc volcanic products of subduction
west of the Coast Range, the convergent margin must have lain some 150 to 200 km west of
the Cascades. This inland position of the Cascade Range together with its position east
of the Meso2o1c Klamath terrane eliminates the possibility that the rotation of the Cas-
cades was associdted with accretionary processes dlong & late Tertiary convergent margin.
Rotation of the Cascades and Klamaths therefore appears not directly related to subduction
and more l1ikely 1i1s the result of broad internal deformation within the western Cordillera.
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PALEOGEOGRAPHIC RECONSTRUCTIONS

Magill et al. (in press) have recently proposed that the regional geology and the
paleomagnetic data can best be explained by & model with two distinct episodes of rota-
tion, one during the middle Eocene (approx. 45") and another between the Miocene and
present (approx. Suo). Our results from the Cascades together with the onlapping nature
of the contact of the Cascades with the Coast Range and the Klamaths support such a two-
phase rotation model. OQur results require that the Coast Range rotated with the Cascades
about 25° clockwise during the past 25 m.y. The fact that early and middle Eocene rocks
of the Coast Range are rotated as much as 77° (Table 3) leaves about 50° of Coast Range
rotation unaccounted for by the rotation of the past 25 m.y. (Figure 12). This difference
is too large to be due to experimental errors and indicates that the Coast Range block un-
derwent an earlier phase of rotation. It is our interpretation that this earlier rotation
occurred as a distinct episode during the middle and late Eocene and was followed by a
period of tectonic stability during the Oligocene. To the eye, however, it might appear
that the rotation and age data in Figure 12 could be fit by a simple straight line
corresponding to rotation at a constant rate. To test statistically whether the data are
simply 1linear we fit the paleomagnetic rotation and age data from the Cascades and Oregon
Coast Range (Figure 12) with first, second, and third order polynomials, weighting the
data by the 95X confidence limits of the respective rotations. Using an F test of the chi
square statistics, the third order polynomial (1inset of Figure 12) fits the data signifi-
cantly better than a linear (395X confidence) or second order curve (50% confidence). This
analysis does not prove that the third order polynomial fit is correct, but it indicates
that the best fit curve is more complicated than a simple linear trend corresponding to
rotatifon at a constant rate. The heavy curve in the inset of Figure 12 ‘incorporates the
basic shape of the fitted third order polynomial, modified a 11ttle to fit our interpreta-
tion of the regional geology (Magill et al., in press). The chi square of the interpreted
heavy curve is slightly 1less than the best fit third order curve and therefore must be
considered an equally good fit to the data. The Cascade results are clearly consistent
with such a two-phase rotation.

The two-phase rotation curve of Figure 12 clearly shows that the rotation of the Go-
ble Volcanics is consistent with the Goble being a member of the Coast Range-Cascade block
and not a member of some separate block. Beck and Burr (1979) suggested that the Goble
rotation (Zan) is significantly smaller than the rotation of older rocks from the Coast
Range and therefore the Goble is not part of the Coast Range block. We reject the
separate block hypothesis for two reasons: (1) The Goble rotation is not statistically
different at the 35X confidence level from the Coast Range Tillamook volcanics (Magill et

20



ROTATION

| @300 Mm ’-:-noa——ol L =1 e X ]

0° 30° 60° 90°
o] L .
104
‘i { Miocene Basalts
20+ Miocene Intrusions
Calif. Cascades
4 W Cascades
o ol Intrusi
Marys gocene Intrusions
Ohanapecosh
o Yachats
40 Eocene Int.
Tyee-
Tillamook Flournoy
50- ) .
SRV
60-

Figure 12. Rotation versus age for geologic units of the

Cascades and Oregon Coast Range (Table 3). The rota-
tion error bars are the AR values 1isted 1n Table 3.
The 1inset shows @& weighted least-squares fit of the
data to a third order polynomial (dotted curve) con-
trasted with our suggested curve (solid) which 1s con-

strained by our interpretation of the regional geology.
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Table 3: Compilation of regional palcomsgnctic rcsults from Orcgon, Washington and the Sierra Nevada regions

Observed Data

Name and Reference Pole Field Direction Expected Field Flattening Rotation

Oregon-ashington Region lac. len. 2935 ¥ o«  Onc. Dec. Age Inc. Dec. F  LF R 2R
Miocene Basalts (1) 7.0 80.0 29.0 8 4.8 2.0 354.0 20 63,8 356.0 11.8 31.3 -2.0 35.8
Columbia R. Basalt N (2) 87.6 203.2 7.0 & 91.6 85.7 3572.7 20 &4.8 355.8 -0.9 6.6 1.9 12.8
Columbia R. Basalt S (3) B84.2 315.8 5.9 14 45.9 62.8 7.8 20 62.4 336.0 =0.4 6.3 11.8 10.8
Miocene Intrusions  (4) _——— =s 9.6%8 - 67.5 29.5 20 63.5 357.5 =40  e=== 32,0 26.8
California Cascades (3) 78.7 292.9 8.9 24 12.0 65.5 13.8 25 61.5 356.0 -4.0 7.6 17.8 144
Western Cascades (6) 72,2 280,0 10.,92% 8,3 70.1 20.7 25 62.1 356.0 8.0 8.1 24.7 19.7
Oligocene Intrusfons (7) ——— m— B.AT1G m— 56.0 39.0 30 63.5 354.5 7.5 —-ee 4405 16,7
Marys Peak (8) 63.0 8.0 8.0 26 11.5 42.0 22.0 30 64.0 354.6 22.0 11.3 21.4 11.4
Ohanapecosh (9 1.3 320.7 N o DR 63.6 26.8 35 65.3 352.2 1.7 ——— 346 12.4
Yachats Basalr (10) 58.0 308.0 20.0 8 8.6 64.0 46.0 40 644 350.3 0.4 16.3 54.7 30.2
Goble Volcanics (69 %] 75.5 345.5 3.5 37 17.7 1.5 18.5 40 65.4 350.1 7.9 6.6 28.4 12.4
Eocene Intrusions (12)  =we= —— 12.5%10 === 62.0 44.5 40 64,5 353.0 2.5 -==-= 51.5 2B.4
Clarno Format ion (13) 80.5 27&4.0 11.3 13 14.4 67.5 9.5 45 65.0 349.1 2.5 9.0 20.4 19.4
Tillamook (14) 65.5 312.7 7.0 32 14,0 64,2 35.5 45 66,2 349.1 2.0 6.7 46,4 12.7
Tyee-Flournoy (15 49.0 305.0 11.0 40 5.2 63.0 39.0 45 65.3  349.3 2.3 9.6 69.7 17.2
Willipa Hills (16) ——— mmaa ———— e ———— 10,0 50 67,6 347.8 mm——— mm—— 2.0 e
Black Hills an 69.4 322.3 5.2%35  m—— 63.2 29.6 S50 67.9 347.6 4.5 === 42,0 14,0
$iletz River Volc. (18) 45.0 307.0 8.0 33 10.7 61.0 63.0 5% 67.4 346.2 6.4 8.4 76.8 15.7

Sierra Nevada Region
Creat Valley (19 72.0 181.0 5.4 17 &0 85,7 337.4 70 67.6  339.0 1.9 6.5 -1.6 13.7
Cretaceous Granites (20) 68.8 195.2 9.6 14 18.0 68.1 336.0 B85 67.0 333.6 -1.1 8.9 2.4 19,9
Bucks Batholith (21) 57.6 194.8 7.9 9 43.7 72.1 317.1 140  60.4 333.6 -11.7 12.4 -16.5 22.9
Reeve Formation (22) 73.0 139.0 9.0%0 = 54,8 339.3 150 53.9 341.1 0.9 ==== 1.8 17.3

gy = radius of 95% confidence about the mean pole, an (*) denotes an asg of the mean field direction where the mean pole g

was not available, N = number of sites, x = precision parameter, Inc. = inclination, Dec. = declination, Age = age of the pole

2

of lrving (]979) used ro compute the expected [ield direction, F = Inc. a4 Inc. [a1 + Mz ]" where

2 2 eypecge observed; RE: = obs exp
AL = 2aq94/1 + 3cosp, R = D“'obumd - D“'c ced® AR = l‘wobs + AD“P] where AD = sin [sinass/sinp], p = colaritude,

or Ab = uin—l[slm.;lcol(lnc.)l if an aes for the mean field direction is only available. The Columbia R. Basalt N data is
an average of sites SRC, LC, A, GR, M and I of Warkins and Raski (1974), Columbia R. Basalt S data is an average of sites BC,
CC, PG, OR, 5 of Watkins and Baski (1974) and C, D1, D2, E, F, G, H, I of Watkins (1965). Other referemces are (1), (10), (13),

(18) Simpson and Cox (1977); (4), (7) (12) Beck and Plumley (in press); (5) Beck (1962); (6) this study; (8) Clark (1969); (9)
Bates and Beck (in press); (11) Beck and Burr (1979); (13) Beck et al. (1978); (14) Mag.ii et al. (in press); (16) Wells and
Coe (1979); (17) Globerman and Beck (1979); (19) Mankinen (1978); (20) Grommé and Merrill (1965); (21) Grommé et al. (1967);

(22) Hannah and Verosub (1979).
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al., 1in press), which are about 6 m.y. older than the Goble,and (2) 40 m.y. and younger
rocks from the Coast Range and Cascades have an average rotation of 30°. in excellent
agreement with the Goble rotation. This comparison to similar and younger age rocks 1is
more appropriate than a comparison to older rocks for which the geology suggests an ear-
11er accretionary rotation (Phase 1). It is our conclusion that the Goble rotation is
anomalous only when compared to the oldest Coast Range rocks (Tyee-Flournoy, Siletz River
Volcanic Series) and that this merely reflects the fact that the Coast Range was rotating
during the middle Encene (Phase I).

Considering the oceanic origin of the Coast Range seamount province and the volcanic
arc origin of the Cascades, two distinct rotation phases seem reasonable because (1) the
Coast Range and Cascades are two fundamentally different tectonic terranes, and (2) there
is & significant difference in the maximum observed rotations for the Coast Range (??u)
and Cascades (350). We refer the reader to Magill et al. (in press) for more of the
relevant geologic details of Phase I. Phase II of the rotation associated with extension
of the Basin and Range province is of particular interest because 1t appears to be a vi-
able model to explain the timing and magnitude of the Cascade rotation.

In Phase Il rotation (Figure 13), the Coast Range, Klamaths, Cascades and naorthern
end of the the Sierra Nevada all move westward in response to extension in the Basin and
Range 1immediately to the east. The madel explains the rotation as a consequence of the
internal deformation of the continent and rotates the Coast Range, Cascades, and Klamaths
together as one block as is reguired by the depositional geologic contacts. During Phase
II, rotation of the Coast Range, Cascades, and Klamaths took place about a northern pivot
and hence implies that extensional rifting was greater in southern Oregon than northern
Oregon. Three observations suggest that this was the case. First, the distribution of
late Cenozoic extensional faults delineating the Basin and Range province (Figure 14) sug-
gests that extensional minima exist in northern Oregon and south of the Sierra Nevada,
with a maximum at the latitude of the Oregon-Nevada border. This distribution of exten-
sion would produce the clockwise rotation of the Coast Range and related terrane. Such a
distribution would also produce counterclockwise rotation of the Sierra Nevada in addition
to simple westward motion. We will return to this point later in the paper. Second, dif-
ferential extension would require the formation of strike-slip faults separating the re-
gions of greater and lesser extension. The northwest-trending right-lateral faults 1n
Oregon proposed by Lawrence (1376) appear to be such faults (Figure 1). Third, the Colum-
bia River Basalts (Watkins, 1965; Watkins and Baski, 1974) show only 2% of clockwise rota-
tion 1n northwestern Oregon and southeastern Washington (Figure 2, Table 3) and about 12°
of c¢lockwise rotation 1n south-central Oregon (Figure 2, Table 3). These results would
suggest that the southern region has experienced more rotation and extension than the
nerthern region. In fact, the northern region would appear relatively stable and may 1ie
outside the northeastern 1imit of significant extension and related rotation. However
the confidence 1imits aof these paleamagnetic data are toa large to permit this interpreta-

tion to be made with confidence.

23



Concerning the timing of the late Tertiary Phase II rotation, the paleomagnetic data
are neither abundant nor preciseé enough to determine exactly when the rotation occurred.
However, the regional geology provides additional constraints, since westward motion of the
Coast Range., Klamaths and Cascades was undoubtedly associated with extension in regions
immediately to the east. It 1s not until the mid-Miocene that we find clear evidence for
broad extension 1in the region reaching froem Arizena to central Oregon. During this
period, about 20 m.y.b.p., the Basin and Range province began its most important phase of
development with the broad occurrence of extensional faulting coupled with & pervasive
shift to basaltic volcanism (Snyder et al., 1976; Stewart, 1978). The most difficult part
of the geologic record to interpret is the widespread Oligocene ignimbrites of Nevada and
Utah (Snyder et al., 1976), the continuity of which suggests that the Oligocene topography
did not include deep extensional basins (Burke and Mckee, 1979). However, Hamilton and
Meyers (1966), Elston (13978) and Hamilton (1380) propose that the extrusive 1gnimbrites
were associated with 1ntrusive activity deep 1n the crust which resulted 1n significant
extension. We conclude, based on the overall geologic record., that Phase II rotation
1ikely began about 20 m.y.b.p.., coinciding with mid-Miocene extension in the Basin and
Range. However, the possibility of some Oligocene extension 1n association with the
Nevada-Utah ignimbrites cannot be ruled out, so some amount of Oligocene Phase II rotation
is possible.

The amount of westward translation of the southern Coast Range, Cascades, and Klamaths
required to account for the observed angle of rotation R expressed in radians 1s related

to the distance L from the rotation pivot by:
s =LxR

In the preferred Phase 11 reconstruction (Figure 13), the pivot 11es north of the Columbia
River, a distance L = 670 km. The angle R can be constrained by the paleomagnetic data.
A weighted average of all the rotations observed for Cascade and Coast Range rocks less
than 40 m.y. old (post-Phase I) yields R = 30° + 10° (95% confidence). The resulting
westward translation of the southern Klamaths, Cascades and Coast Range 1s s = 340 km.
This implies an extension of the Basin and Range on the order of 80%. Although somewhat
on the high side, this is within the range of values for the amount of late Cenozoic Basin
and Range extension proposed by different researchers (Hamilton and Meyers, 1966; Prof-
fett, 1971; Thompson, 1972; Elston, 1976, 1978; Hamilton, 1978, 1980; Stewart, 1978; Zo-
back and Thompson, 1978).

The paleogeographic reconstructions we propose are based on two fundamental assump-
tions which are supported by geologic observations. First, we regard the Coast Range,
Klamaths, Cascades and Sierra Nevada as quasi-rigid blocks. As noted in the introduction
the regional geology and geophysics suggest a quasi-rigid Coast Range block. Similarly,
the consistency in the rotations found for the Cascades (average weighted by 95X confi-

dence 1imits -- 27° = ?n, N = 4) and the excellent agreement of these results with the 40
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Figure 13. Position of the tectonic blocks of the present
western U.5. continental margin at the beginning of
Phase Il rotation, 20 m.y.b.p. See Figure 1 for the
present-day position of these blocks, CP = Colorado
Plateau. The rotation pivot at the northern end of the
Coast Range block 1s shown by a triangle. The amounts
of Basin and Range extension implied by the model are
marked by arrows. The Mojave block (MB) and Garlock
Fault (G) are shown in their present-day position.
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Figure 14. Steeply dipping faults of western North America

active 1n the past 10-15 m.y. for which some Quater-
nary movement 1s suspected. Longer faults are general-
ly strike-slip faults and shorter ones normal faults.
Qur proposed tectonic blocks are outlined with heavy
1ines; CR = Coast Range, K = Klamaths, GV = Great Val-
ley, SN = Sierra Nevada. Faults are from Eaton (1380).
C = Cascades.
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m.y. and younger Coast Range rocks (weighted average -- 34% + 17°, N=6) indicate that the
Cascades are 1l1kely also to be quasi-rigid. 1In addition, we note that the extensional
faults common in the western U.S. occur only sparsely within the Coast Range, Cascades,
Klamaths and Sierra Nevada blocks (Figure 14). Regions of high heat flow are confined to
the Basin and Range province and the Cascades and are not present in the main mountain
belts (Figure 15). These observations suggest a significant contrast in the scales and
intensity of late Cenozoic deformation between the Basin and Range and the main mountain
belts and provide the basis for our treating the Cascades, Coast Range, Klamaths and Sier-
ra Nevada as coherent blocks in our reconstructions.

The second assumption is that the Sierra Nevada and the Klamaths have not undergone
significant translation relative to one another. The widespread occurrence of upper Cre-
taceous marine sediments in the gap between the Klamaths and Sierra Nevada (Figure 1) s
difficult to reconcile with post-Cretaceous rifting of the Klamaths from the Sierra Neva-
da. Indeed, most geologists working in the area have concluded that rifting of the
Klamaths from the Sierra Nevada, if real, occurred during the Mesozoic (Schweikert, 1976;
Blake and Jones, 1977; Irwin, 1977). It then appears that the Klamath and Sierra Nevada
blocks are 11kely best described as linked plates (Heptonstall, 1977) free to move about a
hypothetical hinge at their point of contact. Such a hinge could accommodate differential
westward motion between the Coast Range, Klamaths, Cascades and the Sierra Nevada blocks

without significant translation or deformation.
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Figure 15, Heat flow contours superim-
posed on major physiographic units
of the western U.S. (Figure from

Lachenbruch and Sass, 1978).
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PALINSPASTIC MAPS

In order to test whether the above two-phase rotation 1s consistent with regional
gealogic 1information, the palinspastic maps shown in Figures 3 and 13 were generated by
the following procedure, working back in time: (1) The outlines of the Coast Range.
Klamath Mountains, and Sierra Nevada were digitized along the boundaries between early
Tertiary and younger rocks. (2) The Klamath Mountains and the Coast Range of Oregon were
rotated counterclockwise about a - finite rotation pole at &s.ﬂoﬂ. 237.$°E at a constant
rate of 1.5%/m.y. from the present back to 20 m.y., the total rotation angle being 30.4“.
in accord with the paleomagnetic data. (The actual rate of rotation was likely spasmodic,
associated with periods of pronounced extension and alternate periods of relative stabili-
ty.) (3) The Sierra Nevada and Great Valley were rotated 13.0° clockwise about a finite
rotation pole at 26.9°N, 242.7°E. This preserves the relative position of the northern
Sierra Nevada relative to the Klamaths and produces counterclockwise rotation of the Meso-
zoic paleomagnetic data from the Sierra Nevada. The resultant extension in the southern
Basin and Range 1s 210 km, compared to 340 to the north (Figure 13). (4) All blocks were
retained in this position from 20 back to 42 m.y. (5) From 42 back to 50 m.y. the Oregon
Coast Range but not the Klamaths was rotated counterclockwise at a rate of Eolm.y. about a
pale to the south located at 43.0°N, 238.7°F, the total rotation angle being 46.0° (Figure
3) in accord with the paleomagnetic data (Figure 12).

Our 20-m.y.b.p. reconstruction agrees well with accepted geodynamic constraints for
the western U.S. The rotation pole to the north (Figure 13) preserves general continuity
of the Cascade volcanic arc and implies mild compression in the Cascades of southern
Washington, 11kely producing the Miocene upl1ift of this region (Hammond, 1979). The posi-
tion of this pole also implies a southwest-northeast opening of the Basin and Range in
good agreement with the trend of the Nevada rift (Figure 1) and the orientation of early
extensional basins (Eaton, 1379; Zoback and Thompson, 1878). Moreover, the suggested
reconstruction of the Sierra Nevada-Great Valley is consistent with accepted geologic con-
straints. The finite rotation used to determine the early Tertiary position of the Sierra
Nevada may, in fact, be decomposed into the three following rotations, each corresponding
to a different geologic constraint or observation. The rotations are listed 1in the se-
quence 1in which they were made 1in order to produce the palinspastic restoration shown 1in
Figure 13. (1) Counterclockwise rotation of 4.0° about a pole at 46.0°N, 237.5% partial-
1y closing the Basin and Range province in partial compensation for Miocene extension.
Terrane west of the Basin and Range province, 1including the Sierra Nevada and Mojave
blocks, were moved eastward in this restoration. This same pole position with a larger ro-

tation was used to produce the 20-m.y.b.p. restoration of the Oregon Coast Range. (2) As-
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suming that motion along the Walker Lane reflects strike-slip motion between the North
American (NA) and Pacific (PAC) plates, this motion can be described by the PAC-NA pole at
51.0°N, 294.0°E of Minster et al. (1874). Clockwise rotation of 1.2% about this pole pro-
duces right—-lateral motion of 30 km along the Walker Lane, in good agreement with geologic
observations (Albers, 1967; Slemmons et al., 1979). A counterclockwise rotation of 1.27
was therefore used in the reconstruction. (3) Left-lateral motion along the Garlock Fault
can be described by a pole at 33.0"N. 243.5%E. Counterclockwise rotation of 17.0° about
this pole produces 85 km of left-lateral motion on the Garlock and related faults to the
south, which 1s consistent with geologic observations (Davis and Burchfiel, 1973). A
clockwise rotation of 17.0° about this pole was used to move the Sierra Nevada east rela-
tive to the Mojave block to its position prior to differential Basin and Range extension.
These three rotations carried out in the sequence listed above are exactly eguivalent to
the rotation about the single pole used to produce the reconstruction of the Sierra Nevada
block (Figure 13). Because the rotation in step (2) 1s small, the sequence in which
steps (1) and (2) are made is not important. These two combined rotations were used to
rotate the Sierra Nevada block, the Mojave block and the pole for the intervening Garlock
Fault. Holding the Mojave block fixed, the Sierra Nevada block was then rotated relative
to the Mojave block about the rotated Garlock Fault pole. A remarkably similar three-pole
system was derived independently by Eaton (13979) on the basis of the distribution and
direction of extension in the Basin and Range. The fact that several of the primary
geotectonic features of the Basin and Range and western U.S. can be explafned by & recon-
struction based mainly on paleomagnetic constraints lends considerable credibility to the

reconstruction.
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ALTERNATIVE MODELS

How well the positions of the major mountain blocks can be determined at 20 m.y.b.p.
depends upon uncertainties in the amount of Basin and Range extension and 1in the orienta~
tion of the Sierra Nevada block. The orientation of the Sierra Nevada block can be con-
strained 1loosely by the paleomagnetic data from the block. As can be seen in Figure 13,
our 20-m.y.b.p. reconstruction proposes a 13° rotation of the Siarra Nevada about a pole
at ZS.SQN. 242.7°E, which should be reflected in the paleomagnetic data as a 15° coun-
terclockwise rotation of pre- late Tertiary field directions. Paleomagnetic studies of
Mesozoic rocks of the Sierra Nevada and Great Valley (Figure 1, Table 3) are consistent
with a small counterclockwise rotation of 4.4° = 5.7° (35% confidence 1imits). However
two facts should be kept in mind regarding the accuracy of this mean result. First, two
of the magnetic studies were on rocks which have undergone post-folding remagnetization
events and hence have unconstrained tectonic tilt corrections. Second, all the individual
rotational uncertainties are between 14o and 23° (Table 3) and hence 1introduce consider-
able uncertainty to the derived mean rotation.

The reason our favored 20-m.y.b.p. reconstruction does not utilize a Sierra Nevada
rotation closer to 4.4° rather than 15° is that smaller Sierra Nevada rotations result in
unacceptable positions for the southern Sierra Nevada. The present gap between the south-
ern Sierra Nevada and the Colorado Plateau 1s approximately 360 km wide and in that gap
there is about 215 km of post-Cretaceous surface outcrop. This sets a likely Tertiary ex-
tension upper limit of 215 km (150%) in this region. Our preferred reconstruction assumes
that extension was equal to this upper 1imit. For a given rotation of the Coast Range,
Cascades, and Klamaths, there 1s a simple trade-off between implied extension in the
southern Basin and Range and rotation of the Sierra Nevada. Clearly one may propose a
smaller amount of extension in the region of the southern Sierra Nevada,but the implied
Sierra Nevada rotation increases by 1.5° for every 20 km of extension less than 215 km.
Figure 16 shows an alternative 20-m.y.b.p. reconstruction based on & 30° clockwise rota-
tion of the Coast Range-Klamaths-Cascades and a 4.4° counterclockwise rotation of the
Sierra Nevada. Note the wunacceptable proximity of the southern Sierra Nevada to the
Colorado Plateau. implying 340 km of Tertiary extension, 125 km greater than the upper 11im-
s 3 4

Alternative models which yield acceptable Sierra Nevada rotation and positions of the
southern Sierra Nevada involve moving the Cascade-Klamath pivot to the south or reducing
the amount of proposed Phase Il rotation. Both alternatives 1lessen translation of the
northern Sierra Nevada and produce less Sierra Nevada-Great Valley rotation for a given

position of the southern Sierra Nevada. We do not favor these alternative models, since
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Figure 16. Alternative Phase 1I reconstruction
decreasing the counterclockwise rotation of
the Sierra Nevada to 4.4° but yielding an
unacceptable proximity of the southern Sierra
Nevada (SN) to the Colorado Plateau (CP).
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each has unacceptable geologic implications. Moving the Coast Range-Cascade-Klamath pivot
to the south as little as 160 km (Figure 17) would reduce implied extension in the north-
ern Basin and Range to 260 km (50%) and result 1in only 6% counterclockwise rotation for
the same position of the southern Sierra Nevada as our preferred model (Figure 13). How-
ever the implication of the more southerly pivot is nearly 180 km of compression east of
the north Cascades as the Cascades rotate. The relatively undeformed character of the
Columbia River Basalts (largely pre-Basin and Range extension) in central Washington and
only moderate folding in the Cascades themselves (Hammond, 1979) appears to preclude such

massive compression.
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Figure 17. Alternative Phase II reconstruction
moving the pivot south to 44.5° N 237.5° E.
Less rotation of the Sierra Nevada (4.4°
counterclockwise) and less extension of the
Basin and Range (50%) is reguired in this
model, but the implied compression in the Cas-
cades of southern Washington 1s unacceptably

large.
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Figure 18. Alternative Phase Il reconstruction
reducing the proposed rotation of the Coast
Range, Cascades, Klamaths to 200: less Basin
and Range extension (40X%X) and less Sierra
Nevada rotation (4.4° counterclockwise)

results.
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Figure 19. Alternative Phase II reconstruction
relaxing our assumption of no Klamath - Sier-
ra Nevada relative translation, rotating the
Coast Range, Cascades and Klamaths 30.4° and
holding the Sierra Nevada - Great Valley
fixed. Note the Jlarge distance separating
the northern Great Valley from the Klamaths.
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Reducing the proposed rotation of the Coast Range-Cascade-Klamath block(iuo + 10°) to
its lower statistical bound of 20° results 1in only 4.4° of counterclockwise rotation of
the Sierra Nevada (Figure 18) for the same southern Sierra Nevada position as in our pre-
ferred model (145 km west of the Colorado Plateau). Although apparently satisfactory,
this model implies a Coast Range rotation smaller than the 95% confidence 1imits on the
Coast Range Oligocene 1intrusives (44.5° + 16.7°) and the Yachats Basalt (54.7° + 30.2°%)
allow. We suggest that realistic error limits on the Phase II rotation are = 3% rather
than + 100. It is our Jjudgement that the Coast Range paleomagnetic directions are of
higher quality than the Sierra Nevada data, and therefore any madel should be consistent
with the Coast Range data even 1f consistency with the Sierra Nevada data must be
lessened. It should be noted however that our preferred Phase Il reconstruction Sierra
Nevada rotation of 15° s still within all the 95% confidence limits of the individual
Sierra Nevada-Great Valley rotations, even though 1in excess of the 95X confidence 1imits
of the data taken as a group.

Qur final option to lessen rotation of the Sierra Nevada implied by our reconstruc-
tions 1s to reject our assumption of no Klamath-Sierra Nevada translation. Figure 18
shows a reconstruction leaving the Sierra Nevada in 1ts present position and rotating the
Coast Range-Cascades-Klamaths as in our preferred model. Figure 20 shows the consequences
of this reconstruction at 10 m.y.b.p., assuming & uniform rotation rate. The Klamaths and
Sierra Nevada collide in such a model and would greatly deform the southern Klamaths and
the Cretaceous sediments which presently occupy the gap between the Sierra Nevada and the
Klamaths. Such deformation has not been found in the region, and hence this model 1s re-
jected. Consequences are similar even if the Sierra Nevada is moved east 1in partial com-
pensation for Basin and Range extension. Such compensation merely results in an earlier
(pre=10 m.y.b.p.) collision of the Klamaths and Sierra Nevada.

It 1s our conclusion that there are alternative reconstructions to our preferred
model, but there are serious geologic conseguences implied by radical changes. Clearly
some changes are possible, including (1) a small amount of Klamath-Sierra Nevada relative
translation, (2) a southern Sierra Nevada translation somewhat less than 215 km, (3) mov=
ing the northern pivot a small distance to the south, (4) rotating the Coast Range,
Klamaths. and Cascades slightly less than 30° (Phase I1), and (5) rotating the Sierra Neva-
da a few degrees more or less than 15°. However, it is our Jjudgement that any of the
above adjustments must be small and hence of second order significance, since large adjust-

ments are hard to reconcile with the geology.
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Figure 20. Alternative Phase II reconstruction of
Figure 19 stepped forward 1in time to 10
m.y.b.p. Note the resulting collision of the
southern Klamaths with the northern Sierra
Nevada.
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DISCUSSION AND SPECULATIONS

During Phase II rotation the direction of motion of the Klamath-Sierra Nevada junction ap-
pears to be the resultant of two components, one southwesterly and one northwesterly. The
southwesterly component 1s due to the extension of the Basin and Range province, which ap-
pears to be a continental analogue of broadly distributed back-arc spreading. This ap-
pears to be necessary to explain the high heat flow, thin crust, anomalous upper mantle
and regional wuplift of the Basin and Range (Scholz et al.. 1371: Thompson, 1972). The
northwesterly compoment of motion is associated with broad regional right —lateral shear
(Atwater, 13970; Christiansen and Mckee, 1978; Livaccari, 1979; Zoback and Thompson, 1978).
The late Cenozoic right-lateral motion (48 km minimum) along the Walker Lane (Albers,
1967; Slemmons et al., 1973) requires north-northwest motion of the Sierra Nevada relative
to the stable part of the North American plate. Regional shear reflected in the northwes-
terly motion of the Sierra Nevada and adjacent terrane to the east would appear to be the
likely cause of Miocene to present north-south compression in the Ceolumbia Plateau (see
Davis, 1977) as the plateau is pushed from the south against a more stationary Mesozoict
terrane to the north. A similar buttress effect 11kely constrains the Coast Range and
Cascades to the north,as evidenced by north-south compressional earthquakes (see Davis,
1977) in Washingten and northern Oregon. The Phase II rotation of the Coast Range,
Klamaths and Cascades would thus appear to be the result of southwesterly Basin and Range
extension with superimposed northwesterly motion of the Sierra Nevada, both acting to push
the Coast Range, Klamaths and Cascades in a northwesterly clockwise sense about a northern
pivot.

The implication of rotation of the continental margin is that a buttress does not ex-
ist to the west, since the Coast Range, Klamaths and Cascades must translate to the west
during rotation. This translation appears to have been accommodated by the Juan de Fuca-
North America trench,with the continental margin simply overriding the trench during rota-
tion. It is of significance that during extension of the Basin and Range and Phase II ro-
tation the continental margin west of the Sierra Nevada and Coast Range has been associat-
ed with a trench (Atwater, 1970), a trench being the only type of continental boundary ca-
pable of absorbing a translating continental margin.

The Juan de Fuca ridge has rotated 23“ relative to the Pacific plate during the past
10 m.y. 1n the same clockwise sense as the Coast Range (Figure 21), raising the intriguing
possibility that the rotation of the western continental margin may have been the cause of
ridge rotation. If there had been strong coupling between the adjacent continental and
oceanic plates, then one might expect concurrent rotation of the Juan de Fuca plate with

the adjacent continental block during the past 20 m.y. The marine magnetic anomalies
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clearly indicate that the plate interactions have been more complicated than simple rota-
tion. In particular, anomalies 4 and 5 (7 and 10 m.y.) on the Pacific plate trend N 40 W
whereas the corresponding anomalies on the Juan de Fuca plate trend N 6° E, establishing
that this plate has rotated clockwise no morethan10” relative to the Pacific plate (Figure
21). In view of the negligible rotation between the Pacific and North American plates
during the past 10 m.y., the anomalies preclude rotation of the Juan de Fuca plate by an
angle much greater than 10° during the past 10 m.y. This rotation may have been produced
by coupling of the Juan de Fuca and Gorda plates to the rotating continental margin. How-
ever, the Juan de Fuca-Gorda ridge has undergone a much larger rotation of approximately
23° relative to anomalies 4 and 5 on the Pacific plate. If the 23° ridge rotation were
due entirely to rotation of the Juan de Fuca and Gorda plates about a local Euler pole,

the Juan de Fuca and Gorda anomalies (4, 5) should be rotated 460 relative to the Pacific

\ \‘\\;’ To35°F ' 245°F l
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Figure 21. Ridge geometry and magnetic anomalies
associated with the Pacific, Juan de Fuca and
Gorda plates. Anomalies 4 (7 m.y.) and 5 (10
m.y.) are shown for both the Pacific and Juan
de Fuca plates. P = Pacific plate, JF = Juan
de Fuca plate, 6 = Gorda plate. Map is based
on Atwater and Menard (1870) and Hays and
Pitman (1970).
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anomalies, whereas only 10° is observed. The increasing divergence between the ridge and
the nearly parallel older anomalies on either side indicate that some process 1is occur-
ring other than simple rotation of two rigid plates. It is interesting to note that if
the mid-Tertiary +trench was parallel to the northwest trend of our Phase Il continental
margin, then the angle between the ridge and the trench has remained more nearly constant
than 1t would have if the ridge had not changed orientation. Gordon et al. (1978) have
pointed out that the direction of plate motion is mainly controlled by the location of a
plate’s trench system. Their analysis would predict that a clockwise rotation of the
trench between the Juan de Fuca plate and North America would have the result of changing
the direction of motion of the Juan de Fuca plate in a clockwise direction, for example,
from a northeasterly to an easterly direction. It is interesting to speculate that the
change in azimuth of the Juan de Fuca ridge reflects changes in the direction of motion of
the Juan de Fuca plate. The latter, in turn, may reflect changes in the orientation and
length of the +trench as the Pacific-North America-Juan de Fuca triple junction migrated
northward (Atwater, 1370) along a trench that was migrating westward and rotating 1in a

clockwise direction.
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APPENDICES

Appendix 1. Compilation of paleomagnetic data from the Western Cascades

Sample Declination Inclination Intensity (emu/cc) Demagnatization (mT)

S001-0% 342.6 64.9 2.18 x 10-3 0
345.86 63.9 1.80 x 10-3 5
356.2 65.9 1.59 x 10-3 10

16.1 69.3 1.16 x 10-3 20
16.6 69.3 1.15 x 10-3 20
28.3 69.1 8.63 x 10-4 30
27.3 659.1 8.68 x 10-4 30
3l.8 69.7 6.45 x 10-4 40
38.8 67.3 6.17 x 10-4 40
2.5 67.3 5.35 x 10-4 50
36.1 69.8 4.19 x 10-4 60
32.6 68.9 4.16 x 10-4 60
41.2 68.6 3.38 x 10-4 70
32.5 64.2 3.13 x 10-4 80
30.8 71.2 3.12 x 10-4 80
33.5 69.9 3.04 x 10-4 a0
34.8 70.9 2.75 x 10-4 30
32.5 68.7 2.35 x 10-4 100
32.7 65.9 2.25 % 10-4 100
S002-0 20.5 73.4 2.06 x 10-3 0
28.3 68.4 1.32 x 10-3 5
3z2.2 65.1 8.01 x 10-4 10
40.1 63.1 4.29 x 10-4 20
37.8 64.0 4.33 x 10-4 20
94.6 10.1 2.85 x 10-4 30
160.6 5.8 2.66 x 10-4 30
44 .4 60.7 1.62 x 10-4 50
42.4 60.8 1.54 x 10-4 50
46.6 61.1 1.32 x 10-4 60
46.0 57.6 1.26 x 10-4 60
49.4 59.9 1.09 x 10-4 70
54.1 62.7 1.08 x 10-4 70
52.5 55.3 8.75 x 10-5 a0
53.3 58.7 8.45 x 10-5 80
5003-1 72.8 63.7 1.43 x 10-3 0
64.4 64.2 1.08 x 10-3 10
51.8 61.8 6.96 x 10-4 30
50.8 61.7 6.73 x 10-4 30
43.0 62.3 4.66 x 10-4 50
47.1 60.4 4.53 x 10-4 50
48.2 62.3 3.08 x 10-4 70
49.5 60.7 2.89 x 10-1 70
48.6 60.6 2.58 x 10-4 80
45.6 59.9 2.44 x 10-4 80
5004-0 70.2 80.7 1.86 x 10-3 0
68.7 65.3 7.30 x 10-4 20
61.6 65.1 2.85 x 10-4 50
65.1 63.0 1.78 x 10-4 70
62.2 62.0 1.63 x 10-4 70
61.5 60.7 1.54 x 10-4 80
62.7 61.9 1.55 x 10-4 80
S005-1 80.9 78.7 1.86 x 10-3 0
65.9 66.5 9.14 x 10-4 20
64.6 63.7 3.61 x 10-4 50
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Sample Declination Inclinalion Intensity (emu/cc) Demagnetization (mT)

66.8 60.3 2.32 x 10-4 70

67.1 63.0 1.95 x 10-4 80

64.86 61.7 1.82 x 10-4 a0

5006-0 52.5 71.0 2.59 x 10-3 0
60.2 65.4 1.66 x 10-3 20

63.2 62.2 6.77 x 10-4 50

65.0 62.3 3.54 x 10-4 a0

64.4 62.1 3.34 x 10-4 80

5007-0 6.2 68.6 3.38 x 10-3 0
61.5 63.0 1.17 x 10-3 20

66.4 59.5 7.99 x 10-4 50

67.1 60.3 6.46 x 10-4 80

65.5 60.2 6.44 x 10-4 80

5008-0% 3.8 54.2 1.22 x 10-3 0
293.7 46.1 1.11 x 10-4 10

224.3 -25.9 4.43 x 10-5 20

223.6 -27.9 4.67 x 10-5 20

208.1 -39.1 3.52 % 10-% 30

210.8 -49.7 3.63 x 10-5 40

205.7 -52.1 3.31 x 10-5 40

212.6 -48.7 3.31 x 10-5 50

205.5 -56.0 3.07 x 10-5 50

189.8 -53.8 2.73 x 10-5 70

203.8 =31.5 2.17 x 10-5 70

131.8 -44.8 1.79 x 10-5 100

231.0 -61.4 1.78 x 10-5 100

$009-1 272.4 69.9 8.75 x 10-4 0
215.5 -23.39 9.41 x 10-5 20

206.2 -33.3 4.12 x 10-5 40

198.9 -41.3 3.69 x 10-5 40

208.0 -45.2 3.01 x 10-5 50

191.1 -53.7 2.68 x 10-5 50

212.3 -39.0 3.45 x 10-5 60

133.5 -47.3 2.08 x 10-5 60

5010-1 311.7 15.2 8.36 x 10-4 0
254.8 -8.9 1.30 x 10-4 10

226.4 -31.7 6.02 x 10-5 20

216.6 -48.7 2.99 x 10-% 40

1%4.3 -49.8 2.55 x 10-5 40

210.0 -47.5 2.65 x 10-5 50

209.2 -46.6 2.39 x 10-5 50

S011-1 274.7 55.7 8.98 x 10-4 0
241.4 5.4 1.29 x 10-4 10

220.9 -27.6 6.47 x 10-5 20

202.0 -46.1 2.55 x 10-5 40

209.3 -45.8 2.58 x 10-5 40

s012-1 300.6 37.0 8.52 x 10-4 0
248.4 -36.6 1.54 x 10-4 10

211.5 -26.3 2.16 x 10-4 20

209.4 -36.2 7.84 x 10-5 40

209.4 -33.0 6.54 x 10-5 40

s013-1 14.5 27.8 9.29 x 10-4 0
2138.0 -39.1 3.68 x 10-5 20

207.3 -50.0 2.80 x 10-5 40

197.0 -50.2 2.66 x 10-5 40

5014-1 8.0 43.4 1.01 x 10-3 0
231.4 -40.6 3.30 x 10-5 20

214.2 -53.4 2.61 x 10-5 40

222.7 -55.5 3.01 x 10-5 40

S015-1% 228.0 51.4 7.07 x 10-4 0
205.0 -17.4 1.64 x 10-4 10
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Sample Declination Inclination Intensity (emu/cc) Demagnetization (mT)

198.0 -37.1 9.09 x 10-5 20
198.3 -33.4 8.87 x 10-5 20
206.9 -47.2 5.74 x 10-5 30
202.0 -46.2 5.47 x 10-5 30
210.6 -46.0 3.74 x 10-5 40
210.6 -40.2 3.97 x 10-5 40
208.6 -44.3 3.39 x 10-5 50
138.7 -44.0 2.77 % 10-5 50
207.6 -47.1 1.88 x 10-5 60
231.8 -44.6 1.38 x 10-5 60
183.3 -46.4 1.45 x 10-5 a0
212.7 -29.0 1.39 x 10-5 &0
173.1 -72.3 8.50 x 10-6 100
184.7 -13.1 1.22 x 10-5 100
5016-1 238.5 73.2 7.23 x 10-4 0
193.7 2.2 1.13 x 10-4 10
191.86 -37.1 8.15 x 10-§ 20
188.8 -39.2 5.67 x 10-5 30
193.5 -41.4 5.71 x 10-5 30
192.9 -47.2 4.27 x 10-5% 40
183.2 -47.0 4.30 x 10-5 40
187.0 -45.6 3.74 x 10-5 50
196.4 -52.2 3.37 x 10-B 50
5017-0 205.3 -54.0 9.51 x 10-4 0
187.5 -53.1 8.75 x 10-4 20
199.4 =52.3 4.86 x 10-4 40
195.4 -53.6 4.63 x 10-4 40
s018-0 16.5 55.2 6.80 x 10-4 0
203.0 -41.4 6.28 x 10-5 20
187.9 -48.9 3.84 x 10-5 40
181.6 -47.7 3.30 x 10-5 40
5019-1 312.8 31.7 6.71 x 10-4 0
224.0 -40.8 4.08 x 10-5 20
208.8 -46.8 1.85 x 10-5 40
199.2 -43.8 1.57 x 10-5 40
5020-1 347.4 45.7 4.50 x 10-4 0
197.1 -54.8 9.25 x 10-5 20
187.4 -439.5 4.32 x 10-5 40
184.9 -46.8 4.07 x 10-5 40
s021-1 191.2 -32.2 3.98 x 10-4 0
134.2 -49.7 6.35 x 10-4 20
198.% -48.6 2.48 x 10-4 40
196.7 -438.7 2.57 x 10-4 40
132.2 -50.4 2.54 x 10-4 40
192.8 -51.1 2.56 x 10-4 40
5022-1% 23.0 43.4 1.60 x 10-3 0
249.2 -67.7 2.11 x 10-4 10
217.3 -59.7 2.15 x 10-4 20
212.6 ~81.2 2.33 x 10-4 20
202.3 -58.9 1.73 x 10-4 30
207.8 -61.8 1.25 x 10-4 40
202.86 -59.9 1.13 x 10-4 40
223.1 -60.0 9.31 x 10-5 50
210.5 -56.8 8.48 x 10-5 50
2098.7 -55.7 5.78 x 10-5 60
138.8 -50.7 6.35 x 10-5 60
191.0 -41.7 3.60 x 10-5 80
175.% -30.5 3.23 x 10-5 80
246.0 -61.0 5.40 x 10-5 80
5024-1 7.5 58.8 1.52 x 10-3 0
218.6 -62.4 1.51 x 10-4 20
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Sample Declination Inclination Intensity (emu/cc) Demagnetization (mT)

224.4 -63.3 7.44 x 10-5 40

203.2 -60.3 6.38 x 10-5 40

205.6 -53.0 4.31 x 10-5 50

224.4 -63.6 4.80 x 10-5 50

5025-1 79.8 31.3 2.10 x 10-3 0
166.7 -66.8 1.65 x 10-4 20

168.7 -66.4 1.68 x 10-4 20

190.1 -67.3 1.38 % 10-4 30

1%8.7 -87.2 1.01 x 10-4 40

199.5 -57.4 1.01 x 10-4 40

2l2.4 -55.8 7.51 x 10-5 50

200.4 -66.3 6.35 x 10-5 50

221.8 -62.4 4.92 x 10-5 60

195.6 -59.0 4.99 x 10-5 60

s026-1 315.0 26.2 1.94 x 10-3 0
226.5 -52.7 1.25 x 10-4 20

220.9 -63.5 4.54 x 10-5 50

220.1 -51.3 4.82 x 10-5 50

5027-1 210.2 -69.3 4.66 x 10-3 0
192.7 -71.2 4.19 x 10-3 20

185.2 -69.8 1.19 x 10-3 50

181.7 -70.5 1.11 x 10-3 50

5028-1w 60.2 65.1 1.02 x 10-3 0
54.2 67.7 7.07 x 10-4 10

54.3 71.7 3.81 x 10-4 20

55.1 71.4 3.54 x 10-4 20

43.4 73.7 2.12 x 10-4 30

50.2 73.0 1.11 x 10-4 40

75.1 73.3 1.25 x 10-4 40

19.8 71.8 6.52 x 10-5 50

243.7 80.3 3.95 x 10-5 50

349.1 52.8 4.00 x 10-5 60

239.5 -4.8 2.38 x 10-5 60

339.4 2.5 4.68 x 10-5 80

243.5 -42.9 5.01 x 10-5 80

342.3 -23.5 5.10 x 10-5 100

341.5 -24.8 5.13 x 10-§ 100

5029-0 39.6 75.8 8.29 x 10-4 0
26.1 78.3 5.03 x 10-4 10

18.4 85.3 2.30 x 10-4 20

356.7 84.8 2.18 x 10-4 20

333.7 78.7 1.25 x 10-4 30

353.4 80.4 1.25 x 10-4 30

26.0 84.5 9.33 x 10-5 40

$030-2 348.2 62.7 9.00 x 10-4 0
351.6 65.2 5.13 x 10-4 10

351.6 68.4 2.69 x 10-4 20

352.3 69.4 1.78 x 10-4 30

347.6 71.4 1.07 x 10-4 40

339.3 70.5 7.08 x 10-5 50

329.8 62.6 4.87 x 10-5 60

317.7 55.7 3.69 x 10-5 70

318.1 45.6 3.03 x 10-5 80

5031-1 335.5 78.1 1.02 x 10-3 0
333.8 79.4 6.66 x 10-4 10

324.3 8l1.2 3.63 x 10-4 20

325.2 80.1 3.51 x 10-4 20

5032-3 339.1 .7 6.12 x 10-4 0
337.3 76.7 3.30 x 10-4 10

325.5 82.0 1.31 x 10-4 20

304.8 83.4 1.16 x 10-4 30
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Sampie Declination Inclination Intensity (emu/cc) Demagnatizatian (mT)

106.0 6.7 1.06 x 10-3 100
107.1 8.3 1.01 x 10-3 100
S046-2% 229.8 41.7 1.16 x 10-3 0
204.8 -27.5 3.82 x 10-4 10
203.1 -54.6 2.43 x 10-4 20
205.4 -56.7 2.42 x 10-4 20
200.3 -60.6 1.70 x 10-4 30
199.2 ~-61.6 1.26 x 10-4 40
203.0 -59.5 1.15 x 10-4 40
199.4 -60.5 7.10 x 10-5 60
194.1 -56.2 6.39 x 10-5 60
182.3 -60.4 5.32 x 10-5 80
208.5 -56.6 4.78 x 10-5 a0
208.2 -62.6 4.56 % 10-5 100
218.1 -60.0 3.72 x 10-5 100
5047-D 153.9 10.7 1.15 x 10-3 0
191.4 -57.3 2.57 x 10-4 20
194.5 -59.2 1.65 x 10-4 30
195.8 -58.7 1.54 x 10-4 30
196.8 -56.5 1.06 x 10-4 40
193.8 -57.9 1.01 x 10-4 40
134.5 -59.2 6.22 x 10-5 60
196.0 -52.5 5.48 x 10-5 60
5048-1 123.4 53.5 1.00 x 10-3 0
185.5 -56.4 1.46 x 10-4 30
188.2 -57.6 1.45 x 10-4 30
186.8 -57.7 1.15 x 10-4 40
183.0 -57.3 1.11 x 10-4 40
185.0 -58.0 8.48 x 10-5 60
188.7 -58.4 /.82 x 10-% 60
201.5 -57.1 7.01 x 10-5 a0
189.6 -61.6 6.58 x 10-5 a0
159.5 -60.3 6.51 x 10-5 100
194.9 ~62.0 5.67 x 10-5 100
5048-1 86.1 52.4 9.01 x 10-4 0
177.6 -53.3 1.27 x 10-4 30
180.4 -52.2 1.24 x 10-4 30
176.7 -54.1 3.78 x 10-5 40
180.9 -56.0 8.2 x 10-5 40
187.4 -56.3 7.45 x 10-5 60
180.5 -56.9 6.56 x 10-5 60
180.9 -58.9 6.98 x 10-5 80
185.8 -57.5 5.96 x 10-5 a0
5050-1 145.3 31.7 8.16 x 10-4 0
188.0 -47.2 2.60 x 10-4 30
185.9 -48.0 2.58 x 10-4 30
180.1 -48.2 2.08 x 10-4 40
192.9 -43.5 1.94 x 10-4 40
192.6 -51.7 1.56 x 10-4 60
194.0 -53.8 1.40 x 10-4 60
137.3 -439.4 1.15 x 10-4 80
194.1 -51.1 1.09 x 10-4 80
195.0 -52.4 9.38 x 10-5 100
193.3 -52.5 8.25 x 10-5 100
$051-1 126.2 -18.3 7.30 x 10-4 0
134.0 -54.4 1.33 x 10-4 30
190.5 -53.9 1.32 x 10-4 40
193.6 =53.8 1.21 x 10-4 40
182.8 -60.3 7.38 x 10-5 60
200.8 -45.3 5.75 x 10-5 60
134.5 -67.8 4.86 x 10-5 80
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Sample Declination Inclination Intensity (emu/cc) Demagnetization (mT)

202.1 -53.8 3.33 x 10-5 &0

S052-1% 66.8 78.6 4.75 x 10-3 0
66.6 78.1 3.44 x 10-3 10

59.5 78.6 2.18 x 10-3 20

58.9 78.8 2.08 x 10-3 20

54.0 8.7 1.19 x 10-3 30

60.8 78.5 6.42 x 10-4 40

62.0 77.8 5.82 x 10-4 40

67.2 78.4 2.90 x 10-4 60

77.8 78.5 2.75 x 10-4 60

75.4 75.1 2.03 x 10-4 80

77.5 76.7 2.08 x 10-4 80

84.4 76.4 2.11 % 10-4 80

5053-1 43.2 71.0 4.57 x 10-3 0
49.5 77.3 2.94 x 10-3 10

50.5 77.9 1.83 x 10-3 20

50.4 77.3 1.75 x 10-3 20

48.3 77.2 9.87 x 10-4 30

43.2 77.6 9.30 x 10-4 30

39.0 78.6 4.93 x 10-4 40

63.0 77.6 4.42 x 10-4 40

5054-1 38.0 46.1 1.50 x 10-3 0
64.3 71.5 4.73 x 10-4 10

68.3 73.7 2.69 x 10-4 20

71.8 75.1 2.48 x 10-4 20

67.9 74.2 1.77 x 10-4 30

63.1 74.0 1.57 x 10-4 30

$055-1 44.5 75.2 §5.12 x 10-3 0
60.9 75.8 4.77 x 10-3 10

60.0 76.1 3.81 x 10-3 20

53.3 76.2 3.72 x 10-3 20

57.5 76.6 2.43 x 10-3 30

58.5 76.4 2.35 x 10-3 30

s$056-2 7.8 70.0 3.38 x 10-3 0
40.2 75.0 2.07 x 10-3 10

46.5 76.0 1.41 x 10-3 20

52.0 76.0 1.36 x 10-3 20

49.0 75.7 9.23 x 10-4 30

52.8 75.4 8.77 x 10-4 30

5057-1 48.8 67.2 3.68 x 10-3 0
53.6 73.9 2.99 x 10-3 10

56.0 74.0 2.12 x 10-3 20

56.6 74.3 2.06 x 10-3 20

53.3 74.3 1.30 x 10-3 30

55.5 73.4 1.22 x 10-3 30

5058-1% 40.0 68.0 3.18 x 10-3 0
275.3 82.1 2.10 x 10-3 10

261.3 80.1 1.57 x 10-3 15

251.9 77.8 1.03 x 10-3 20

250.1 76.3 7.08 x 10-4 25

235.0 72.2 4.94 x 10-4 30

238.5 71.8 4.57 x 10-4 30

233.5 68.4 3.31 x 10-4 35

230.8 65.9 3.36 x 10-4 35

224.8 62.2 2.44 x 10-4 40

218.3 43.2 1.37 x 10-4 50

207.8 15.8 9.41 x 10-5 60

202.9 -3.3 7.39 x 10-5 70

5059-1 15.1 47.6 2.86 x 10-3 0
334.7 73.8 7.01 x 10-4 10

3z0.9 73.6 4.29 x 10-4 15

52



Sample Declination Inclination Intensity (emu/cc) Demagnetization (mT)

319.8 76.0 $.04 x 10-4 20
313.7 76.0 2.07 x 10-4 25
307.7 77.5 1.46 x 10-4 30
286.5 75.2 8.03 x 10-5 40
267.9 72.8 4.00 x 10-5 50
5060-1 49.0 66.2 2.05 x 10-3 0
270.1 83.3 4.84 x 10-4 10
270.2 82.5 3.556 x 10-4 15
250.0 79.5 3.02 x 10-4 20
254.3 79.9 2.63 x 10-4 25
266.8 81.9 2.32 x 10-4 30
244.8 82.4 1.63 x 10-4 40
225.2 79.5 1.18 x 10-4 50
209.4 80.4 8.77 x 10-5 60
S061-1 307.5 46.0 1.11 x 10-3 0
267.0 62.3 2.01 x 10-4 10
257.2 67.6 1.47 x 10-4 15
258.1 70.5 1.19 x 10-4 20
260.6 72.5 1.03 x 10-4 25
258.6 73.2 7.93 x 10-5 30
245.1 72.9 4.85 x 10-5 40
261.8 61.4 3.07 x 10-5 50
241.1 64.7 2.88 % 10-5 50
231.4 54.1 1.80 x 10-5 60
243.5 70.1 1.96 x 10-5 60
s062-1 62.1 2.7 1.23 x 10-3 0
71.6 51.6 9.02 x 10-5 10
78.0 81.3 7.96 x 10-5 15
242.2 89.7 7.31 x 10-5 20
218.3 79.9% 6.14 x 10-5 30
268.3 77.4 3.40 x 10-5 40
234.% 67.3 2.86 x 10-5 45
269.9 79.4 3.13 x 10-5 45
s063-1 16.3 -7.3 9.49 x 10-4 0
350.1 60.6 7.80 x 10-5 10
333.9 76.6 8.24 x 10-5 15
314.9 80.6 8.31 x 10-5 20
282.1 82.1 8.02 x 10-5 25
267.8 80.7 6.66 x 10-5 30
268.1 77.1 5.42 x 10-5 35
254.4 79.4 4,09 x 10-5 40
258.8 76.0 4.35 x 10-5 40
275.5 80.0 3.25 x 10-5 45
219.5 83.0 3.04 x 10-5 50
253.1 80.0 2.82 x 10=-5 50
308.8 84,7 2.74 x 10-5 50
5064-1 347.3 36.2 1.80 x 10-3 0
322.4 58.4 2.76 x 10-4 10
311.1 67.8 1.86 x 10-4 15
311.2 73.0 1.45 x 10-4 20
298.0 77.3 1.10 x 10-4 25
280.7 74.0 8.43 x 10-5 30
274.3 79.0 6.62 x 10-5 35
295.4 74.1 5.27 x 10-56 40
270.1 72.2 3.79 x 10-5 45
282.6 77.8 3,33 x 10-5 50
236.1 65.2 2.07 x 10-5 55
1848 72.6 2.61 x 10-5 55
250.3 65.2 1.71 x 10-5 60
193.6 68.7 1.54 x 10-5 65
95.7 81.5 9.27 x 10-6 70

a3



Sample Declination Inclination Intensity (emu/cc) Demagnetization (mT)

269.4 70.2 4.12 x 10-6 70

S065-1 62.7 61.3 2.17 x 10-3 0
62.2 78.3 3.53 x 10-4 10

50.0 81.7 2.21 x 10-4 15

2.5 85.6 1.69 x 10-4 20

299.8 83.1 1.24 x 10-4 25

251.3 87.7 1.02 x 10-4 30

283.4 8z2.7 8.05 x 10-5 35

271.2 83.5 6.55 x 10-5 40

272.8 87.1 5.13 x 10-5 45

261.0 86.1 3.36 x 10-5 50

S066-1% 84.7 67.6 3.65 x 10-3 0
438.1 75.8 2.24 x 10-3 10

46.5 75.9 1.62 x 10-3 15

45.6 77.2 1.23 x 10-3 20

45.8 76.8 1.02 x 10-3 25

44.3 78.0 8.84 x 10-4 30

4.0 78.1 7.68 x 10-4 40

42.8 79.2 6.14 x 10-4 60

45.0 75.9 5.40 x 10-4 75

3067-1 95.9 53.9 2.52 x 10-3 0
59.6 75.3 1.30 x 10-3 10

51.8 76.3 9.76 x 10-4 15

51.5 76.6 7.72 x 10-4 20

47.1 77.7 4.98 x 10-4 30

5068~-1 53.4 68.3 3.49 x 10=3 0
61.1 86.5 1.96 x 10-3 10

61.6 a7.2 1.59 x 10-3 15

63.2 86.9 1.36 x 10-3 20

73.0 87.8 1.11 x 10-3 30

72.2 87.3 1.10 x 10-3 30

76.1 87.7 9.47 x 10-4 40

80.0 87.6 8.26 x 10-4 50

S069~-1 78.3 69.3 3.78 x 10-3 0
§1.2 79.1 1.97 x 10-3 10

48.8 79.5 1.64 x 10-3 15

43.1 80.3 1.41 x 10-3 20

46.7 81.0 1.22 x 10-3 30

45.86 81.7 1.06 x 10-3 40

5070-1 101.9 58.9 4.11 x 10-3 0
65.1 75.4 2.29 x 10-3 10

60.4 75.7 1.76 x 10-3 15

53.3 76.4 1.46 x 10-3 20

61.5 76.7 1.22 x 10-3 30

59.5 76.7 1.05 x 10-3 40

5071-1 73.1 58.2 3.44 x 10-3 0
61.7 79.3 1.83 x 10-3 10

58.5 80.3 1.50 x 10-3 15

55.7 80.4 1.28 x 10-3 20

50.4 81.3 1.02 x 10-3 30

54.6 81.2 8.82 x 10-4 40

5072-1% g8z2.2 -45.4 8.89 x 10-4 0
174.1 -69.9 9.35 x 10-4 10

182.1 -68.3 8.92 x 10-4 15

185.1 -67.4 7.87 x 10-4 20

188.7 -66.3 5.34 x 10-4 30

134.0 -66.3 2.97 x 10-4 40

196.1 -66.5 1.86 x 10-4 50

188.1 -65.9 1.11 x 10-4 60

194.2 -65.0 1.12 x 10-4 60

5073-1 61.3 53.3 1.46 x 10-3 0

94



Sample

S074-1

S075-1

5076-1

$077-1

5078-1

5085-1x

Declination

121.5
169.1
169.2
169.4
174.1
176.9
171.9
167.9
174.4
163.9
171.2
166.0
183.8
167.2
92.75
130.0
162.8
174.8
180.8
191.8
185.3
186.7
190.1
189.9
189.8
192.5
68.6
94.9
155.6
179.7
188.0
186.6
193.9
189.9
175.7
66.1
161.8
185.6
190.5
189.6
192.4
179.5
186.9
164.0
173.8
183.7
184 .4
185.4
183.9
184.8
172.8
184.5
185.1
185.9
186.9
185.4
187.4
57.6
46.0
47.2
50.4

Inclination

37.3
-50.0
-54.7
-58.5
-64.7
-62.0
-63.0
-61.9
-57.8
-64.4
-60.9
-59.9
-51.6
-55.5

13.3
-48.5
-63.1
-64.2
-64.9
-65.1
-64.9
-63.7
-63.1
-61.8
-66.3
-64.1

37.7

22.0
-52.2
-62.0
-60.6
-62.2
-61.1
-59.9
-64.8

55.5
-36.1
-55.5
-60.3
-61.3
-57.7
-62.6
-57.3
-47.6
-64.4
-65.9
~66.7
-66.7
-66.7
-67.0
-80.5
-78.4
-78.2
-77.0
-76.5
-77.1
-76.6
-51.3
-79.7
-83.9
-81.9

Intensity (emu/cc)

9

5.92
9.92
1.11
9.95
8.59
6.67
6.96
6.47
6.67
6.71
5.73
5.68
5.71
6.02
9.86
3.10
3.65
3.61
j.22
2.85
2.64
2.15
1.76
1.13
8.05
7.78
L.37
9.68
1.05
1.1%
1.04
9.11
6.83
7.23
7.26
9.28
3.37
1.40
1.12
1.01
8.76
7.69
7.76
1.50
1.55
1.48
1.31
1.10
8.82
6.72
1.77
1.94
1.90
1.79
1.61
1.39
1.22
6.27
4.85
3.94
2.86

MM XM X XM X oM oM XM X XM XXM X M OX MM X MM MMM M X XX X MM X MX XX XM M XXX XXMM XX XXX XM XXXXKXX

10-5%
10-5
10-4
10-5
10-5
10-5
10-5%
10-5
10-5
10-5
10-5
10-5
10-5
10-5
10-4
10-4
10-4
10-4
10-4
10-4
10-4
10-4
10-4
10-4
10-5
10-5
10-3
10-5
10-4
10-4
10-4
10-5
10-5
10-5
10-5
10-4
10-5
10-4
10-4
10-4
10-5
10-5
10-5
10-3
10-3
10-3
10-3
10-3
10-4
10-4
10-3
10-3
10-3
10-3
10=-3
10-3
10-3
10-4
10-4
10-4
10-4

Demagnetization (mT)
10



Sample Daclination Inclination Intensity (emu/cc) Demagneatization (mT)

55.8 -80.8 2.74 x 10-4 25
63.4 -85.3 1.69 x 10-4 30
59.0 -85.1 1.59 x 10-4 30
76.1 -86.4 1.31 x 10-4 35
77.6 -87.9 1.06 x 10-4 40
90.3 -87.7 8.75 x 10-% 45
78.7 -87.4 6.27 x 10-5 55
166.7 -84.8 4.84 x 10-5 65
208.0 -86.7 4.71 x 10-5 65
5086-1 76.1 -74.9 1.18 x 10-3 0
118.0 -85.7 1.29 x 10-3 10
147.8 -86.2 1.20 x 10-3 15
146.5 -86.2 1.03 x 10-3 20
171.3 -85.5 6.56 x 10-4 30
174 .4 -85.7 4.01 x 10-4 40
179.7 -85.6 2.60 x 10-4 50
187.% -86.1 2.01 x 10-4 60
181.7 -84.5 1.96 x 10-4 60
s087-1 54.0 -46.5 7.37 x 10-4 0
58.3 -80.7 6.93 x 10-4 10
143.3 -86.9 6.06 x 10-4 20
139.5 -86.6 4.53 x 10-4 30
100.3 -85.9 4.42 x 10-4 30
128.1 -86.1 3.74 % 10-4 35
132.7 -86.8 2.43 x 10-4 45
177.4 -85.9 1.85 x 10-4 55
171.2 -85.1 1.87 x 10-4 55
174.2 -85.1 1.51 % 10-4 65
162.2 -85.9 1.34 x 10-4 75
5088-1 65.5 35.3 5.13 x 10-4 0
70.3 -80.3 4.10 x 10-4 10
99.6 -86.3 3.06 x 10-4 20
168.3 -87.6 1.97 x 10-4 30
129.6 -88.9 1.0 x 10-4 30
136.6 -87.4 1.30 x 10-4 40
170.0 -85.9 8.80 x 10-5 50
139.7 -88.8 7.71 x 10-5 60
5083-1 350.6 -54.7 7.37 x 10-4 0
14.7 -86.6 7.37 x 10-4 10
98.2 -87.9 5.23 x 10-4 20
96.6 -87.7 3.40 x 10-4 30
133.3 -84.7 2.10 x 10-4 40
136.0 -84.6 1.43 x 10-4 50
154.2 -83.3 1.15 x 10-4 60
137.3 -53.1 1.15 x 10-4 60
135.59 -84.9 .76 x 10-5 75
$090-1 80.8 -63.3 1.08 x 10-3 0
103.0 -81.9 1.06 x 10-3 10
117.3 -83.1 8.00 x 10-4 20
125.7 -84.1 5.08 x 10-4 30
124.% -83.9 2.98 x 10-4 40
162.5 -84.3 1.96 x 10-4 50
153.3 -85.0 1.52 x 10-4 60
163.6 ~83.7 1.27 x 10-4 70
5091-1 82.2 17.1 1.99 x 10-4 0
129.7 -84.2 1.46 x 10-4 20
143.8 -84.3 9.36 x 10-5 30
126.6 -82.3 7.19 x 10-5 40
167.1 -85.9 5.13 x 10-5 50
211.5 -82.1 3.74 x 10-5 60
187.7 -83.2 3.85 x 10-5 60

36



Sample Declination Inclination Intensity (emu/cc) Demagnetization (mT)

208.2 -66.1 Z2.84 x 10-5 70

182.4 -79.0 2.54 x 10-5 70

5082-1x 3.6 25.6 5.83 x 10-4 0
24.3 -45.0 1.34 x 10-4 10

25.9 -66.3 1.19 x 10-4 15

22.4 -74.5 9.32 x 10-5 20

18.2 -76.3 7.19 x 10-5 25

12.4 -79.5 5.93 x 10-5 30

12.8 -80.6 6.06 x 10-5 30

30.0 -83.1 5.07 x 10-5 35

43.8 -83.2 4.26 x 10-5 40

2.1 -77.2 3.93 x 10-5 a5

123.4 -89.6 3.75 x 10-5 45

285.4 -87.9 3.02 x 10-5 55

BB.5 -85.5 2.41 x 10-5 65

47.4 -80.9 2.46 x 10-5 75

S093-1 57.1 -83.5 1.46 x 10-3 0
66.0 -87.3 1.51 x 10-3 5

B1.8 -87.9 1.53 x 10-3 10

70.0 -87.4 1.49 x 10-3 15

63.9 -87.2 1.40 x 10-3 20

144.9 -88.7 1.66 x 10-3 30

169.2 -88.1 8.74 x 10-4 40

165.7 -87.7 6.34 x 10-4 50

59.8 -87.0 4.54 x 10-4 60

$094-1 50.2 -82.8 1.45 x 10-3 0
57.3 -84.8 1.40 x 10-3 5

61.1 -85.3 1.41 x 10-3 10

68.2 -85.7 1.19 x 10-3 20

83.3 -86.3 8.73 x 10-4 30

117.4 -87.2 5.97 x 10-4 40

54.4 -85.2 3.73 x 10-4 50

668.9 -86.3 3.65 x 10-4 50

$095-1 37.1 -81.9 1.37 x 10-3 0
62.8 -86.7 1.88 x 10-3 5

62.8 -86.4 1.84 x 10-3 10

81.5 -87.4 1.42 x 10-3 20

82.0 -86.6 9.04 x 10-4 30

120.2 -88.4 5.74 x 10-4 40

113.7 -88.6 4.08 x 10-4 50

S096-1 48.2 11.1 4.43 x 10-4 0
43.5 «67.7 1.38 x 10-4 5

46.6 -69.6 1.34 x 10-4 10

51.2 -76.5 8.80 x 10-5 15

80.7 -82.0 5.83 x 10-5 20

74.4 -80.0 4.05 x 10-5 30

65.0 -79.5 3.07 x 10-5 40

126.9 -80.5 2.45 x 10-5 50

163.7 -87.0 2.59 x 10-5 60

$097-1 343.3 37.0 4.57 x 10-4 0
359.3 -69.0 1.07 x 10-4 5

5.1 -72.2 1.07 x 10-4 10

359.5 -80.5 4,80 x 10-5 20

224.9 -88.7 3.30 x 10-5 30

81.6 -82.0 2.35 x 10-5 45

15.2 -53.2 1.58 x 10-5 55

154.7 -8l.8 1.58 x 10-5 55

358.5 -81.2 2.03 x 10-5 55

S104-1% 12.9 66.0 6.94 x 10-3 0
13.0 66.5 5.31 x 10-3 5

13.4 66.7 5.21 x 10-3 10

57



Sample Declination Inclination Intensity (emu/cc) Demagnetization (mT)

13.4 66.5 4.73 x 10-3 15

15.% 67.2 3.83 x 10-3 20

14.6 67.0 3.21 x 10-3 25

15.6 67.2 2.51 x 10-3 30

13.4 67.4 1.58 x 10-3 40

17.4 67.8 7.539 x 10-4 60

17.6 68.2 6.24 x 10-4 75

5105-1 19.2 64.8 1.34 x 10-2 0
20.8 65.0 1.15 x 10=2 10

2l.2 65.0 9.39 x 10-3 20

24.1 65.1 6.75 x 10-3 30

21.6 65.4 3.96 x 10-3 40

5106-1 337.4 64.4 7.76 x 10-3 0
340.1 63.9 4.57 x 10-3 10

341.7 63.4 2.78 x 10-3 20

340.8 62.6 1.67 x 10-3 30

335.2 62.4 1.06 x 10-3 40

329.6 61.5 7.85 x 10-4 50

329.6 60.3 6.00 x 10-4 60

$107-1 309.5 48.4 1.67 x 10-3 0
348.1 53.3 8.30 x 10-4 10

352.6 58.4 5.87 x 10-4 20

354.6 56.8 3.51 x 10-4 30

352.2 58.8 2.03 x 10-4 40

352.0 56.0 1.22 x 10-4 50

5108-1 330.8 57.1 3.55 x 10-3 0
345.7 63.9 1.60 x 10-3 10

345.8 60.8 1.30 x 10-3 20

344 .3 60.8 8.37 x 10-4 30

345.9 60.8 4.85 x 10-4 40

5103-1 343.4 62.9 4.89 x 10-3 0
347.8 57.4 2.84 x 10-3 10

347.9 56.9 2.06 x 10-3 20

346.5 56.9 1.46 x 10-3 30

344.7 57.4 1.07 x 10-3 40

341.5 57.4 8.19 x 10-4 50

338.3 57.9 6.71 x 10-4 60

$110-1 347.6 58.7 8.64 x 10-3 0
354.2 59.4 4.51 x 10-3 10

354.6 58.0 2.74 x 10-3 20

353.6 58.7 1.63 x 10-3 30

348.5 58.0 1.03 x 10-3 40

347.9 60.4 7.33 x 10-4 50

LOD1-1% 44 .1 73.6 1.58 x 10-3 0
19.3 64.6 8.81 x 10-4 10

16.7 63.3 6.45 x 10-4 15

17.0 63.2 6.13 x 10-4 15

18.2 63.9 4.73 x 10-4 20

17.3 62.9 3.53 x 10-4 25

5.4 59.9 2.08 x 10-4 35

16.6 63.1 2.07 x 10-4 35

12.6 62.7 1.24 x 10-4 45

13.6 62.7 1.21 x 10-4 45

12.8 61.5 8.60 x 10-5 55

7.6 63.3 6.42 x 10-5 65

4.8 63.4 4,93 x 10-5 75

5:3 62.3 5.04 x 10-5 75

L002-0 8.2 73.9 1.62 x 10-3 0
359.5 64.7 1.36 x 10-3 10

356.5 63.6 1.18 x 10-3 15

357.3 64.3 1.01 x 10-3 20

8



Sample Declination Inclination Intensity (amu/cc) Demagnetization (mT)

354.5 62.1 7.18 x 10-4 30

353.6 60.3 7.08 x 10-4 30

357.8 65.5 4.04 x 10-4 50

355.6 64.4 3.94 x 10-4 50

354.5 61.1 3.19 x 10-4 60

352.7 60.9 2.80 x 10-4 75

Lo03-1 288.2 78.3 1.13 x 10-3 0
359.8 63.8 7.53 x 10-4 10

357.9 69.6 5.65 x 10-4 15

357.8 67.6 4.09 x 10-4 20

358.1 63.7 2.37 x 10-4 30

357.9 65.8 2.34 x 10-4 30

LO04-1 41.3 59.4 1.54 x 10-3 0
23.2 63.9 3.00 x 10-4 10

18.8 63.9 6.89 x 10-4 15

15.9 63.7 5.33 x 10-4 20

18.4 64.3 5.16 x 10-4 20

17.7 63.9 3.21 x 10-4 30

LO05-1 352.1 70.2 1.87 x 10-3 0
15.3 66.7 9.97 x 10-4 10

16.8 68.9 7.97 x 10-4 15

17.1 65.4 5.81 x 10-4 20

17.0 67.6 3.73 x 10-4 30

LDD6~-1 96.3 57.8 1.58 x 10-3 0
23.0 73.4 9.84 x 10-4 10

20.0 73.4 7.05 x 10-4 15

18.5 74.5 5.34 x 10-4 20

9.8 71.8 3.84 x 10-4 25

11.8 73.2 3.70 x 10-4 25

15.2 73.6 3.06 x 10-4 30

17.4 74.7 3.04 x 10-4 30

13.3 72.0 2.86 x 10-4 30

Log7-1 18.5 40.4 2.79 x 10-3 0
18.4 53.5 1.41 x 10-3 10

16.2 57.9 1.01 x 10-3 15

18.2 60.6 7.82 x 10-4 20

15.7 60.2 7.67 x 10-4 20

12.3 61.9 5.00 x 10-4 30

12.4 61.6 4.32 x 10-4 30

12.3 62.3 4.70 x 10-4 30

11.8 62.4 3.50 x 10-4 40

1.5 60.8 2.36 x 10-4 60

353.2 62.2 2.21 x 10-4 60

LO14-1% 22.5 34.1 1.12 x 10-3 0
2z2.9 36.0 1.04 x 10-3 10

24.9 33.3 .92 x 10-4 15

24 .4 33.9 8.86 x 10-4 20

24.8 32.7 7.93 x 10-4 25

24.9 32.6 6.04 x 10-4 35

25.6 33.4 4.36 x 10-4 45

25.7 35.1 3.30 x 10-4 55

27.7 38.4 1.39 x 10-4 75

LO15-1 2l.5 22.7 9.95 x 10-4 0
25.1 23.8 9.62 x 10-4 10

25.5 23.3 8.23 x 10-4 20

27.6 20.0 6.20 x 10-4 30

27.3 19.4 4.63 x 10-4 40

28.5 22.5 3.56 x 10-4 50

30.6 28.3 2.46 x 10-4 66

30.1 28.7 2.45 x 10-4 65

22.8 32.9 2.20 x 10-4 75
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Sample Declination Inclination Intensity (emu/cc) Demagnetization (mT)

LO016-1 29.0 22.4 1.32 x 10-3 0
29.5 18.6 1.23 x 10-3 5

28.9 18.0 1.26 x 10-3 10

30.3 17.2 1.03 x 10-3 20

33.1 9.5 8.49 x 10-4 30

33.3 0.7 6.46 x 10-4 40

34.9 -2.5 4.83 x 10-4 50

32.1 3.7 3.49 x 10-4 60

3l.8 12.1 2.62 x 10-4 70

27.9 19.4 1.98 x 10-4 80

Lo17-1 239.8 31.4 7.13 x 10-4 0
31.8 18.5 7.93 x 10-4 5

3z2.6 .7 7.78 x 10-4 10

32.3 16.7 6.77 x 10-4 20

32.6 14.3 5.59 x 10-4 30

33.1 12.4 4.50 x 10-4 40

33.7 9.0 3.65 x 10-4 50

35.9 6.0 2.67 x 10-4 &0

40.1 2l.1 1.27 x 10-4 70

47.3 18.0 7.62 x 10-5 80

Lols-1 15.8 45.1 7.11 x 10-4 0
27.17 20.7 6.51 x 10-4 5

27.2 16.2 5.82 x 10-4 10

28.8 13.3 4.90 x 10-4 20

29.3 10.4 4.01 x 10-4 a0

30.6 8.1 3.27 x 10-4 40

30.2 6.9 2.58 x 10-4 50

31.7 3.2 2.10 x 10-4 60

35.0 2.7 1.79 x 10-4 70

34.3 -6.8 1.46 x 10-4 80

LO28-1x% 20.6 63.9 5.53 x 10-3 0
22.4 64.6 5.02 x 10-3 5

22.0 65.2 4.22 x 10-3 10

20.6 65.6 2.63 x 10-3 20

13.6 65.8 1.61 x 10-3 30

18.5 65.4 1.05 x 10-3 40

19.2 65.8 7.08 x 10-4 50

18.3 65.6 5.09 x 10-4 60

19.2 65.1 3.87 x 10-4 70

17.1 66.1 3.20 x 10-4 80

L02s-1 15.3 67.0 5.18 x 10-3 0
22.6 66.3 4,79 x 10-3 5

24.0 66.3 4.22 x 10-3 10

23.4 67.1 2.92 x 10-3 20

22.3 67.8 1.75 x 10-3 30

22.5% 68.5 5.99 x 10-4 50

21.6 68.8 2.99 x 10-4 70

L030-1 8.5 62.1 4.53 x 10-3 0
15.4 64.7 4.04 x 10-3 5

18.8 65.8 3.18 x 10-3 10

18.4 65.7 1.59 x 10-3 20

15.8 65.8 7.28 x 10-4 30

13.4 64.8 3.49 x 10-4 40

9.6 65.0 1.89 x 10-4 50

10.1 65.2 1.90 x 10-4 50

L031-1 2.2 61.0 3.46 x 10-3 0
8.6 65.9 2.52 x 10-3 5

9.5 66.0 2.46 x 10-3 5

15.2 66.7 1.67 x 10-3 10

15.8 66.3 8.10 x 10-4 20

12.8 66.4 4.26 x 10-4 30



Sample Declination Inclination Intensity (emu/cc) Demagnetization (mT)

12.4 66.6 2.34 x 10-4 40

359.5 65.3 1.48 x 10-4 50

3.1 63.6 1.49 x 10-4 50

354.9 57.9 9.55 x 10-5 60

350.1 62.3 5.53 x 10-5 a0

L032-0 6.2 55.0 2.46 x 10-3 0
11.6 59.6 1.56 x 10-3 5

14.4 60.7 8.37 x 10-4 10

13.4 61.4 4.70 x 10-4 20

10.0 61.0 2.87 x 10-4 30

6.9 61.2 1.41 x 10-4 50

11.2 62.0 1.38 x 10-4 50

14.6 61.2 6.87 x 10-5 70

18.5 61.8 5.29 x 10-5 80

L033-1 8.4 57.0 3.69 x 10-3 0
11.8 62.6 2.39 x 10-3 5

13.5 65.5 1.27 x 10-3 10

13.1 65.9 5.88 x 10-4 20

7.0 64.7 3.61 x 10-4 30

14.7 64.6 1.79 x 10-4 50

14.8 66.4 1.65 x 10-4 50

15.0 66.7 9.49 x 10-5 70

13.8 68.2 8.06 x 10-5 80

L034-1x% 302.6 66.0 2.19 x 10-3 0
316.6 63.4 1.57 x 10-3 10

318.1 69.8 1.32 x 10-3 15

315.0 63.9 1.12 x 10-3 20

318.1 70.4 8.24 x 10-4 30

318.9 70.4 5.84 x 10-4 40

316.0 69.9 4.03 x 10-4 50

326.7 69.0 2.41 x 10-4 65

326.5 69.1 1.83 x 10-4 75

L035-1 274.6 46.4 1.15 x 10-3 0
283.7 63.4 3.64 x 10-4 10

294.7 61.3 1.31 x 10-4 20

307.5 62.3 1.20 x 10-4 20

312.0 63.6 6.87 % 10-5 30

313.0 66.9 6.66 x 10-5 30

319.9 58.2 4.41 x 10-5 40

322.2 63.2 4.62 x 10-5 40

316.5 61.3 4.69 x 10-5 40

zl.1 62.3 4.47 x 10-5 40

L036-1 317.5 66.7 1.84 x 10-3 0
305.3 69.3 5.20 x 10-4 10

306.2 68.6 3.31 x 10-4 15

307.3 69.4 2.16 x 10-4 20

L037-1 338.8 65.2 2.42 x 10-3 0
328.6 70.5 5.34 x 10-4 10

322.5 70.8 3.43 x 10-4 15

325.9 72.8 2.12 x 10-4 20

323.2 72.3 1.66 x 10-4 25

321.8 72.3 1.74 x 10-4 25

L038-0 311.0 61.3 2.53 x 10-3 0
319.7 69.8 8.53 x 10-4 10

317.7 69.4 5.66 x 10-4 15

316.5 70.0 3.94 x 10-4 20

314.1 70.8 2.89 x 10-4 25

313.5 70.0 2.82 x 10-4 25

L035~-1 3.6 73.2 2.47 x 10-3 0
344.6 72.4 5.44 x 10-4 10

327.2 73.4 3.19 x 10-4 15
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Sample Declination Inclination Intensity (emu/cc) Demagnetization (mT)

3lp.2 74.3 2.29 x 10-4 20
325.7 74.1 2.18 x 10-4 20
323.3 75.2 1.58 x 10-4 25
316.6 71.9 1.32 x 10-4 30
313.1 72.% 1.13 x 10-4 35
313.3 70.9 1.13 x 10-4 35
LO40-1% 79.2 69.6 2.48 x 10-3 0
132.6 63.9 1.16 x 10-3 10
134.6 61.1 7.44 x 10-4 15
133.1 61.4 4.44 x 10-4 20
134.8 60.5 1.74 x 10-4 30
128.4 60.6 6.04 x 10-5 45
130.1 63.2 6.32 x 10-5 45
139.8 57.8 2.72 % 10-5 60
108.4 43.1 3.32 x 10-5 60
L041-0 67.0 79.5% 2.05 x 10-3 0
127.3 63.3 7.73 x 10-4 10
132.0 64.8 4.30 x 10-4 15
133.7 63.3 2.38 x 10-4 20
133.0 60.8 1.5 x 10-4 25
125.8 60.3 1.06 x 10-4 30
123.8 66.7 6.36 x 10-5 40
124.7 62.0 6.54 x 10-5 40
140.6 48.8 5.79 x 10-5% 40
154.6 54.4 3.15 x 10-5 60
164.1 51.0 2.85 x 10-5 60
130.7 62.8 3.37 x 10-5 60
100.7 45.8 2.74 x 10-5% 60
L042-1 12.8 57.8 2.02 x 10-3 0
113.0 70.6 4.51 x 10-4 10
116.1 68.0 3.33 x 10-4 15
122.1 68.3 1.27 x 10=-4 20
131.8 68.5 8.78 x 10-5 25
119.1 62.6 9.33 x 10-5 25
149.2 72.1 7.59 x 10-5 25
L043-0 18.3 84.6 3.92 x 10-3 0
62.1 75.3 1.16 x 10-3 10
70.3 75.5 B.76 x 10-4 15
83.8 74.93 7.00 x 10-4 20
86.2 75.0 5.91 x 10-4 25
98.8 72.6 4.93 x 10-4 30
85.7 74.1 4.92 % 10-4 30
103.8 74.2 3.91 x 10-4 40
110.2 76.1 3.17 x 10-4 50
116.3 75.7 3.04 x 10-4 50
134.1 73.8 2.48 x 10-4 60
137.3 75.5 2.42 x 10-4 60
157.0 69.7 2.00 x 10-4 70
L044-1 51.1 61.5 3.23 x 10-3 0
63.2 74.3 9.67 x 10-4 10
73.9 75.4 7.33 x 10-4 15
83.3 76.2 5.90 x 10-4 20
85.0 75.4 5.20 x 10-4 25
86.3 75.4 4.33 x 10-4 30
35.0 76.3 3.53 x 10-4 40
84.6 75.0 3.43 x 10-4 40
L045-1 11.6 41.0 2.58 x 10-3 0
27.5 65.7 1.35 x 10-3 10
31.7 70.5 9.46 x 10-4 20
40.5 72.4 8.31 x 10-4 25
35.2 73.4 7.04 x 10-4 35
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Sample Declination Inclination Intensity (emu/cc) Demagnetization (mT)

28.4 72.8 6.47 x 10-4 40

31.7 72.9 6.26 x 10-4 40

30.1 72.7 6.25 x 10-4 40

36.1 73.7 5.24 x 10-4 50

L046-0 12.9 47.5 3.70 x 10-3 0
57.7 73.6 4.13 x 10-4 10

74.5 74.0 2.53 x 10-4 15

74.9 78.9 2.43 x 10-4 15

86.6 74.3 1.80 x 10-4 20

399.4 72.3 1.53 x 10-4 25

120.7 67.2 1.03 x 10-4 35

131.3 76.5 7.22 x 10-§ 45

111.3 72.3 8.01 x 10-5 45

130.8 73.3 7.85 x 10-5 50

96.0 65.9 7.33 x 10-5 60

LO53-1% 194.8 -58.8 2.06 x 10-3 0
185.0 -58.0 2.73 x 10-3 10

134.1 -57.8 2.60 x 10-3 15

1893.7 -57.7 2.34 x 10-3 20

193.6 -57.4 1.66 x 10-3 30

193.6 -57.6 1.05 x 10-3 40

150.7 -58.4 3.97 x 10-4 60

130.6 -56.1 1.97 x 10-4 75

LO054-0 127.0 -16.2 1.15 x 10-3 0
185.6 -65.3 9.41 x 10-4 10

194.2 -66.7 7.75 x 10-4 15

133.3 -66.5 6.13 x 10-4 20

187.0 -64.8 3.95 x 10-4 30

134.6 -67.3 3.94 x 10-4 30

L0O55-0 115.1 14.7 9.70 x 10-4 0
130.8 -66.8 1.39 x 10-3 10

133.6 -66.8 1.25 x 10-3 15

197.2 -66.9 1.07 x 10-3 20

195.5 -66.6 8.31 x 10-4 25

196.4 -66.9 7.58 x 10-4 30

LO56-1 158.1 -57.1 1.89 x 10-3 0
181.8 -63.5 2.16 x 10-3 10

187.1 -64.1 1.74 x 10-3 15

134.0 -64.0 1.48 x 10-3 20

1%4.0 -63.4 1.18 x 10-3 25

185.5 -62.7 9.30 x 10-4 30

L057-1 172.7 -61.3 1.92 x 10-3 0
191.9 -62.6 2.29 x 10-3 10

1392.4 -62.5 2.03 x 10-3 15

194.5 -62.3 1.60 x 10-3 20

133.8 -62.9 1.56 x 10-3 20

L058-1 180.3 -12.7 9.38 x 10-4 0
186.0 -71.3 9.83 % 10-4 10

193.2 -69.9 1.04 x 10-3 15

187.9 -71.0 9.95 x 10-4 20

200.6 -67.9 1.06 x 10-3 25

187.8 -70.9 8.77 % 10-4 30

133.4 -63.9 8.21 x 10-4 35

137.8 -69.5 6.37 x 10-4 40

193.3 -70.1 6.63 x 10-4 40

L05S-1 191.3 -68.8 1.37 x 10-2 0
192.5 -68.9 1.37 x 10-2 10

192.3 -68.9 1.33 x 10-2 15

194.0 -69.0 1.10 x 10-2 25

194.2 -63.2 6.88 x 10-3 35

LOGO-1x% 35.8 65.6 4.65 x 10-4 0
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Sampls

LO61-1

Log2-1

L063-1

LOE4-1

LO66-1%

L067-1

Log8-1

L06S-1

Dsciination
88.9
73.3
75.4
76.6
78.3
79.2
80.7
al.1
76.5
79.3

188.4
97.7
81.4
76.9
78.5
74.3
80.2
89.3
70.0
69.0
64.5
76.1
71.3

269.3
42.2
55.6
58.86
58.7

263.3

344 .8
37.4
48.4
54.8
50.6
71.5
21.7
22.0
20.9
20.1
18.7
18.2
18.5
22.6
12.1
13.8
14.1
13.7
16.8
17.5
16.7
16.8
24.3
21.8
21.5
22.4
17.2
18.7
17.1
21.5
24.0
21.2

Inclination
-30.2
-48.3
-55.4
-60.6
-62.9
-64.8
-63.3
-63.9
-62.8
-66.5

42.2
-50.7
~53.1
-60.2
-57.8
-61.7
-59.2

67.1
-22.5
-57.2
-60.2
-61.6
-62.6

29.6
-68.8
-64.7
-66.3
-66.2

40.1
-89.9
-70.5
-72.7
-73.2
-65.8
-65.4

61.6

60.2

59.5

59.9

60.1

59.7

59.9

58.8

62.0

61.0

60.6

60.1

65.5

63.1

62.6

62.3

64.9%

63.5

61.3

60.2

59.2

53.5

61.1

59,2

60.0

59.6

Intensity (emu/cc)
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1.64
1.84
1.86
1.67
1.4]1
1.14
1.11
1.12
8.71
5.08
3.18
3.72
1.08
9.63
7.70
6.80
4.77
4,05
1.22
7.93
6.20
4.72
4.64
3.13
1.54
1.34
8.95
5.52
4.25
6.83
4.56
2.72
2.47
2.28
2.26
3.24
2.71
2.01
1.3%
8.52
5.53
3.65
2.59
4.08
3.63
2.83
2.00
3.34
2.66
1.92
1.28
2.06
3.07
5.72
4.13
2.51
2.28
1.59
1.44
1.35
8.16

M X XM X X XM X XX X X X X X X X X X ¥ X X X X X X X X X X X X X X X X X XX X X X X X X M X XX X X XX X X XX X X

10-4
10-4
10-4
10-4
10-4
10-4
10-4
10-4
10-5
10-B
10-4
10-5
10-4
10-%
10-5
10-5
10-5
10-4
10-4
10-5
10-5
10-5
10-5
10-4
10-4
10-4
10-5
10-5
10-4
10-5
10-5
10-5
10-5
10-5
10-5
10-3
10-3
10-3
10-3
10-4
10-4
10-4
10-4
10-3
10-3
10-3
10-3
10-3
10-3
10-3
10-3
10-3
10-4
10-4
10-4
10-4
10-4
10-4
10-4
10-4
10-5

Demagnetization (mT)
10
15
20
30
40
50
50
50
60
75



Sample Declination Inclination Intensity (emu/cc) Demagnetization (mT)
0

Lo70-1 359.0 64.5 2.58 x 10-3
12.1 60.4 1.18 x 10-3 10
13.2 60.2 8.62 x 10-4 15
13.6 8.3 6.62 x 10-4 20
Lo71-1 6.3 56.6 3.61 x 10-3 0
9.6 54.7 3.02 x 10-3 10
10.1 54.3 2.67 x 10-3 15
10.5 54.3 2.33 x 10-3 20
11.4 54.0 1.72 x 10-3 30
11.4 54.1 1.14 x 10-3 40
LO72-0% 49.8 38.1 8.57 x 10-4 0
38.8 62.0 2.07 x 10-4 10
32.8 60.2 1.38 x 10-4 15
23.6 60.8 8.49 x 10-5 20
28.0 6l1.2 5.76 x 10-5 25
26.7 57.5 3.50 x 10-5 30
34.4 57.1 3.42 x 10-5 30
37.3 56.1 2.27 % 10-5 40
18.2 65.8 2.21 x 10-5 40
LD73-1 104.1 36.9 7.25 x 10-4 0
61.7 67.1 1.94 x 10-4 10
43.8 67.4 7.02 x 10-5 20
46.2 66.2 §.21 x 10-5 25
36.5 65.4 4.44 x 10-5 25
39.8 67.0 3.25 x 10-5 30
25.3 64.8 3.30 x 10-5 30
35.7 65.8 2.16 x 10-5 40
42.0 66.0 2.08 x 10-5 40
L074-1 52.3 8.1 6.33 x 10-4 0
35.8 42.4 2.35 x 10-4 10
36.4 48.2 1.44 x 10-4 15
36.0 51.4 9.25 x 10-5 20
33.8 54.% 8.98 x 10-5 20
32.8 52.1 6.73 x 10-5 25
30.9 56.3 6.00 x 10-5 25
27.4 53.% 3.76 x 10-5 30
29.5 51.9 3.68 x 10-5 30
26.8 51.7 3.15 x 10-5 35
28.8 62.5 3.12 x 10-5 35
15.2 69.7 2.02 x 10-5 45
25.4 73.8 2.27 x 10-5 45
L0751 80.8 62.8 1.28 x 10-3 0
57.1 65.2 3.72 x 10-4 10
47.7 65.8 2.09 x 10-4 15
42.1 66.6 1.31 x 10-4 20
43.2 65.8 9.42 x 10-5 25
40.0 87.5 6.66 x 10-5 30
33.3 68.5 5.08 x 10-5 35
27 .4 63.0 4,02 x 10-5 40
18.4 72.9 2.32 x 10-5 60
25.1 72.6 1.87 x 10-5 75
LO76-1 57.8 8.6 6.66 x 10-4 0
65.5 41.7 1.65 x 10-4 10
65.6 51.8 6.26 x 10-5 20
64.6 54.5 3.81 x 10-5 25
67.3 55.8 3.35 x 10-5 30
101.2 66.4 2.33 » 10-5 40
68.0 80.1 1.82 x 10-5 50
86.7 62.5 1.59 x 10-5 60
105.8 57.6 1.54 x 10-5 75
134.3 73.0 1.25 x 10-5 75
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Sample

L077-1

LO78-0x% 339.

L073-1

Lo80-1

Lo81-1

Lo&2-1

LO83-1

L084~-1

Declination

346.
344,
342.
337.
353.
349.
345,
344,
340.
341.
338.
337.
330.
332.
332.
33z.
318.
3zl.
325.
324,
325.
328.
335.
335.
335.
334.

62.

10.
356.
348.
342.
342.
339.
342.

OO~ O0 00N~ LLLHDDWLUBEOHODDNDDWREDNNNOWU = WRNOSEEOOOONOTWLONDNNOG W O

Inclination

47.5
58.8
62.6
62.2
62.4
64.9
64.5
67.1
81.5
68.2
69.3
66.8
68.9
66.5
65.0
64.6
64.0
63.3
60.9
59.7
61.4
67.8
67.1
65.5
65.7
66.0
66.5
66.7
65.1
64.8
63.2
63.2
62.9
64.4
64.5
62.8
62.5
62.2
62.1
76.6
73.0
70.2
69.1
67.3
65.3
62.2
62.2
62.2
62.4
63.2
65.3
62.5
58.6
59.7
59.2
61.2
59.9

Intensity (emu/cc)
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X

KX X X X XM X X X X X XM X X X X X X X M X X X X X X X M X X X X X X X X X X X M X X X X X X X X X X X X X X X X

10-3
10-4
10-4
10-4
10-4
10-5
10-5
10-5
10-5
10-5
10-5
10-5
10-3
10-3
10-3
10-3
10-3
10-4
10-4
10-4
10-4
10-3
10-3
10-3
10-3
10-4
10-4
10-3
10-3
10-3
10-3
10-4
10-4
10-4
10-4
10-3
10-3
10-3
10-3
10-3
10-3
10-3
10-4
10-4
10-4
10-3
10-3
10-3
10-3
10-3
10-4
10-4
10-4
10-4
10-4
10-5
10-5

Demagnetization (mT)

Paleomagnetic samples are listed according to site with the f1rst sample of
site denoted by an (%) after the sample number.

each
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As in Table 1 the sites



from the northern sample lTocality have $§ sample numbers and sites from the
southern sample locality have L sample numbers. The last column labeled
Demagnetization (mT) notes the magnetic cleaning field in milliteslas for each
measurement.

Appendix 2. Map projections

The computer—generated maps of this paper were constructed using the following
projections --
Polar equal area (Lambert). map center 41°N,240%: Figures 1, 13, 16,
17, 18, 13, 20. o
Polar equal area (Lambert), map center 45,5°N,238°E: Figure 2.
Polar equal area (Lambert), map center 41°N.ZSD°E: Figure 3a
Polar equal area (Lambert), map center 41 N,230 E: Figure 3
Lambert conformal sonic. standard parallels 60 N and 40 N, central
meridian 230 E: Figure 21.
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