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The told and thrust belt of northwestern Montana has been the subject of many
structural and paleomagnetic studies, which indicate both counterclockwise and
clockwise rotations of thrust sheets. To further delineate the boundaries of diverging
rotations and the nature of emplacement of thrust sheets, structural and paleomagnetic
data were collected from the footwall of the Lewis-Eldorado-Hoadley (LEH) thrust plate.
This thesis is a test for rotation about a nearby vertical axis accompanying thrust
emplacement in the northern Rocky Mountains based on structural and paleomagnetic
analysis. The area of interest was mapped for geologic relations; bedding attitudes,
simple folds thought to be associated with thrusting, and fold plunges. Research shows a
trachyandesite sill and adjacent sedimentary units in the area are folded with a slight
vergence to the east and plunge ~17° NNW. The sill yields a * Ar/”’ Ar biotite cooling age
of 58.8 +/- 1 5 Ma, but is interpreted to have a crystallization age of 75.9 +/- 1.2 Ma
(prethrusting) from stratigraphic, petrographic, and structural constraints. Fifty-six
oriented hand samples were collected in the field and at least one core drilled from each
sample. A paleomagnetic investigation yielded a stratigraphic mean direction of Dec =
200.0° and {nc = -62.3°, with a virtual geomagnetic pole located at 75.5°N, 166.2°E. A
fold test failed at the 95% contidence level when stratigraphically corrected, but
progressive tilt correction of the sill suggests a positive fold test at the 95% confidence
level at 80% of unfolded. Yet a statistical analysis yielded the highest precision and
smaliest cos at 70% of unfolding of the sill. This may indicate the Late Cretaceous sill
intruded into partially folded strata in the footwall of the LEH plate as thrusting
continued to the east, and that deformation of the Montana disturbed belt began before 76
Ma. Reference directions from the Late Cretaceous to Eocene are undistinguishable at the
95%, contidence level. A comparison of the observed direction to the expected direction
for the Late Cretaceous yields a 38° +/- 13.2° clockwise rotation about a nearby vertical

axis.
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Introduction

Rotation about a nearby vertical axis in western Montana and southern Canada was
described by Symons and Timmins (1992}, from a paleomagnetic investigation of the
Middle Proterozoic Aldridge Formation and the Moyie sills of British Columbia. They
found that the Purcell anticlinorium in the Lewis-Eldorado-Hoadley (LEH) thrust plate
rotated 37° +/- 12° in a clockwise manner (Figure 1). Yet. Elston et a/. (2000) measured
both clockwise and counter-clockwise rotations. usually below 15°, of the Middle
Proterozoic Belt-Purcell Supergroup within the United States and southern Canada.
However, the results by Symons and Timmins (1992) might be the most important study
for the overall sense of rotation of the LEH thrust plate in western Montana and southern
Canada. Other paleomagnetic studies have also shown significant rotations of thrust
sheets within the Rocky Mountain front from Montana to Wyoming. A paleomagnetic
study by Brunt (1997) showed clockwise rotation ot the Late Cretaceous Kootenai
Formation at Ford Creek and a study by Eldredge and Van der Voo (1988) showed
clockwise rotations between 23° to 54° and some minor counter-clockwise rotations
within the McCarthy and Helena salients of western Montana. A study within the
Wyoming salient by Grubbs and Van der Voo (1976) shows 30° of clockwise rotation in
the southern portion of the salient. But, Grubbs and Van der Voo (1976) also showed 60°
of counter-clockwise rotation within the northern portion of the Wyoming salient. Also.,
Eldredge and Van der Voo (1988) in the Lower Cretaceous Kootenai Formation and Jolly
and Sheriff (1992) in the Two-Medicine Formation have both measured counter-

clockwise rotations between 23° to 30° within the northern Helena salient of western
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Montana (Figure 1). Brunt (1997) measured probable counter-clockwise rotations of the
Kootenai Formation in southern study sites at Marias Pass (Figure 1). The studies by
Grubbs and Van der Voo (1976). Jolly and Sheriff (1992). Eldredge and Van der Voo
(1988), and Brunt (1997) are located along the eastern edge of the Rocky Mountain front
of the western United States. Their results are inconsistent from the model of an overall
clockwise rotation of the LEH plate, probably due to shear against basement rock of the
North American craton.

The Rocky Mountains of western Montana are the result of millions of years of
shortening followed by post middle Eocene normal and transverse faults (Mudge. 1970).
This shortening of the crust produced a regional feature that can be divided into the
hanging-wall, known as the Lewis-Eldorado-Hoadley (LEH) thrust plate, and the
footwall, labeled the Montana disturbed belt along the Rocky Mountain front (Figure 1).
In the early to middle 20" century, structural and stratigraphic studies showed an
imbrication of west-dipping thrust sheets with assoctated folds and relatively younger
normal and transverse faults (Willis, 1904; Stebinger, 1917, 1918; Clapp, 1932; Deiss,
1943a. b; Mudge, 1965, 1966a, b, ¢, 1967, 1968, 1970; McGill er al.. 1967; Viele et al.,
1965; Mudge et al.. 1968). These carly studies provided varying theories as to the
formation of the Rocky Mountains, such as the theory of large scale gravitation sliding
(Wisser 1957; Rubey and Hubbert 1959; Eardley 1963, 1968; Roberts 1968; Mudge
1970). Throughout the 1960’s and 1970°s the theory of plate tectonics became an
accepted explanation of mountain building. Within the past couple of decades
geophysical techniques have been applied to the western Rocky Mountains of the United

States and Canada to better understand the structure and history.
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A recent model by Sears (1994) and Price and Sears (2000) suggests a clockwise
rotation about a nearby vertical axis close to Helena. Montana. of the Mesoproterozoic
Belt/Purcell rocks. Sears (1994) and Price and Sears (2000) developed this model by
considering ten baianced cross sections from southern Canada to northern Montana (Price
and Moungjoy, 1970: Monger ef al., 1985 Price. 1981; Price and Fermor. 1983: Fermor
and Moftat, 1992: Burton ¢r /.. 1994; Harris, 1983; Lidke and Wallace, 1994: Sears.
1988; Sears and Buckley. 1994) and by restoring thrust sheets that include the Belt-
Purcell rocks and the adjacent foreland thrust and fold belt. The creation of a balanced
palinspastic map shows Belt-Purcell rocks and Mesozoic rocks experiencing 30° of
clockwise rotation about a nearby vertical axis near Helena. Montana. Southern Alberta
contains thrust sheets experiencing linear displacements greater than 250 km. with
decreasing displacement southward to less than 20 km in the Little Belt Mountains of
west-central Montana.

Structural and paleomagnetic studies ot the emplacement of thrust sheets have
helped constrain the timing. amount. and type of deformation within western Montana
and southern Canada. However. paleomagnetic studies show no simple picture regarding
the sense of rotation along the Montana disturbed belt and front ranges. Therefore, the
objective of my study is to quantify the amount that a Late Cretaceous sill rotated about a
nearby vertical axis during Paleocene thrusting within the Sawtooth Ranges of the
Montana disturbed belt (Figures 2 & 3).

This study entails a structural interpretation to determine the amount of detormation
the sill experienced and to provide structural information for the paleomagnetic

investigation. Structural goals include mapping the sill and sedimentary units and
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sufficiently measuring units for attitude control. The structural and paleomagnetic
considerations should lead to the timing, amount, and tvpe of rotation the sill

experienced.

Regional Geology

Western Montana and southern Alberta are dominated by a large-scale structure
known as the Lewis-Eldorado-Hoadley (LEH) thrust pate (Figures 1 & 2). The LEH
thrust plate is the result ot shortening toward the northeast that first folded, then thrusted
and folded during the Late Cretaceous to Eocene, displacing the Mesoproterozoic
Belt/Purcell basin to the west over the adjacent foreland to the east (Mudge, 1970;
Hotfman er al., 1976). The leading edge of the interleaved LEH thrust faults defines the
trace between the hanging wall containing the Mesoproterozoic Belt rocks and the
footwall containing Proterozoic and Mesozoic rocks. The Proterozoic and Mesozoic
rocks of the footwall are imbricated into many thrust sheets, nine of which contain the
sill. These imbricated thrust sheets make up the Montana disturbed belt (Figures 2 and 3)
and are subdivided into the Sawtooth Ranges to the east and the Lewis and Clark Ranges
to the west (Mudge, 1970).

The site of interest lies within the western Sawtooth Ranges between the Dry thrust
fault to the east and the Elk normal fault to the west and parallels the eastern bank of the
North Fork of the Sun River (Figures 2 and 3). At the 12 km® study site. moderately to

steeply dipping sedimentary units enclose a trachyandesite sill that makes up a north-
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south trending ridge with approximately 300 to 450 meters of relief. The sedimentary
units that crop out in the area are the early Cretaceous Kootenai Formation and three
members of the mid-Cretaceous Blackleaf Formation; Flood Shale, Taft Hill. and Vaughn
(Mudge, 1967: Mudge and Earhart. 1983).

This site was chosen because the Late Cretaceous trachyandesite sill intrudes into
the Cretaceous Kootenai and Blackleaf Formations and shown by Mudge (1967) to be
folded with the adjacent sedimentary units (Figure 3). Also, the site lies between the
study sites of Symons and Timmons (1992) and Brunt (1997) to the north and Eldredge
and Van der Voo (1988). Jolly and Sheriff (1992), and Brunt (1997) to the south (Figure
1). Thts study will ultimately add and fill a gap in the paleomagnetic data between
previous studies, the most important being the site localities of Brunt (1997) because they
are the ciosest to the proposed site and currently give the best constraint of rotation in the

area.

Field Methods

Mudge (1967) mapped an area that includes the study site, at the 1:24,000 scale and
showed excellent structural and stratigraphic relationships. He mapped a folded sill
within the Blackleaf Formation that obliquely crosscuts the Flood Shale, Taft Hill, and
Vaughn members. The map that Mudge produced became the foundation for the
paleomagnetic investigation of the sill, but to ensure accurate paleomagnetic results the

study site was mapped for greater structural control adjacent to the sill. Mapping at the



Figure 3. Geologic map ol southern portion the Montana distrubed belt.
Rectangle outlines held site. Gibson Reservoir outlined for reference,
(map modified from Mudge and Earhart, 1983)
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1:24.000 scale provided the necessary detail to accurately identity the structure and to
locate sampling sites along the siil.

The locality of the study site is within the Bob Marshall Wilderness. thus oriented
hand samples were collected instead of standard oriented drill cores to minimize aesthetic
damage. The measurement of bedding attitudes and the orientation of hand samples were
performed using a Brunton compass. Hand samples are from locations along a 3 km trend
of relatively fresh, exposed sections of the sill and away from fractures or joints. From
Mudge (1967) the site has one main sill and two to three very thin sills. The thinner sills
are assumed to have intruded at the same time, but my sampling focused on the main sill
that is 120 to 180 meters thick. To average out the effects of a nondipole field and
random walking of the geomagnetic pole, stratigraphic sampling of the sill should yield a
time averaged paleopole (average of site-mean virtual geomagnetic paleopole (VGPs))
which average paleosecular variation to a constant value.

[ collected a total of 56 samples at fourteen sites along the sills of Sheep Reef,
within the Bob Marshall Wilderness (Figure 4). A site represents a single outcrop that
includes one to six hand samples from which standard cores were drilled in the
laboratory. Sites 6-14 and 17-20 are located along the main sill and sites 16 and 18 are
located along adjacent thinner sills to the east. Six sites are located on the western limb of
the anticline, two sites are on the eastern limb of the anticline (or western limb of the
syncline), and six sites are on the eastern limb of the syncline. The size of hand samples

range from 10 to 15cm in diameter, large enough for one or more 2.5 cm by 3.8 cm cores

to be drilled in the laboratory.
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Approximately 250 to 350 pounds of rocks were packed nearly thirteen miles out of
the wilderness by the United States Forest Service. My thanks to Patti Johnston of the

USES in Choteau, MT for orchestrating the use of horses in packing out my rocks.

Laboratory Techniques

Progressive alternating tield (AF) cleaning techniques were applied to evaluate the
natural remanent magnetization (NRM) of each specimen. Magnetization was measured
with a Schonstedt SSM-2A spinner magnetometer with NRM intensities ranging from
1x107 to 3x10 A/m. Specimens typically received 10 to 20 steps of AF cleaning tfrom
2.5to0 102.5 mT, using a Molspin two-axis tumbling demagnetizer capable of inductions
up to 102.5 mT. Cleaning levels averaging between 16.5 to 30.0 mT removed any viscous
remanent magnetization (VRM) that obscured the primary directions. The uncleaned,
NRM directions showed no coherent directions either between or within sites and does
not parallel the present day magnetic tield (Figure 5).

After reducing intensities to a few percent of the original magnetization, the
characteristic remanent directions (ChRM), or the primary NRM component, were
identified tor each specimen using standard orthogonal vector diagrams (Zijderveld.
1967) and principal component analysis (Kirschvink, 1980). Cleaning techniques isolated
single component characteristic remanent magnetization directions for 43 of the 56
specimens collected, 38 were used for the final analysis (Figures 5 and 6). A secondary

magnetic component is recognizable in 15 of the 43 specimens using standard orthogonal
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vector diagrams (Zijderveld. 1967). The secondary magnetic component did not show
any coherent directions for the 13 specimens.

Mean directions with associated statistical data were computed using the methods
of Fisher (1953) for 13 of the 14 sites with single component final magnetizations.
Twelve of the original 14 sites have reliable site mean directions: all are reversed in
polarity (Figure 7). Two sites were rejected from the final statistical analysis for the
following reasons. Site 12 has a mean direction with an angular distance from the mean
greater than 140°; approximately eight times the angular dispersion inherent in
paleosecular variation at the sampling paleolatitude (McElhinny and Merrill, 1975). Site
18 did not yield a site mean direction because magnetization intensities for specimens
were below the limit of measurement for the magnetometer. Since site 18 is located on
one of the thinner sills, the anomalous behavior could be attributed to local weathering

tactors (Figure 4).

Tilt Correction

Conventional tilt correction in paleomagnetic studies assumes tilt takes place about
the line of strike of bedding. But, if the tilt was produced by rotation about an inclined
axis. the conventional tilt correction introduces a “declination anomaly” or error into the
paleomagnetic data (MacDonald, 1980). This anomaly increases scatter in paleomagnetic
declinations and interpretation of the paleomagnetic data becomes difficult. The geologic
map and corresponding cross-sections produced from this study (Figures 8 & 9) show an

anticline and syncline with fold axis plunges between 9° and 29° to the north-northwest
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Figure 8. Geologic Map of Field Site, North
Fork o fthe Sun River, Bob Marshall
Wilderness, Montana
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Figure 9. East-West Geologic Cross Sections
of Sheep Reef, North Fork of the Sun River,
Bob Marshall Wilderness, Montana
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Figure 10. North-South Geologic Cross Sections of Sheep Reef, North
Fork of the Sun River, Bob Marshall Wilderness, Montana
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(Figure 10 & 11). Chan (1988) provides examples trom three sites in the Northern
Apennines and shows at the three sites, Gubbio (Lowrie and Alvarez, 1977), Rocca
Leonella (Chan er al., 1985), and Mona (Alvarez and Lowrie, 1978), that a rotation axis
plunge of nearly 10° can produce declination anomalies between 11° to 16°. Since strata
in the study site has a fold plunge greater than 10° to the northwest, a procedure must be
followed that accurately restores bedding to horizontal (Figure 11).

Before tilt correcting, identifying the types of bedding restoration to horizontal must
be established. Three possible restorations are 1) to flatten bedding by the amount of
stratigraphic dip without correcting for the fold plunge, 2) tilt correct about an inclined
axis, or 3) restore plunge of the fold axis to horizontal, then flatten bedding by the
amount of the new stratigraphic dip. I used the third method because a common strike
line is needed to tilt correct bedding on either limb without changing the internal structure

of the plunging fold.

- N
70 " T
T . . \\ Figure 11. Equal-area projection of fold
/ T \ axis directions for paleomagnetic sites.
/ N\,
/ h
/ \
{
(i
| +
\
A N /

1Y



A two step tilt correcting method was applied to each paleomagnetic site. The first
step entailed locating bedding attitudes on each fold limb tor the associated
paleomagnetic site. Once located. bedding was restored by the amount of plunge creating
a new strike and dip (Table 1). The restoration of plunge not only created new bedding
attitudes but also created new paleomagnetic directions. After the plunge corrected
directions and attitudes had been identitied, the traditional tilt correction was applied to
the paleomagnetic data. For future discussion. in-siru coordinates indicate non-corrected

data and stratigraphic coordinates indicate plunge and tilt corrected data.

TABLE 1. TILT CORRECTIONS

Site FA BA FBA GDec Glnc SDec Slnc
plunge/trend strike/dip  strike/dip degrees degrees degrees degrees

6-D10-99 167352 176 77/W 172776W 240.9 -11.9 189.2 -65.6
7-C8-99 22/334 177 147W 155/ 42W 2413 -27.8 2137 -64.0
8-C8-99 22/334 177/ 47TW 155/42W 2328 -28.0 2031 -58.3
9-D7-99 20/003 207 /41W 182/37W 2241 -45.5 188.5 -42.5
10-E4-99 20/342 184/53W 168/48W 239.0 -29.6 197.0 -59.9
11-E4-99 20/342 184 /53W 168/48W 2436 -41.3 173.5 -12.1
12-E3-99 19/338 174/55W 160/52W 3579 428 328.0 25.6
13-E5-99 09/345 169/65W 165/65W 2503 -24.7 173.0 -81.9
14-D6-99 09/ 345 342 /75E 344 /74E  88.6 -71.7 238.0 -34.7
16-D10-99 13/332  168/40W 152/38W 2417 52 240.0 -43.0
17-E6-99 17/338 170/56W 158/ 54W 230.6 -35.8 166.4 -66.0
19-D7-00 29/355 254 /29NW 170/05W 2394 -57.3 2104 -41.9
20-E7-00 16/ 351 335/73E 344 /60E 96.4 -36.0 172.2 -61.9

Table of two component structural correction to each site. FA is the unique fold
axis associated with each site. BA is the associated bedding attitude for each
site. FBA is the bedding attitude after correcting for the fold plunge. GDec and
Glinc are the associated in-situ declination and inclination for each
paleomagnetic site-mean direction. SDec and Sinc are the stratigraphic
declination and inclination for each paieomagnetic site-mean direction.



Fold Test

The purpose of determining a method for tilt correction is to provide for an
accurate fold test of the paleomagnetic data. The fold test evaluates the paleomagnetic
stability that can provide information about the timing of characteristic remanent
magnetization (ChRM) acquisition. Butler (1991) states that if

“...a ChRM was acquired prior to folding, directions of ChRM from
sites on opposing limbs of a fold are dispersed when plotted in
geographic coordinates (in situ) but converge when the structural
correction is made (“restoring” the beds to horizontal). The ChRM

direction are said to “pass the fold test’”.

McFadden and Jones (1981) suggest a fold test that determines “whether the mean
direction of a group of sites from one limb of a fold may be distinguished statistically
from the mean direction ot a group of sites from another limb.” Since the sill is folded
into three limbs, McFadden and Jones (1981) provide an adequate fold test for multiple
limbs suitable for this study. For this fold test, the hypothesis of a common true mean
direction for the three limbs may be rejected if the observed value of fexceeds the critical
value of the F distribution at the required significance level. The observed value f1is

defined as:

(N-m) , (ERi -R*ZRi) __p [2(m-1), 2(N-m)]

(m-1)  2(N - ZRi)

N = the number of sites.

m = number of limbs.

t=1tom.

R is the length of the vector resultants from each limb.

R is the length of the resultant vector of all the site mean directions.
F {2(m-1), 2(N-m)] is the degrees of freedom for the F distribution.
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Results

My structural investigation resulted in a 12 km® geologic map with approximately
20% exposure of sedimentary units and 90% exposure of the sill (Figure 8). The best
exposures of sedimentary units are located in contact with the sill and decrease in
exposure further away from the sill. The ridge-tforming sill is the dominant feature in the
area with 300-450 meters of relief. The sedimentary units and sill are folded into an
anticline and syncline with axial trends toward the northwest, plunging at an average of
17° (Figures 8, 9, and 10).

East-west cross-sections show moderately to steeply dipping units with an overall
vergence to the east (Figure 9). Cross-sections also show that the sill cuts obliquely
across stratigraphic units from the Kootenai Formation to the Vaughn member of the
Blackleaf Formation (Figures 9 & 10). This either indicates the sill did not intrude as a
_horizontal sheet, the sedimentary units were not horizontal at the time of intrusion, or the
sill intruded as a discordant sheet into folded or non-folded strata.

Table 2 summarizes the results of the paleomagnetic investigation of the Late
Cretaceous sill. The paieomagnetic reference pole for the Late Cretaceous is at 82.2°N,
209.9°E. cos = 6.8° (Gunderson and Sheriff, 1991). For the Paleocene, the reference pole
is at 81.5°N, 192.6°E, ctos = 3.2° (Diehl et al., 1983), and the Eocene pole is at 82.8°N,
170.4°E, ctos = 3.0° (Diehl et al., 1983). The 12 sites (38 specimens) with reliable site-
mean directions from this study provide an average paleomagnetic direction in in-sifu
coordinates of, Dec = 232.4°, Inc = -46.6°, tes = 13.4° and in stratigraphic coordinates

of. Dec =200.0°, Inc =-62.3°, as = 7.6°. These two averaged directions are different at
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TABLE 2. PALEOMAGNETIC RESULTS FROM THE LATE CRETACEOUS SILL, SHEEP REEF, MONTANA

Site Siat (N} Stong (V/) N/No GDec Ginc SODec Sinc g [ C3D R Plat Plong
6-010-39 47°41" 112°51'15" 4/5 2409 -119 1892 655 1508 38 09 1312 392 -338 1531
7-C8-99 47°41'15"  112°52° 212 2413 278 2137 -840 504 2458 56 163 200 870 1435
3-C3-99 47°41°15" 112°52 2i2 2328 -280 2031 -583 3308 59 21 1652 138 715 TG
9-07-99 47°a1" 112°52 101 2241 .455 1885 425 - 100
10-E4-98 47°42'30"  112°57%" 5/6 2390 -296 1970  -599 2121 1396 2175 417 7560 -1793
11-E£4-99 47°42'30"  112°S71° 172 2436 413 1735 660 - - 100 - -
12-€3-99 47°42'30" 112°57 4/5 3579 426 3280 255 AB 64 277 49933 292 46 8 1153
13-£6-99 47°42 112°51" 5/6 2503 -247 1730 -819 947 66 22 994 494 533 829
14-D6-99 47°42 112°51'15" 5/5 886 717 2380 -347 1471 2802 1531 486 -354 1673
16-C10-99  47°41" 11295115 1/6 2417 .52 240.0 -430 . 1.00
17-E6-239 47°42'15"  112°571 4/6 2306 -358 156 4 650 2559 13 86 2134 373 -803 -133
18-F7-99 47°42" 112°5¢ c/2 - - - - -
19-C7-00 47°42" 112°51 4/4 2394 573 2104  -419 1371 4535 1195 393 -564 -1692
20-E7-00 47°42" 112°51° 4/4 964  -36.0 1722 619 2191 18 55 1884 384 -8293 -597

Paleomagnetic data for all sites. Sites 6-14 and 17-20 are hand-sampled from
vanous locations along the main sill; sites 16 and 18 are lccations along thinner
sills parallel to the main siil; Slat and Slong are the present day site latitude and

longitude; N/No are the number of specimens used / number of specimens

collected. GDec and Ginc are the in-sifu declination and inclination; SDec and
Sinc are the structurally corrected site mean directions; 44 s radius of 85%
confidence cone in degrees; K is Fisher's (1953) precision parameter; CSD is the
circle standard deviation; R is the resultant vector; Piat and Plong are VGP

latitude and lcngitude.

TABLE 3. PALEOMAGNETIC FIELD AREA AND KEFERENCE MEANS

1991)

N is number of sites; Dec, and Inc, are declination and inclination of field area in degrees; A is radius of 95%

confidence cone in degrees; K is Fisher (1953) precision parameter; CSD is the circular standard deviation;
VGP, virtual geomagnetic pole; dp and dm are principal semiaxes of 95% confidence interval about a pole.

Calculated VGPs flipped to northern hemisphere. Dec, and Inc, are expected directions and Lat {°N) and Long
(°E) are paleomagnetic pole positions for the Late Cretaceous to Eocene.
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VGP
QObserved Coordinates N Dec, Inc, Agg K CSD Lat °N) Long (°E) dp (degrees) dm (degrees)
Geographic 38 2324 466 134 40 4172 451 3439 11 17.2
10% Unfolding 38 417 119 48 376 511 359.3 8.9 146
20% Unfolding 33 -449 106 58 341 532 358.4 8.5 13.4
30% Unfolding 36 469 95 7.0 310 544 356.5 7.9 12.3
40% Unfolding 38 -495 84 8.7 277 564 354.6 74 111
50% Unfolding 28 -826 74 10.8 248 596 352.6 71 10.2
60% Unfolding 38 546 638 12.8 227 61.8 351.1 6.7 9.5
70% Unfolding 38 -56.4 63 144 214 642 349.8 6.6 8.2
80% Unfolding 38 -588 66 134 222 685 3494 73 9.8
90% Unfolding 38 -58.5 6.5 13.7 220 696 348.3 7.3 9.8
Stratigraphic 38 6823 786 104 253 755 346.2 92 1.8
Expected Coordinates Inc, Lat °N) Long (°E) Ags K
Present day (IGRF. 1995) - 73.0 730 254 9 - - - - -
Eocene, (Dehletal 1983) - 66.4 828 1704 30 161 - - -
Paleocene, (Denl et . 68.7 815 1926 32 292 . . -
af, 1983)
L. K (Gunderson and Shenff, 698 822 2099 68 184 . }



the 95% confidence level, are distinct from the present day magnetic direction, Dec =
357.2°, Inc = 72.8° (IGRF. 1995), and different from the Late Cretaceous through Eocene
reference directions (Table 3 and Figure 12).

Table 4 is a summary of the fold test with the required statistics for the 12 reliable
sites from all three fold limbs. The fold test is an important step in determining the
relative age of the ChRM. to validate paleomagnetic stability and to rule out possible
recent remagnetizations. The observed value £, from McFadden and Jones (1981),
calculated at the 95% confidence level for in-sifu coordinates is 45.07 and for
stratigraphic coordinates 1s 8.20. The critical value of the £ distribution at the 95%
confidence level is 2.53, concluding that the hypothesis ot a common true mean for both

the in-situ and stratigraphic coordinates may be rejected.

TABLE 4. FOLD TESTFOR GEOGRAPHIC Fold test analysis. /n-situ are uncorrected
AND STRATIGRAPHIC COORDINATES coordinates of the sill; Stratigraphic is the
(Mcfadden % Jones. 1381, eq. #8) fold-corrected coordinates of the sill; N is

the number of specimens from the 12

in-situ Stratigraphic reliable sites; N¢ is the number of
N 38 38 specimens from the east dipping limb of the
N 9 9 anticline; N, is the number of specimens
N, 14 14 from the west dipping Ixmb.ofthe anticline;
Nwo IS the number of specimens from the
Nuwo 15 15 ‘ ' Lo
west dipping limb of the syncline; R, Rg,
R 28.71 34'4,,3 Rwi. and Ry, are the resultant vectors from
Re 8.28 793 paleomagnetic directions; d.f. is the degrees
Rws 13.05 13.46 of freedom for the £ distribution; f is the
Rw2 14.28 1419 observed value calculated from equation #8
d f.={4,70} from McFadden & Jones (1981).
r= 45.07 8.20 1

F = 253 @ 90% confidence level

Both the in-siru and stratigraphic coordinates failed the fold test and the reason
appears to be an over correction when stratigraphically corrected (Figure 12). Three

explanations are possible: 1) the associated bedding attitude for each paleomagnetic site
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Stratigraphic Coordinates
0

Figure 12. Equal-area projection of 12 site mean directions. Reverse polarities are flipped
to normal polarity. Upper projection shows direction before correcting for local folding.
Lower projection shows direction after correcting for local folding. Square 1s the Late
Cretaceous reference directions from Gunderson ¢7 a/., 1991. Cross is the Paleocene
reference directions from Diehl ¢ al., 1983. Triangle is the Eocene reference directions
trom Dieht ¢f al., 1983. Circles are the ag5 radius of confidence. X is the spin axis of the
Earth, =+ is the present magnetic field direction, (IGRF, 1995).



i1s incorrect, 2) the sill intruded into partially deformed sedimentary rocks. and/or 3) there
is unrecorded penetrative strain associated with the sill. Explanation two seems to be the
most likely cause for the over correction but all three might contribute to some degree.

The first reason addressed for the over-correction is the lack of structural control of
sedimentary units for each paleomagnetic site. I do not think this is likely as [ collected
numerous bedding attitudes measured close to the sill (Figure 8). Figures 9 and 10 show
that reasonable cross-sections can be produced from the structural measurements. The
foid axis from the anticline and syncline are well constrained as seen in Figure 11. Sites
10-13 has somewhat sparse control but are still sufficient for a representative tilt
correction of the area.

The second reason is the likelithood that the sill intruded into partially folded
sedimentary rocks. After structurally correcting the sill and recognizing a possible over-
correction of paleomagnetic directions, I decided to tilt correct in 10% increments of total
unfolding for the associated attitudes for each site. Table 5 summarizes the site-mean
directions for the paleomagnetic results at each percentage step and Figure 13 graphically
displays each unfolding percent compared to kappa (precision parameter) and as. The
statistical results of the step-wise unfolding produced the smallest ctos value of 6.3° with
the highest precision parameter k = 14.4 at 70% unfolding. Table 3 summarizes the

average of the site-mean directions for each unfolding percentage with the appropriate

Fisher (1953) statistics.



Unfolding

% 80% 70% %o 50%

Site Slat(N) Slong(W) NNo  Dec Inc Dec Inc Dec Inc Dec Inc Dec Inc
6-D10-99 47741 112°5115"  4/5 2035 -824 2441 -579 2217 -824 2271 <464 2310 400
7-C899 4774115 112°52 22 2176 -603 2206 -566 2229 -527 2248 488 2263 448
83C898  47°4115" 112°52' 22 2072 -551 2105 -517 2133 482 2155 445 2174 409
9-D7-92 47”4 112°52' 111 1918 420 1950 412 1981 403 2011 -392 2038 -379
10-E498  47°4230" 112°571 56 2037 573 2082 -%43 2138 -510 2175 475 2206 7
1M-E499  47°4230" 112°51" 172 1839 651 1932 634 2012 HB11 2078 -5382 2132 -550
12-E3-99  47°42'30" 112957 45 3305 266 3331 273 3358 278 3386 281 3414 281
13-86-99  47°42 112°97" 56 2083 -789 2250 -738 2332 679 2378 618 2407 -555
14-06-99  47°42 112°5115" &5 2363 418 2339 488 2303 -567 2248 823 2159 885
16-D10-99 47°47 112°5118° 16 2401 392 2402 -354 2402 -316 2403 -278 2404 -240
17-B699  47°4215" 112°51 4/6 1778 H47 1877 624 1958 -504 2022 -558 2073 -519
18F7-99  47°42 112°51" 02 - - - - - - - - - -
19-D7-00  47°4> 112°5115" 44 2107 416 2110 413 2114 409 2117 406 2120 403
20-E7-00 47042 112°571' 44 1609 H622 1498 -H13 1399 -593 1315 -564 1246 -529

Unfolding
40% 30% % 10%

Site Slat (N} Song(W) NNo  Dec inc Dec Inc Dec Inc Dec  Inc
B8-D10-99 47°41" 112°5115" 45 2338 334 2358 -266 2372 -198 2381 -128
7-C898  47°4115" 112°52 22 2275 408 2285 -3B8 2293 -328 2300 -287
8C899 474115 112°52 22 2189 -372 2202 -334 2213 -205 2221 -257
S-07-99  47°41' 112°52 1/1 2064 -364 2088 -348 2110 -331 2130 -313
10-E4-99  47°4230" 112°571 56 231 -388 2252 -358 2269 -31.8 2283 -276
11-E4-93  47°4230" 1127571 Y2 2176 515 2211 477 2239 438 2283 -298
12-E3-99  47°4230" 112°57 45 3442 78 3469 273 3445 266 3520 256
13-E6-99 4774y 112°571 56 2426 482 2440 428 2450 -364 2457 -300
14069 47°42 112°5115" 55 2003 -737 1743 -767 1435 -76.0 1213 -721
16-010-99 47°47" 112°5115° 16 2404 202 2405 -164 2405 -126 2405 -88
17-B6-99  47°4215" 112°51" 46 2113 477 2145 433 2170 -387 2190 -340
18-F7-99  a7°42 112°51 02 - - - - - - - -
1$-07-00  47°42 1M12°5115 44 2123 <400 2126 -386 2129 -303 2132 -389
20-E7-00 47042 112°51" 4/4 1193 490 1150 448 1117 403 1090 -356

Paleomagnetic data for all sites. Sites 6-14 and 17-20 are hand-sampled from various locations along
the main sill; sites 16 and 18 are locations along thinner sills parallel to the main sill; Slat and Slong are
the present day site latitude and longitude; N/No are the number of specdmens used / number of

specimens collected. Unfolding percentages are the percent amount that wes tilt corected to cbtain the
site mean directions.
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A fold test was calculated for each untolding percent for the same reasons as with
in-situ and stratigraphic coordinates. The fold test results (Table 6) indicate 80% of
unfolding to be the most significant with an observed value of = 1.28 compared to the
critical value F'=2.53 at the 95% confidence level. But the fold test for 70% of unfolding
produced an observed value of /= 3.43 suggesting that at the 95% confidence level the
hypothesis of a common true mean direction may be rejected, even though the largest

precision, k. and smallest oys are associated with 70% unfolding.

T TABLEG. STATISTICAL SUMMARY AND FOLD TEST FOR PERCENT TILT CORRECTION

Untoiding
30% 80% 70% 60% 50% 40% 30% 20% 10%
N 38 38 38 28 38 38 38 38 38
R 35.20 35.23 35.43 35.12 34.56 33.72 32.69 31.62 30.28
K 13.72 13.38 14.3S 12.83 10.75 8.65 6.97 5.80 4.79
Agg 6.51 6.60 6.34 6.75 7.43 8.39 9.50 10.58 11.90
CSD 21.85 22.23 21.42 22.71 24.83 27.74 30.99 34.05 37.57
Ng 9 9 9 9 g 9 9 9 9
N1 14 14 14 14 14 14 14 14 14
Nw, 15 15 15 15 15 15 15 15 15
Re 7.89 7.93 7.98 8.02 8.06 8.12 8.15 8.19 8.22
R, 13.54 13.27 13.65 13.66 13.66 13.62 13.57 13.49 13.39
Ruws 14.21 14.22 14.23 14.23 14.24 14.21 14.20 14.23 14.23
d.f.={4,70}
f= 2.49 1.28 3.43 b6.63 11.65 18.45 25.95 33.78 47.55 |

= 2. @ 95% confidence level

Statistical summary and fold test analysis for each unfolding step from paleomagnetic data of the trachyandesite
sill. In-situ are uncorrected coordinates of the sill; Stratigraphic is the fold corrected coordinates of the sill; N is the
number specimens from the reliable 12 sites; NE is the number of specimens from the east dipping limb of the
antichne; NW 1 1s the number if specimens from the west dipping limb of the anticline; NW2 is the number of
specimens from the west dipping limb of the syncline; R, RE, RW 1, and RW?2 are the resultant vectors from
paleomagnetic directions, d.f is the degrees of freedom for the F distribution; fis the observed value calculated from
equation #8 from McFadden & Jones (1981)
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The statistical calculations and fold test. based on the paleomagnetic data. suggest
that the sill intruded into sedimentary rocks that had already been folded 20% to 30%.
Structural cross-sections (Figures 9 & 10) support the same conclusion that the sill
intruded inte partially tolded sedimentary units. These cross sections show that the sill
cuts across the hinges of both the anticline and syncline indicating the sill, assumed to be
horizontal. intruded into non-horizontal strata.

The third reason addressed for the over correction is any unrecorded penetrative
strain associated with the sill, such as cleavage within the sill or sedimentary units
acquired during folding. Stamatakos and Kodama (1991) investigated how penetrative
strain atfects remanence in sedimentary rocks by examining the relationship between the
strain geometry and the magnetizations in the Mississippian Mauch Chunk Formation.
Their structural results from a first-order anticline fold of the Mauch Chunk Formation in
the Appalachian Valley indicate bedding-parallel shear associated with folding. They
found that this type of strain skewed their paleomagnetic results by shallowing remanent
inclinations on the south dipping limb and steepening remanent inclinations on the north-
dipping limb. This gave apparent synfolding geometry from a prefolding magnetization
of the Mauch Chunk Formation.

An application of the study by Stamatakos and Kodama (1991) requires some type
of penetrative strain either on the mesoscopic or microscopic scale, as was seen in their
study. If strain, such as cleavage or bedding-parallel shear has been recognized. then an
analysis of how it effects the paleomagnetic remanent directions can be measured. In the
case of this study, penetrative strain on the mesoscopic scale was not recognized nor
measured within the sill and sedimentary units. Eight thin sections from various locations
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of the sill were analyzed with a petrographic microscope for any occurrence of
penetrative strain. Foliation was not recognized in any of the thin sections and the
plagioclase feldspar grains retained good albite twining. As a result, [ assume that no

penetrative strain has affected magnetization of the sill.

Thrust Sheet Rotation and Timing

To test the hypothesis that significant rotation around a nearby vertical axis of the
thrust sheet occurred. the 12 reliable sites were combined by averaging their site-mean
directions. The observed tilt corrected average is Dec = 200.0°, Inc = -62.3°, tgs = 7.6°
and the paleomagnetic pole derived from the averaging the 12 VGPs 1s -75.5°S, 166.2°E.
The paleomagnetic reference directions from the Late Cretaceous to Eocene (Gunderson
and Sheriff 1991, Diehl et al., 1983) are summarized in Table 3 and are undistinguishable
at the 93% confidence level. By the methods of Beck (1980) the average rotational
amount from the expected direction for the in-sir mean direction is 60.5° referenced to
the Late Cretacecus, 64.4° referenced to the Paleocene. and 64.0° referenced to the
Eocene direction (Table 7 and Figure 12). For stratigraphically corrected paleomagnetic
mean directions the average rotational amount is 27.9° referenced to the Late Cretaceous.
31.9° and 31.5° referenced to the Paleocene and Eocene, respectively (Figure 12). Given
the likelihood that the sill intruded into partially folded strata, rotational amounts were
calculated for 50%, 60%. 70%. 80%, and 90% of unfolding (Table 7 and Figure 14).

Age determination of the sill is an important step for constraining the time of

deformation along the Rocky Mountain fold and thrust belt. Sears er al. (2000) provide a
30



Y Ar° Ar biotite age of 38.8 +/- 1.5 Ma for the same sill 3 km south from this study site.
Their sample, from the center of a 200-meter thick section of the sill (Mudge and Earhart.
1983). is partially chloritized and sericitized. They argue that the age of their sill is a re-
set cooling age caused by burial and exhumation of the sill in the footwall. Sears ef «/.
(2000) also sampled a sill of nearly the same stratigraphic setting as the study sill
intruding into formations from the Albian through Campanian within the Garrison
depression that is caught up in the LEH plate (Gwinn, 1961; Gwinn and Mutch. 1963;
Webb, 1999). A biotite *’Ar/*” Ar analysis of the sill within the Garrison depression
vielded an age of 75.9 +/- 1.2 Ma and is interpreted to be the age of crystallization and
intrusion. Sears er al. (2000) concluded both sills are ot the same complex based on their
petrology, geochemistry, and stratigraphic and structural setting and that they intruded
the foreland basin around 76 Ma, before the movement ot the LEH plate.

Results from stratigraphic studies further constrain the relative initiation of
deformation of the Montana disturbed belt. Campanian (74.5 — 84 Ma) volcanic-rich
formations (Adel Mountains, Belly River. Horsethief Sandstone, Two Medicine, and the
Elkhorn Mountains) that have stratigraphic continuity across the foreland basin are the
youngest deposits prior to the emplacement of the LEH plate (Viele and Harris. 1965;
Mudge and Earhart, 1983; Schmidt, 1987; Rogers et al., 1993). The youngest rocks cut
by the LEH plate that overlie the Two Medicine and Belly River formations are the basal
St Mary River Formation (~74 Ma) which stretches from southwestern Alberta to central-
western Montana (Price and Mountjoy, 1970; Mudge er al.. 1982).

Conclusions presented by Sears e al. (2000) based on balanced and restored cross-
sections, age data of sills. thermal constraints, and ambient geothermal gradient suggest

-
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Table 7. Study Site VGP with Observed Directions and Degrees From Expected Directions

Geographic
50% Unfolding
60% Unfolding
70% Unfolding
80% Unfolding
90% Unfolding
Stratigraphic

VGP Observed Direction Degrees From Expected Direction
LatN LongE Dec Inc Late Cretaceous Paleocene Eocene
451 343.9 52.4 46.6 60.5 +/- 18.0 64.4 +/- 16.8 64.0 +/- 16.2
596 3526 35.7 52.6 436 +/-13.3 475 +/-117 47.2 +/-10.8
61.8  351.1 341 54.6 42.1 +/-13.0 46.0 +/-11.3 456 +/-10.4
64.2 3498 321 56.4 40.1 +/-12.9 44.0 +/-11.1 43.6 +/- 10.3
68.5 3494 27.6 58.8 356 +/-13.6 39.5+/-12.0 39.2 +/-11.2
69.6 3483 26.7 59.5 346 +/-13.7 38.6 +/- 121 38.2 +/-11.3
755  346.2 20.0 62.3 27.9+/-159 31.9 +/-14.5 31.5+/-13.9

The calculated VGP and observed directions are flipped to the northern hemisphere.
Gunderson and Sheiff (1991) provide the reference direction for the Late Cretaceous;
Diehl et af . (1983) provide the reference directions for Paleocene and Eocene. The

(positive # implies clockwise rotation)

rotational amount calculated from Beck (1980) with Demarest (1983) corrections.
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deformation in the footwall from the over-riding Lewis-Eldorado-Hoadley (LEH) plate
ceased by 58 Ma. Also, Mudge et al. (1982) show 38 Ma porphyritic dikes crosscutting
faults that outline the edge of the LEH thrust plate. This is important to show the
cessation of deformation in the footwall because the age of the sill (58.8 +/- 1.5 Ma)
presented by Sears ¢f al. (2000) contradicts the amount of deformation the sill
experienced. For arguments sake, if the age of emplacement. cooling. and acquisition of
magnetization of the stll from this study is 58.8 +/- 1.5 Ma (Sears et /., 2000) then the
sill would have experienced at least 70% of folding within a 1 to 2 million year time
span. The thrust sheet would have also experienced a clockwise rotation about a nearby
vertical axis at rates of 18° to 35° per million years. This seems highly uniikely.

Average thrust emplacement rates can be predicted by taking the amount of linear
displacement of the thrust sheet and dividing by the age constraint of the thrust event.
Price and Sears (20090) predict a linear displacement up to 100 km of the LEH thrust plate
near the Sun River Canvon area. Hoffman et al. (1976) predict an age constraint tor
thrusting from 72 to 56 Ma by K-Ar dating of potash bentonite from Mesozoic
sedimentary rocks in the disturbed belt of Montana that was buried by the overriding
thrust sheets. From these studies, a predicted emplacement rate of thrust sheets near the
study area is ~6 km per million years with average rotation rates between 2° to 3° per
mtllion years.

The combination of unprobable deformation rates along with stratigraphic
constraints and the age argument by Sears et al. (2000), suggest a more likely argument
that the sill is around 76 Ma and thrusting and folding of the footwall from the over

riding LEH plate began near 74 Ma and ceased by 58 Ma. But. the paleomagnetic and
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structural evidence from this study indicate that the sill intruded into strata that had been
folded up to 25%. This would indicate that the footwall. or at least this particular thrust
sheet, began folding prior to 76 Ma and that thrusting might not have initiated until 74
Ma.

The magnetic polarity time scale provides another means of dating the age of the
sill. Figure 15 presents the time scale from 50 Ma to 83 Ma (Cande and Kent, 1993) and
shows Sears er al. (2000) interpreted age of the sill {75.9 +/- 1.2 Ma) in the middle of a

large normal interval (73.619 Ma to 79.075 Ma). Yet all my specimens are of reversed

Lutenan s P polarity. Reversed polarities become more
- ERER I
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If the sill intruded around 76 Ma then

the sill would need to be above the Curie temperature of magnetite (570 °C) for nearly 2
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million years until the next reversal interval appeared (73.374 Ma to 73.619 Ma) and then
cool below 570 °C for the sill to acquire magnetization. Evidence suggests that the sill at
the time of intrusion. either around 76 Ma or 59 Ma, was never buried more than 1.5 km
(McMannis. 1965 and Mudge. 1972b) and thus cooled in 230 to 750 years (Jaeger. 1957).
So. acquisition of magnetization was likely instantaneous in geologic time and the age of
the sill is younger than the interpreted age ot around 76 Ma. Nonetheless. the sill records
much of the deformation of the thrust sheet and is rotated in a clockwise manner.

The “larger picture™ from this study ties in with the study from Symons and
Timmins (1992), which described a clockwise sense of rotation of the LEH plate in
western Montana and southern Canada. Other paleomagnetic studies by Grubbs and Van
der Voo (1976), Jolly and Sheritt (1992), Eldredge and Van der Voo (1988). and Brunt
(1997) show discrepancies with this model of clockwise rotation. But, Eldredge and Van
der Voo (1988) relate these results to a buttressing etfect that might not translate into the
interior of the Helena salient from their study and perhaps does not translate into the
interior of the fold and thrust belt of western Montana. All the paleomagnetic results
came about from previous studies that show the complex structural and stratigraphic
relationships along western Montana and southern Canada.

The model by Sears (1994) and Price and Sears (2000) agrees with Symons and
Timmins (1992) clockwise rotation results. But Sears (1994) and Price and Sears (2000)
base their conclusions on a palinspastic map from balanced regional structural sections of
the fold and thrust belt (Price and Mountjoy. 1970; Monger ¢r al., 1985: Price. 1981:
Price and Fermor, 1985; Fermor and Moffat, 1992: Burton et al., 1994: Harris. 1985;

Lidke and Wallace. 1994 Sears, 1988: Sears and Buckley. 1994). Sears (1994) and Price
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and Sears (2000) argue for a 30° clockwise rotation about a vertical axis near Helena.
Montana.

Data from my study shows the thrust sheet that the sill occupies rotated in a
clockwise manner about a nearby vertical axis an average of 38° +/- 13.2° compared to
the Late Cretaceous paleopole and 42° +/- 11.5° compared to the Paleocene paleopole.
This result agrees with the Symons and Timmins (1992). Sears (1994), and Price and
Sears (2000} model of an overall clockwise rotation. The result from this study also
agrees with findings from Irving e al. (1986), Eldredge and Van der Voo (1988), and
Brunt (1997) (Figure 1). But contrasts the results from studies by Jolly and Sheriff
(1992), Eldredge and Van der Voo (1988). and Brunt’s (1997) counterclockwise rotation
near Marias Pass.

To help determine if the sill intruded into partially folded strata, future
paleomagnetic investigations similar to this one need to be performed for the same sill
where it resides within at least nine or more thrust sheets further west in the footwall of
the Montana disturbed belt (Mudge and Earhart, 1983). Another future study that would
heip define the type of rotation ot the LEH plate would be a paleomagnetic investigation
of the dikes and sills in the Garrison depression (Gwinn, 1961: Gwinn and Mutch, 1965;

Webb, 1999).
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APPENDIX A.

PALEOMAGNETIC DATA
Site summary with specimen NRM and ChRM directions and intensities. Site
statistical summary with R = resultant vector; k = Fisher (1953) precision parameter: oz

= radius ot 953% confidence: o3 = circular standard deviation; Dec. = site stratigraphic
declination; Inc. = site stratigraphic inclination: VGP = virtual geomagnetic pole.

Site: 6-D10-99

Lith: Trachyandesite Sill Samples: 4/5
ChRM
NRM Stratigraphic
Specimens  J, Dec.  Inc. Jo Dec. Inc.
6A 1.90E-04 204 29.0 1.36E-04 181.9 -52.4
6B 6.67E-04 261.7 16.9 3.47E-04 185.4 -62.4
6C - - - - - -
6D 8.35E-04 2609 0.0 2.80E-04 236.6 -79.7
6E 8.91E-04 2433 3.7 4.43E-04 185.8 -62.5
R 5.9212
k 38.0866
Ags 15.08
S63 13.12
Dec. 189.2
Inc. -6556

VGP -83.8/135.1
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Site: 7-C8-99

Lith: Trachyandesite Sill Samples: 2/2
ChRM
NRM Stratigraphic
Specitmens  J, Dec. Inc. Js Dec. Inc.
TA 2.14E-04 2573 -2.0 1.66E-04 2126 -62.9
7B 1.15E-05 247.3 -7.1 3.33E-04 214.8 -65.0
R 1.9996
Kk 2458.56
g3 5.04
S63 1.63
Dec. 213.7
Inc. -64.0
VGP -67.0/149.6
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Site: 8-C8-99
Lith: Trachyandesite Sill

Samples: 2/2

ChRM

NRM Stratigraphic
Specimens  J, Dec. Inc. Jo Dec. Inc.
8A 1.50E-03 2189 -35.7 8.12E-06 189.4 -37.0
SB 1.86E-05 2331 -296 9.50E-06 2173 -38.1
R 1.9831
k 59.2060
os  33.05
S63 10.52
Dec. 203.1
Inc. -583
VGP -71.2/176.0
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Site: 9-D7-99

Lith: Trachyandesite Sill Samples: 1/1
ChRM
NRM Stratigraphic

Specimens Jo Dec. Inc. Jo Dec. Inc.
9A 4.50E-06 175.0 -4.5 7.10E-07 188.5 425
R 1.00

Kk -

Ugs -

S63 -

Dec. 188.5

Inc. -42.5

VGP  -66.0/-132.]
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Site: 10-E4-99

Lith: Trachyandesite Sill

Samples: 5/6

ChRM

NRM Stratigraphic
Specimens  J; Dec. Inc. I Dec. Inc.
10A 1.68E-05 248.1 4.6 1.38E-05 249.7 457
10B 7.50E-06 2314 -399 6.62E-06 173.9 -59.0
10C 2.73E-04 2222 452 2.10E-04 156.2 -51.9
10D 2.38E-05 2424 -149 1.97E-05 206.7 -34.8
10E 2.29E-04 2458 -14.0 1.90E-04 190.6 -64.1
10F - - - - - -
R 4.1735
k 13.9632
CLys 21.21
S63 21.75
Dec. 197.0
Inc. -59.9
VGP  -76/-179.3
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Site: 11-E4-99

Lith: Trachyandesite Sill

Samples: 1/2

ChRM

NRM Stratigraphic
Specimens Jo Dec. Inc. Js Dec. Inc.
i1A - - - - - -
11B 1.29E-05 261.5 -85 7.65E-06 173.5 -66.0
R 1.00
k -
Ugs B
S63 -
Dec. 175.5
Inc. -12.1
VGP -83.6/-012.1
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Site: 12-E3-99
Lith: Trachyandesite Sill

Samples: 4/5

ChRM

NRM Stratigraphic
Specimens Jo Dec. Inc. Jy Dec. Inc.
12A - - - - - -
12B 6.49E-04 176.7 -62.8 3.17E-04 504.8 34.5
12C 2.41E-03 007.2 242 2.43E-03 5514 215
12D 3.75E-03 3157 -11.6 1.48E-05 001.3 -282
12E 7.06E-04 1592 39.7 2.89E-04 266.2 53.0
R 29179
k 2.7725
Uos 68.64
S63 49,93
Dec. 328.0
Inc. 256
VGP 46.6/1159
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Site: 13-E6-99

Lith: Trachyandesite Sill Samples: 5/6
ChRM
NRM Stratigraphic
Specimens Js Dec. Inc. I, Dec. Inc.
13A +.60E-06 2582 -23.0 2.36E-06 141.2 -83.1
13B 5.04E-06 2453 403 4.86E-06 152.8 -77.5
13C 5.84E-06 2542 227 1.32E-06 026.6 -89.4
13D 2.64E-006 2444 <145 1.05E-06 169.9 -69.4
153E - - - - -
I3F 2.70E-06 257.1 -30.2 1.57E-06 247.5 -80.3
R +.9396
N 66.2205
Clos 9.47
Se3 9.94
Dec. 73.0
Inc. -81.9
VGP  -63.5/062.9
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Site: 14-D6-99

Lith: Trachyandesite Sill Samples: 5/5
ChRM
NRM Stratigraphic

Specimens Dec.  Inc. Ty Dec. Inc.
14A 2.87E-05 100.7 -45.2 2. 44E-03 2284 -46.0
14B 2.33E-05 239.3 -28.7 2 34E-05 2549 -38.8
14C 2.06E-05 080.3 -60.0 2.02E-03 238.3 -44.8
14D 1.82E-05 0822 -83.7 4.03E-06 240.3 226
I4E 1.29E-05 2121 -62.1 9.65E-06 2286 -19.2
R 4.8573

k 28.023

o3 14.71

S63 15.31

Dec. 238.0

Inc. -34.7

VGP -334/167.8
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Lith: Trachyandesite Sill

Site: 16-D10-99

Samples: 2/6

ChRM

NRM Stratigraphic
Specimens  J, Dec. Inc Js Dec. Inc.
16A - - - - - -
16B - - - - - -
16C 8.56E-06 2409 -8.6 8.17c-06 240.0 -43.0
16D 2.74E-06 006.7 249 8.01E-07 3424 0.8
16E - - - - - -
16F - - - - - -
R 1.2911
Kk 1.4106
g3 180.0
S63 68.68
Dec. 302.1
Inc. -312
VGP 7.4/122.0



16-D10-99
NRM
equal-area

180

90



16-D10-99
geographic coordinates
equal-area

180

90



16-D10-99
stratigraphic coordinates
equal-area

270

180

90



Site: 17-E6-99

Lith: Trachyandesite Sill Samples: 4/6
ChRM
NRM Stratigraphic

Specimens AN Dec. Inc. J, Dec.
17A - - - - -
178B 6.29E-04 2175 -40.3 6.54E-04 141.9
17C S.11E-04 001.1 41.0 7.98E-05 216.0 -
17D 3.60E-04 17353 38.1 2.06E-04 1333
17E - - - - -
17F 1.09E-03 1399 -16.8 1.15E-04 208.7
R 3.7835
k 13.8560
Ays 25.59
Ss3 21.84
Dec. 1664
Inc. -66.0

VGP  -80.9/-013.9
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Site: 18-F7-99
Lith: Trachyandesite Sill Samples: 0/2

ChRM
NRM Stratigraphic

Specimens
18A
18B

Jo Dec. Inc. 15 Dec.

Inc.

R .
Kk

os -
Se3 -

Dec. -
Inc. -
VGP -

33



Site: 19-D7-00
Lith: Trachyandesite Siil

Samples: 4/4

ChRM

NRM Stratigraphic
Specimens Ty Dec. Inc. J, Dec. Inc.
19A 2.08E-04 3047 413 1.82E-04 198.5 -40.1
19B 1.84E-04 0502 5.6 6.43E-05 199.3 -36.9
19C 2.48E-04 1433 247 1.29E-04 230.8 422
19D 5.18E-04 319.7 -38.1 4.73E-04 2146 -453
R 3.9346
K +45.8499
Ugs 13.71
So3 11.95
Dec. 2104
Inc. -41.9
VGP -36.4/-169.2
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Site: 20-E7-00

Lith: Trachyandesite Sill Samples: 4/4
ChRM
NRM Stratigraphic

Specimens IR Dec. Inc. Jo Dec. Inc
20A 7. 86E-04 0642 -29.8 6.48E-04 1704 -699
20B 4 47E-04 107.1 -271 4 09E-04 1483 -462
20C 1.18E-03 0875 -212 5.96E-04 158.3 -68.1
20D 8 91E-04 -984 -70.7 6.30E-04 2112 -529
R 3.8383

k 18.5534

95 21.91

S63 18.84

Dec. 1722

Inc. -619

VGP -82.9/-059.7
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APPENDIX B.

SPECIMEN SUMMARY

Unfolding
Specimen NRM Geographic Stratigraphic 90% 80% 70% 60% 50%
Dec Inc Dec Inc Dec Inc Dec Inc Dec Inc Dec Inc Dec Inc Dec Inc
6A 204 290 2292 -147 181.9 -54.4 191.8 -52.4 200 .4 -493 207 .4 -453 213.0 -40 6 2173 -354
6B 261.7 16.9 2375 -13.3 185.4 -62.4 198 4 -597 208.7 -55.8 216.4 -50.8 222.2 -452 226.4 -39.2
6D 260.9 0.0 2591 57 236.6 -79.7 247.2 -726 2515 -65.7 2538 -57.6 255.2 -50.1 256.0 -42 6
6E 2433 37 237.7 -13.1 1858 -62.5 198.8 -59.9 209.1 558 216 8 -508 2225 -452 2267 -39.2
7A 257.3 20 240.0 -27.4 2126 -62.9 216.4 -59.2 219.4 -55.5 221.8 517 2237 -47 .8 2252 -43.8
7B 2473 71 2426 -28.1 2148 -65.0 218.8 -61.3 221.9 575 2242 536 226.0 -497 227.4 -457
8A 2189 -35.7 226.8 -334 189 4 -57.0 194 .4 -54.5 198.6 -51.7 202.1 -48.7 2051 -45.6 207 6 -42.3
88 2331 -29.6 2382 -223 2173 -58.1 2203 -54.3 2225 -50.5 2242 -46.6 2256 -42.6 2268 -38.7
9A 175.0 -45 2241 -45.5 188.5 -42.5 191.9 -42.0 195 1 -41.3 198.2 -40 3 201 1 -392 203.9 -379
10A 248 1 4.6 2515 19 2497 -457 250.3 -41.0 250.8 -36.3 251.2 -315 251.5 -26.7 2517 -220
108 2314 -39.9 2343 -40.7 1739 -590 181.6 -58.2 188.8 -56.8 1953 -548 200.9 524 2058 -49.6
10C 2222 -45.2 2235 -50.4 156.2 519 162.4 -526 168.7 -52.8 1749 -525 181.0 -51.6 186 7 -50.3
10D 242.4 -14.9 236.8 226 2067 -54 8 2116 -51.7 2156 -48 .2 2189 -44 6 221.6 -40.8 2238 -36.9
10E 2458 -14.0 2425 -33.9 190.6 -64.1 199.0 -61.9 2061 -59.2 211.8 -56.1 2164 -52.6 2202 -48.9
11B 2615 -85 2436 413 1735 -66.0 183.7 -65.1 1931 -63.5 201.1 -61.1 207.7 -58 3 213.1 550
128 176.7 -62.8 1.4 64 4 304.8 345 3079 373 311.5 399 308.4 36.4 3059 327 303.8 28.9
12C 7.2 24.2 5.7 21.7 3514 215 3535 203 355.3 19.0 3535 192 2516 193 3498 192
12D 3157 -11.6 3294 -14.2 13 -282 3585 -30.0 3556 -315 3587 -311 1.8 -303 4.7 -293
12E 159.2 397 98.3 716 2662 53.0 268.4 57.8 2715 627 2701 576 2691 524 268 4 47 3
13A 258.2 -23.0 2527 -28.3 141.2 -83.1 1955 -82.8 2235 -781 2343 722 2396 -66 0 2426 597
13B 2453 -40.3 246 0 -28.8 152.8 775 182.2 772 2047 -74.1 218.3 -693 226 4 -63.8 2315 -58.0
13C 254.2 227 259.7 -250 26.6 -89.4 258.4 -83.9 256.7 774 256.1 -709 2558 -64 4 2557 -57 9
13D 244 4 -145 236 4 -247 1699 -69.4 186.2 -67.9 1973 -64.8 209.1 -60.7 216.2 -559 2214 506
13F 2571 -30.2 256.2 -15.4 2475 -80.3 2505 -738 2518 67.3 252 4 -60.8 2529 543 2531 -47 8
14A 100.7 -45.2 922 -56.8 228.4 -46.0 224.4 -52.5 2186 -58.8 2098 -64.5 196.3 -69.2 176.8 -721
14B 2393 -28.7 41.4 -72.2 254.9 -388 255.0 -38.2 2551 -45 6 2553 530 2556 -60 4 256 1 -67 8
14C 803 -60.0 80.6 -60.4 2383 -44 8 2358 519 2322 -585 2263 -65.6 2159 -71.8 196 3 -76 8
14D 82.2 -83.7 1009 -81.9 240.3 -22.6 239.4 -29.8 238.2 -37.0 236 3 -441 2337 511 2298 -57 9
14E 2121 -62 1 1461 -74.3 2286 -19.2 2272 -25.8 2253 -32.4 2227 -38.8 219.0 -45.0 2140 -509
16C 2409 -86 2417 52 2400 -43 0 2401 -39.2 240.2 -354 240.2 -31.6 2403 -278 240 .4 -240
16D 67 249 3407 7.2 342 .4 08 3423 0.2 3423 -05 3423 -1 3422 -1.8 3420 25
17B 2175 -40.3 2227 -47 4 141.9 -59.2 151.0 -60.3 160.5 -60.5 169.9 -59 8 1785 -58.3 186 2 -56.1
17C 1.1 410 2373 <152 216.0 -62.0 2205 -57.4 2238 526 226.4 -47 6 2283 -42.5 2297 -37 4
170 1733 381 209.2 -540 133.3 -49.7 139.6 -516 146.4 -53.0 1536 -53.8 161.0 -53.8 168.3 532
17F 139.9 -16.8 243.0 241 208.7 721 217.2 -67.6 2227 -62.9 2265 -57.9 2292 -528 2312 -477
19A 304.7 -413 2231 -61.1 198.5 -40.1 198.8 -39.8 199.2 -395 199.5 -393 199.9 -390 2002 -388
19B 50.2 56 2210 -58.1 1993 -36.9 199.6 -367 2000 -36.5 200.3 -36 2 200.6 -36.0 2009 -357
t9C 1433 247 2589 -47.7 2308 -422 231.0 -417 2313 -412 2315 -40 8 2317 -40 4 2319 -39 9
190 319.7 -58.1 247.9 -57.9 2146 -453 2149 -45.0 2152 -44 6 2156 -44 .2 2159 -439 2162 -435
20A 64 2 -298 871 -337 170.4 -69 9 150.1 -69.7 136.1 -676 1252 -64.4 117.0 -60 5 1110 56 0
208 107 1 =271 1127 -20.8 148 3 -46.2 141.2 -44 1 136.3 -416 1321 -387 128 4 -355 1253 -320
20C 875 212 89.7 -296 158 3 -68.1 1408 -66.6 129.8 -638 1212 -60.1 114 8 -56.0 1099 514
20D 98 4 -70.7 93.4 -583 211.2 529 203.8 -58 4 1956 -61.8 1853 -64.4 173.2 -65 9 160 2 -66 2
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