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Priest, Brian M., M S , December 2000 Geology

ST R U C T U R A L  AND PA L EO M A G N E TIC  STU D Y  OF TH RU ST ROTATION OF A 
LA TE C R ET A C E O U S SFLL, G IBSO N  RESERV O IR. BOB M ARSH A LL 
W ILD ER N ESS, M O N T A N A  ^

Director: Sheriff, Steven D ' 0 /
- '  y

The fold and thrust belt o f  northwestern M ontana has been the subject o f  many 
structural and paleomagnetic studies, which indicate both counterclockwise and 
clockwise rotations o f  thrust sheets. To further delineate the boundaries o f  diverging 
rotations and the nature o f  emplacement o f  thrust sheets, structural and paleomagnetic 
data were collected from the footwall o f  the Lewis-Eldorado-Hoadley (LEH) thrust plate 
This thesis is a test for rotation about a nearby vertical axis accompanying thrust 
em placem ent in the northern Rocky M ountains based on structural and paleomagnetic 
analysis. The area o f  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 
o f  58.8 +/- 1 5 Ma, but is interpreted to have a crystallization age o f  75.9 +/- 1.2 M a 
(prethrusting) from stratigraphie, pétrographie, 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 stratigraphie mean direction o f  Dec = 
200.0^ and Inc = -62.3°, with a virtual geomagnetic pole located at 75.5°N, 166.2°E. A 
fold test tailed at the 95%  confidence level when stratigraphically corrected, but 
progi'essive tilt correction o f  the sill suggests a positive fold test at the 95% confidence 
level at 80%  o f  unfolded. Yet a statistical analysis yielded the highest precision and 
smallest aos at 70% o f  unfolding o f  the sill. This may indicate the Late Cretaceous sill 
intruded into partially folded strata in the footwall o f  the LEH plate as thrusting 
continued to the east, and that deformation o f  the M ontana disturbed belt began before 76 
Ma. Reference directions from the Late Cretaceous to Eocene are undistinguishable at the 
95°/o confidence level. A comparison o f  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 o f  the 

M iddle Proterozoic Aldridge Formation and the Moyie sills of British Columbia. They 

tound  that the Purcell anticlinorium in the Lewis-Eldorado-Hoadley (LEH) thrust plate 

rotated 37° +/- 12° in a clockwise manner (Figure 1). Yet, Elston et al. (2000) measured 

both clockwise and counter-clockwise rotations, usually below 15°, o f  the Middle 

Proterozoic Belt-Purcell Supergroup within the United States and southern Canada. 

How ever, the results by Symons and Timmins (1992) might be the most important study 

tor the overall sense o f  rotation of  the LEH thrust plate in western M ontana and southern 

Canada. O ther paleomagnetic studies have also shown significant rotations o f  thrust 

sheets within the Rocky Mountain front from M ontana to Wyoming. A paleomagnetic 

study by Brunt (1997) showed clockwise rotation o f  the Late Cretaceous Kootenai 

Form ation  at Ford Creek and a study by Eldredge and Van der Voo (1988) showed 

clockw ise rotations between 23° to 54° and some minor counter-clockwise rotations 

w ith in  the McCarthy and Helena salients o f  western Montana. A study within the 

W yom ing  salient by Grubbs and Van der Voo (1976) shows 30° o f  clockwise rotation in 

the southern  portion o f  the salient. But, Grubbs and Van der Voo (1976) also showed 60° 

o f  counter-clockwise rotation within the northern portion o f  the W yoming 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

clockw ise  rotations between 25° to 30° within the northern Helena salient o f  western



M ontana (Figure 1 ). Brunt (1997) measured probable counter-clockwise rotations o f  the 

Kootenai Formation in southern study sites at Marias Pass (Figure 1 ). The studies by 

G rubbs and Van der Voo (1976). Jolly and Sheriff (1992), Eldredge and Van der Voo 

(1988), and Brunt (1997) are located along the eastern edge o f  the Rocky Mountain front 

o t the western United States. Their results are inconsistent from the model o f  an overall 

clockwise rotation ot the LEH plate, probably due to shear against basement rock o f  the 

N orth  American craton.

The Rocky M ountains ot western M ontana are the result o f  millions o f  years o f  

shortening followed by post middle Eocene normal and transverse faults (Mudge, 1970). 

This shortening o f  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 M ontana disturbed belt along the Rocky Mountain front (Figure 1). 

In the early to middle 20''^ century, structural and stratigraphie studies showed an 

im brication o f  west-dipping thrust sheets with associated folds and relatively younger 

normal and transverse faults (Willis, 1904; Stebinger, 1917, 1918; Clapp, 1932; Deiss, 

1943a, b; Mudge, 1965, 1966a, b, c, 1967, 1968, 1970; McGill et a i ,  1967; Viele et a l ,  

1965; M udge et a i ,  1968). These early studies provided varying theories as to the 

form ation o f  the Rocky Mountains, such as the theory o f  large scale gravitation sliding 

(W isser 1957; Rubey and Hubbert 1959; Eardley 1963, 1968; Roberts 1968; Mudge 

1970). Throughout the 1960’s and 1970’s the theory o f  plate tectonics became an 

accepted explanation o f  mountain building. Within the past couple ot decades 

geophysical techniques have been applied to the western Rocky M ountains o f  the United 

States and Canada to better understand the structure and historv.
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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, o f  the Mesoproterozoic 

Belt/Purcell rocks. Sears (1994) and Price and Sears (2000) developed this model by 

considering ten balanced cross sections from southern Canada to northern M ontana (Price 

and M ountjoy, 1970: M onger cN//.. 1985: Price, 1981: Price and Fermor. 1985: Fermor 

and Mo ft at. 1992: Burton ct a i .  1994: Harris, 1985: Lidke and Wallace, 1994: Sears. 

1988; Sears and Buckley. 1994) and by restoring tlirust sheets that include the Belt- 

Purcell rocks and the adjacent foreland thrust and fold belt. The creation o f  a balanced 

palinspastic map shows Belt-Purcell rocks and Mesozoic rocks experiencing 30° o f  

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 M ountains o f  

west-central Montana.

Structural and paleomagnetic studies o f  the emplacement o f  thrust sheets have 

helped constrain the timing, amount, and type o f  deformation within western M ontana 

and southern Canada. However, paleomagnetic studies show no simple picture regarding 

the sense o f  rotation along the M ontana disturbed belt and front ranges. Therefore, the 

objective o f  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 ot the 

M ontana disturbed belt (Figures 2 & 3).

This study entails a structural interpretation to determine the amount o f  detormation 

the sill experienced and to provide structural information for the paleomagnetic 

investigation. Structural goals include mapping the sill and sedimentary units and

4



sufficiently measuring units for attitude control. The structural and paleomagnetic 

considerations should lead to the timing, amount, and type o f  rotation the sill 

experienced.

Regional G eology

W estern M ontana and southern Alberta are dominated by a large-scale structure 

know n as the Lewis-Eldorado-Hoadley (LEH) thrust pate (Figures 1 & 2). The LEH 

thrust plate is the result o f  shortening toward the northeast that first folded, then thnisted 

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; 

H offm an  et al. , 1976). The leading edge o f  the interleaved LEH thrust faults defines the 

trace betw een the hanging wall containing the Mesoproterozoic Belt rocks and the 

footwall containing Proterozoic and Mesozoic rocks. The Proterozoic and Mesozoic 

rocks o f  the footwall are imbricated into many thrust sheets, nine o f  which contain the 

sill. These imbricated thrust sheets make up the M ontana disturbed belt (Figures 2 and 3) 

and are subdivided into the Sawtooth Ranges to the east and the Lewis and Clark Ranges 

to the w est (M udge, 1970).

The site o f  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 ot the 

N orth  Fork o f  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-



I >‘ (((]■ u

Ap p i  ü M ii ta lc  ci ist c d e c  of  
i l l ochl f i oiuui s  Mi ss i s s i pp i i i n  
l o c k s  ill Mibsuii>K

C h o l c u i l

A u g u s t a

A p p r o x  iiiK itc  cast  c J y c  
i t"dcxtiubcd bell

L o c a i i u n  ol'  
s t udy  si te

111 Is :n ,’S Kll DMMI KS15 Mil I S

Figure 2 . Slriictriial map of major features o f  the southern portion 
o f  the M ontana disturbed belt. Map modi tied iVom Mudge ct ciL, 1 0X2.



south trending ridge with approximately 300 to 450 meters o f  relief. The sedimentary 

units that crop out in the area are the early Cretaceous Kootenai Formation and three 

m em bers o f  the mid-Cretaceous B lackleaf Formation; Flood Shale, Taft Hill, and Vaughn 

(M udge, 1967; M udge and Earhart, 1983).

This site was chosen because the Late Cretaceous trachyandesite sill intrudes into 

the Cretaceous Kootenai and Blackleaf Formations and shown by M udge (1967) to be 

folded with the adjacent sedimentary units (Figure 3). Also, the site lies between the 

study sites o f  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). This study will ultimately add and fill a gap in the paleomagnetic data between 

previous studies, the most important being the site localities o f  Brunt (1997) because they 

are the closest to the proposed site and currently give the best constraint o f  rotation in the 

area.

Field M ethods

M udge (1967) mapped an area that includes the study site, at the 1:24,000 scale and 

show ed excellent structural and stratigraphie relationships. He mapped a folded sill 

w ithin the B lackleaf Formation that obliquely crosscuts the Flood Shale, Taft Hill, and 

V aughn members. The map that Mudge produced became the foundation for the 

paleom agnetic  investigation o f  the sill, but to ensure accurate paleomagnetic results the 

study site was m apped for greater structural control adjacent to the sill. M apping 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 sill.

The locality ot the study site is within the Bob Marshall Wilderness, thus oriented 

hand samples were collected instead ot standard oriented drill cores to minimize aesthetic 

damage. The measurement o f  bedding attitudes and the orientation o f  hand samples were 

performed using a Brunton compass. Hand samples are from locations along a 3 km trend 

ot relatively tresh, exposed sections o f  the sill and away from fractures or joints. From 

M udge (1967) the site has one main sill and two to three very thin sills. The thinner sills 

are assum ed 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 o f  a nondipole field and 

random  walking o f  the geomagnetic pole, stratigraphie sampling o f  the sill should yield a 

time averaged paleopole (average o f  site-mean virtual geomagnetic paleopole (VGPs)) 

w hich average paleosecular variation to a constant value.

I collected a total o f  56 samples at fourteen sites along the sills o f  Sheep Reef, 

w ithin 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 o f  the anticline (or western limb ot the 

syncline), and six sites are on the eastern limb o f  the syncline. The size o f  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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A pproximately 2oO to a50 pounds ot rocks were packed nearly thirteen miles out of 

the wilderness by the United States Forest Service. My thanks to Patti Johnston o f  the 

U SFS in Choteau, MT tor orchestrating the use ot horses in packing out my rocks.

Laboratory Techniques

Progressive alternating tleld (AF) cleaning techniques were applied to evaluate the 

natural remanent magnetization (NRJVI) o f  each specimen. Magnetization was measured 

with a Schonstedt SSM-2A spinner magnetometer with NRJvI intensities ranging from 

1x10'^ to 3x10'^’ A/m. Specimens typically received 10 to 20 steps o f  AF cleaning from 

2.5 to 102.5 mT, using a Molspin two-axis tumbling demagnetizer capable o f  inductions 

up to 102.5 mT. Cleaning levels averaging between 16.5 to 30.0 mT removed any viscous 

rem anent magnetization (VRM) that obscured the primary directions. The uncleaned, 

NRTcI directions showed no coherent directions either between or within sites and does 

not parallel the present day magnetic field (Figure 5).

After reducing intensities to a few percent o f  the original magnetization, the 

characteristic remanent directions (ChRM), or the primary N R M  component, were 

identified for each specimen using standard orthogonal vector diagrams (Zijderveld,

1967) and principal component analysis (Kirschvink, 1980). Cleaning techniques isolated 

single com ponent characteristic remanent magnetization directions for 43 o f  the 56 

specim ens collected, 38 were used for the final analysis (Figures 5 and 6 ). A secondary 

ma^metic com ponent is recognizable in 15 o f  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 15 specimens.

M ean directions with associated statistical data were computed using the methods 

ot Fisher (1953) tor 1 j  ot the 14 sites with single component final magnetizations. 

Tw elve ot 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 1 2  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 o f  measurement for the magnetometer. Since site 18 is located on 

one o f  the thinner sills, the anomalous behavior could be attributed to local weathering 

factors (Figure 4).

Tilt Correction

Conventional tilt correction in paleomagnetic studies assumes tilt takes place about 

the line o f  strike o f  bedding. But, i f  the tilt was produced by rotation about an inclined 

axis, the conventional tilt correction introduces a ' 'declination anom aly” or error into the 

paleom agnetic  data (M acDonald, 1980). This anomaly increases scatter in paleomagnetic 

declinations and interpretation o f  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 9. East-West Geologic Cross Sections 
o f Sheep Reef, North Fork o f the Sun River, 

Bob Marshall Wilderness, Montana
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Figure 10. North-South Geologic Cross Sections o f  Sheep Reef, North 
Fork o f the Sun River, Bob Marshall Wilderness, Montana
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(Figure 10 & 11) Chan (1988) provides examples from three sites in the Northern 

A pennines and shows at the three sites, Gubbio (Lowrie and Alvarez, 1977), Rocca 

Leonella (Chan et al., 1985), and Mori a (Alvarez and Lowrie, 1978), that a rotation axis 

plunge o f  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 o f  bedding restoration to horizontal must 

be established. Three possible restorations are 1) to flatten bedding by the amount o f  

stratigraphie dip without correcting for the fold plunge, 2) tilt correct about an inclined 

axis, or 3) restore plunge o f  the fold axis to horizontal, then flatten bedding by the 

am ount o f  the new stratigraphie 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 

o f  the plunging fold.

3 3 0 ,
Figure 11. Equal-area projection of fold 
axis directions for paleomagnetic sites.
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A two step tilt correcting method was applied to each paleomagnetic site. The tlrst 

step entailed locating bedding attitudes on each fold limb for the associated 

paleom agnetic site. Once located, bedding was restored by the amount o f  plunge creatini 

a new  strike and dip (Table 1). The restoration ot plunge not only created new bedding 

attitudes but also created new paleomagnetic directions. Alter the plunge corrected 

directions and attitudes had been identified, the traditional tilt correction was applied to 

the paleom agnetic data. For future discussion, in-situ  coordinates indicate non-corrected 

data and stratigraphie coordinates indicate plunge and tilt corrected data.

Ta b l e t  TIlT C o r r e c t io n s
FA BA FBA GDec Gmc SDec sine

plunge/trend strike/dip strike/dip degrees degrees degrees degrees
6-D10-9Ô 1 6 /352 176 / 77W 172 / 76W 240.9 -11.9 189.2 -65.6
7-C8-99 2 2 /3 3 4 177/ 47W 155/42W 241.3 -27.8 213.7 -64.0
8-C8-99 22 /  334 177 / 47W 155/42W 232.8 -28.0 203.1 -58.3
9-07-99 20 / 003 207 / 41W 182 / 37W 224.1 -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 2 0 /  342 184 / 53W 168 /48W 243.6 -41.3 173.5 -12.1
12-E3-99 19 /339 174 / 55W 160 / 52W 357 9 42.6 328^ 25.6
13-E6-99 09 / 345 169 /65W 165 /65W 250,3 -24.7 173.0 -81.9
14-06-99 09 / 345 342 / 75E 344 / 74E 8&6 -71.7 238.0 -34.7
16-010-99 13 /332 168 / 40W 152 / 38W 241.7 -5.2 240.0 -43.0
17-E6-99 17/338 170/ 56W 158 / 54W 230 6 -35.8 166.4 -66.0
19-07-00 29 / 355 254 / 29NW 170 / 05W 239.4 -57.3 210.4 -41.9
20-E7-00 16/351 335 / 73E 344 1 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 
GInc are the associated in-situ declination and inclination for each 
paleomagnetic site-mean direction. SDec and Sine are the stratigraphie 
declination and inclination for each paleomagnetic site-mean direction.
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Fold Test

The purpose ot determining a method for tilt correction is to provide for an

accurate told test ot the paleomagnetic data. The fold test evaluates the paleomagnetic

stability that can provide intormation about the timing o f  characteristic remanent

m agnetization (ChRM ) acquisition. Butler (1991) states that if

■'...a ChRM was acquired prior to folding, directions o f  ChRM from 

sites on opposing limbs o f  a fold are dispersed when plotted in 

geographic coordinates (in situ) but converge when the structural 

correction is made ('destoring” the beds to horizontal). The ChRM 

direction are said to 'pass the fold test” '.

M cFadden and Jones (1981) suggest a fold test that determines “whether the mean

direction o f  a group o f  sites from one limb of a fold may be distinguished statistically

from the m ean direction o f  a group o f  sites from another limb.” Since the sill is folded

into three limbs, M cFadden and Jones (1981) provide an adequate fold test for multiple

limbs suitable for this study. For this fold test, the hypothesis o f  a com m on true mean

direction for the three limbs may be rejected if the observed value o f / exceeds the critical

value o f  the f  distribution at the required significance level. The observed v a lu e / i s

defined as:

Ë C n i  * (-R' = f ~ F  [2(m-1), 2(N-m)]
(m-1) 2(N--R/)

N = the number o f  sites. 
m - number o f  limbs.
/ = 1 to /K.
Ri  is the length o f  the vector resultants from each limb.
R is the length o f  the resultant vector o f  all the site mean directions. 
F [ 2{m-1 ), 2 (N-w )j  is the degrees o f  freedom for the F distribution.



Results

My structural investigation resulted in a 12 km “ geologic map with approximately 

20%  exposure o f  sedimentary units and 90% exposure o f  the sill (Figure 8). The best 

exposures ot sedimentary units are located in contact with the sill and decrease in 

exposure turther away trom the sill. The ridge-forming sill is the dominant feature in the 

area with 300-450 meters ot 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 stratigraphie units from the Kootenai Formation to the Vaughn member o f  the 

B lack leaf  Form ation (Figures 9 & 10). This either indicates the sill did not intrude as a 

horizontal sheet, the sedimentary units were not horizontal at the time o f  intrusion, or the 

sill intruded as a discordant sheet into folded or non-folded strata.

Table 2 summarizes the results o f  the paleomagnetic investigation o f  the Late 

Cretaceous sill. The paleomagnetic reference pole for the Late Cretaceous is at 82.2°N, 

209 .9°E, a o 5 = 6.8° (Gunderson and Sheriff, 1991). For the Paleocene, the reference pole 

is at 81.5°N, 192.6°E, ag^ = 3.2° (Diehl et a l ,  1983), and the Eocene pole is at 82.8°N, 

170.4°E, aQ5 = 3.0° (Diehl et a i ,  1983). The 12 sites (38 specimens) with reliable site- 

m ean directions from this study provide an average paleomagnetic direction in in-situ  

coordinates of, Dec = 232.4°, Inc = -46.6°, = 13.4° and in stratigraphie coordinates

of, Dec = 200.0°, Inc = -62.3°, ags = 7.6°. These two averaged directions are different at



Ya b l e  2.  P A L E O M A G N E T I C  R E S U L T S  F R O M  THE  L ATE  C R E T A C E O U S  SILL,  S H E E P  R E E F ,  MO N T A N A

S . t e S l a t  ( N ) S l o n g  ( V / ) N / N o G D e c G l n c S D e c S i n e ' ' 3 5 k C S D R P ' a t P ' o n g
6 - 0 1 0 - 9 9 4 7 * 4 1 ' 1 1 2 * 5 1 3  5 " 4 / 5 2 4 0  9 - 1 1  9 1 8 9  2 - 6 5  6 1 5  0 8 3 8  0 9 1 3  1 2 3 9 2 - 3 3  a 1 5 3  1
7 - C 3 - 9 9 4 7 * 4 1 ' 1 5 " 1 1 2 * 5 2 ' 2 / 2 2 4 1  3 - 2 7  8 2 1 3  7 - 6 4  0 5 0 4 2 4 5 3  5 6 1 6 3 2 0 0 - 6 7  0 1 4 9  5
3 - C 3 - 9 9 4 7 * 4 1 ' 1 5 " 1 1 2 * 5 2 ' 2 / 2 2 3 2  8 - 2 8  0 2 0 3  1 3 3  0 5 5 9  2 1 1 0  5 2 1 9 8 - 7 1  5 • 7 5  0
9 - 0 7 - 9 9 4 7 * 4 1 ' 1 1 2 * 5 2 ' 1 3 2 2 4  1 - 4 5  5 1 8 8  5 - 4 2  5 1 0 0
1 0 - E 4 - 9 9 4 7 * 4 2 3 0 " 1 1 2 * 5 1 ' 5 / 6 2 3 9  0 - 2 9  6 1 9 7  0 - 5 9  9 2 1  2 1 1 3  9 6 2 1  7 5 4  1 7 - 7 6  0 - 1 7 9  3
1 1 - E 4 - 9 9 4 7 * 4 2 3 0 " 1 1 2 * 5 1 ' 1 / 2 2 4 3  6 - 4 1  3 1 7 3  5 - 6 6  0 - - 1 0 0
1 2 - E 3 - 9 9 4 7 * 4 2 ' 3 0 " 1 1 2 * 5 1 ' 4 / 5 3 5 7  9 4 2  6 3 2 8  0 2 5  5 6 3  6 4 2  7 7 4 9  9 3 2  9 2 4 6  6 1 1 5  9
1 3 - E 6 - 9 9 4 7 * 4 2 ' 1 1 2 * 5 1 ' 5 / 6 2 5 0 , 3 - 2 4  7 1 7 3  0 - 8 1  9 9  4 7 5 6  2 2 9  9 4 4  9 4 - 5 3  3 5 2  9
1 4 - 0 6 - 9 9 4 7 * 4 2 ' 1 1 2 * 5 1 3  5 " 5 / 5 8 8 . 6 - 7  1 7 2 3 3 , 0 - 3 4  7 1 4  7 1 2 3 . 0 2 1 5  3 1 4  8 6 - 3 5  4 1 6 7  3
1 6 - 0 1 0 - 9 9 4 7 * 4 1 ' 1 1 2 * 5 1 3  5 " 1 / 6 2 4 1 . 7 - 5  2 2 4 0 , 0 - 4 3  0 - - 1 0 0 -

1 7 - E 6 - 9 9 4 7 * 4 2 3  5 " 1 1 2 * 5 1 ' 4 / 5 2 3 0  6 - 3 5  a 1 6 6  4 - 6 6  0 2 5  5 9 1 3  3 6 2 1  3 4 3  7 3 - 8 0 . 3 - 1 3  9
1 S - F 7 - 9 9 4 7 * 4 2 ' 1 1 2 * 5 1 ' 0 / 2 - - - - - -

1 9 - 0 7 - 0 0 4 7 * 4 2 ' 1 1 2 * 5 1 3  5 ' 4 / 4 2 3 9  4 - 5 7  3 2 1 0  4 - 4  1 9 1 3 . 7 1 4 5 . 3 5 11 9 5 3  9 3 - 5 6  4 - 1 6 9  2
2 0 - E 7 - 0 0 4 7 * 4 2 ' 1 1 2 * 5 1 ' 4 / 4 9 6  4 - 3 6  0 1 7 2  2 ■ 6 1 , 9 2 1  9 1 1 8  5 5 1 8  8 4 3 . 8 4 - 8 2 . 9 - 5 9  7

P a le o m a g n e t ic  d a ta  for all s ite s . S ite s  6 -14  an d  17 -20  a re  h a n d -s a m p le d  from  
v a r io u s  lo c a t io n s  a lo n g  th e  m a in  sill; s ite s  16 an d  18 a re  lo c a tio n s  a lo n g  th in n e r 
sills  p a ra lle l to  th e  m am  siil; S la t an d  S long  a re  th e  p re s e n t  d ay  site  la titu d e  an d  
lo n g itu d e ; N /N o a re  th e  n u m b e r  of s p e c im e n s  u s e d  / n u m b e r  of s p e c im e n s  
c o lle c te d . G D e c  an d  G m c a re  th e  in-situ  d ec lin a tio n  an d  inc lina tion ; S D e c  an d  
S in e  a r e  th e  s tru c tu ra lly  c o r re c te d  site  m e a n  d irec tio n s ; « 9 5  is ra d iu s  of 95%  
c o n f id e n c e  c o n e  in d e g re e s ;  k is F ish e r 's  (1953 ) p re c is io n  p a ra m e te r ;  C S D  is the  
c irc le  s ta n d a rd  d e v ia tio n ; R is th e  re su lta n t v ec to r ; P la t an d  P long  a re  V G P 
la titu d e  a n d  lo n g itu d e .

TAW LE 3. P A L E O M A G N fc  I \C F IE LD  A R b A  A N D  R Ë F k W L N Ü L  M LANÜ
VGP̂

O b se rv ed  C o o rd in a te s  N D ec. Inc^ 95 K. C SD  Lat (^N) Long (°E) dp  (degrees) dm (degrees)

G eo g rap h ic 38 232.4 -46.6 13.4 ■■■■■ 4 - 0 41.2 4 E ~ r ~ 343.9 11.1 17.2
10%  Unfolding 38 219.0 -41.7 11.9 4.8 37.6 51.1 359.3 8.9 14.6

20%  Unfolding 38 218.6 -44.9 10.6 5.8 34.1 5 3 7 358.4 8.5 13.4

30%  Unfolding 38 218.5 -46.9 9.5 7.0 31.0 54.4 356.5 7.9 12.3

40%  Unfolding 38 217.7 -49.5 8.4 8.7 27.7 56.4 354.6 7.4 11.1

50%  Unfolding 38 215.7 -52.6 7.4 10.8 24 8 5 2 6 352.6 7,1 10.2

60%  Unfolding 38 214.1 -54.6 6.8 12.8 22 7 6U8 351.1 6.7 9.5

70%  Unfolding 38 212.1 -56 4 6.3 14.4 21 .4 64.2 349.8 6.6 9.2

80%  Unfolding 38 207.6 -58.8 6.6 13.4 22.2 68.5 349.4 7.3 9.8

90%  Unfolding 38 206.7 -59,5 6.5 13.7 2 2 0 69.6 348.3 7.3 9.8

S tra tig raph ie 38 200.0 -62.3 7.6 10.4 25.3 75.5 346.2 9.2 11.3

E x p ec ted  C oo rd in a tes D ec, Inc, Lat (°N) Long (°E) K

Present day ( i g r f .  1995) - 2.7 73.0 /9 .0 254.9 - - -
Eocene, (Diehl e ta /. ,1983) - 349.3 66 .4 8 2 8 170.4 3.0 16.1 -
Paleocene, (Diehie? 3 4 8 7 68 .7 81.5 192.6 3.2 29 2 - - -
al. 1983)

L. K. (Gunderson and Shenff, 352.0 69.8 82.2 209 .9 6.8 18.4 - - -
1 9 9 1 )

N is n u m b er of sites; D ec^an d  Inc, a re  declination and inclination of field a re a  in degrees; ^ 9 5  is radius of 95% 

co n fid en ce  c o n e  in d eg ree s ; K ,s F isher (1953) precision param eter; CSD is the  circular s tandard  deviation; 
VGP, virtual g eo m ag n e tic  pole; dp  and dm a re  principal se m ia x e s  of 95% confidence inten/al about a  pole. 

C a lcu la ted  V G P s flipped to northern  hem isphere . D ec, and  Inc, a re  ex p ec ted  directions and  Lat (°N) and Long 

(°E) a re  p a leo m ag n e tic  pole positions for th e  Late C re taceo u s  to to c e n e .



the 9^%  confidence level, are distinct from the present day magnetic direction, Dec = 

j 57.2 , 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 ChRiVI, to validate paleomagnetic stability and to rule out possible 

recent remagnetizations. The observed value/  from M cFadden and Jones (1981), 

calculated at the 95% confidence level for i n - s i t u  coordinates is 45.07 and for 

stratigraphie coordinates is 8.20. The critical value o f  the G distribution at the 95% 

confidence level is 2.53, concluding that the hypothesis o f  a common true mean for both 

the i n - s i t u  and stratigraphie coordinates may be rejected.

TA B L E  4.  FOLD TEST F Ô f t  F o ld  t e s t  a n a ly s is .  In -s i tu  a re  u n c o r r e c te d
A N D  S T R A T i G R A P H I C  C O O R D I N A T E S  c o o r d i n a te s  o f th e  sill; S t r a t ig r a p h ie  is th e

fo ld - c o r r e c te d  c o o r d in a te s  o f th e  sill, N is 
th e  n u m b e r  of s p e c i m e n s  from  th e  1 2  

re l ia b le  s i te s ;  Nç is th e  n u m b e r  of 
s p e c i m e n s  from  th e  e a s t  d ip p in g  lim b  of th e  
a n t ic l in e ;  N ^ i  is th e  n u m b e r  o f s p e c i m e n s  
from  th e  w e s t  d ip p in g  lim b  of th e  a n tic lin e ;
N I S  th e  n u m b e r  o f s p e c i m e n s  from  th e  
w e s t  d ip p in g  lim b o f th e  sy n c l in e ;  R, R^.
R ^ i ,  a n d  Ryv2 a re  th e  r e s u l ta n t  v e c to r s  from  
p a l e o m a g n e t i c  d ir e c t io n s ;  d .f. is th e  d e g r e e s  
o f f r e e d o m  fo r th e  F  d is tr ib u tio n ; f  is th e  
o b s e r v e d  v a lu e  c a lc u la te d  from  e q u a t io n  # 8  

from  M c F a d d e n  & J o n e s  (1 9 8 1 ) .

(M c t a d d e n & J o n e s ,  i ü ü i e q , # 8 )

In -s i tu S tr a t ig r a p h ie
N 38 38

N e 9 9

N w 1 14 1 4

N w 2 15 15

R 2 8 .7 7 3 4 .4 3

R e 8  28 7 .9 3

R w i 1 3 .0 5 1 3 .4 6

R w 2 1 4 .2 8 1 4 .1 9

d .f . = { 4 ,70}
t = 4 5 .0 / 1

F = 2 .5 3  @ 9 5 % c o n f id e n c e  le v e l

Both the i n - s i t u  and stratigraphie coordinates failed the told 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
24



In-siîu  Coordinates 
0

270

Stratigraphie Coordinates

90

270 90

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 is the Late 
Cretaceous reference directions from Gunderson cl uL, 1991. Cross is the Paleocene 
reference directions from Diehl ct ai,  1983. Triangle is the Eocene reference directions 
from Diehl ct al., 1983. Circles are the 3 9 5  radius of confidence. X is the spin axis of the 
Earth, +  is the present magnetic field direction, (IGRF, 1995).
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is 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 tirst reason addressed for the over-correction is the lack o f  structural control of 

sedim entary units for each paleomagnetic site. I do not think this is likely as I collected 

num erous 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 

fold axis from the anticline and syncline are well constrained as seen in Figure 11. Sites 

10-13 has som ew hat sparse control but are still sufficient for a representative tilt 

correction o f  the area.

The second reason is the likelihood that the sill intruded into partially folded 

sedim entary rocks. After structurally correcting the sill and recognizing a possible over

correction o f  paleomagnetic directions, I decided to tilt correct in 10% increments o f  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 ags- The 

statistical results o f  the step-wise unfolding produced the smallest agg value of 6.3° with 

the highest precision param eter k = 14.4 at 70% unfolding. Fable 3 summarizes the 

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

F isher (1953) statistics.
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TABLE 5. PALEÔMASNFTIù r e s u l t s  f r o m  t h e  t r a c h y a m d e s j t e  SILL 5HEEP R S F  AREA, MONTANA

U nfo ld in g

Site Slat(N) Slong (W) N/No
90%
Dec Inc

80%
Dec Inc

70%
Dec Inc

60%
Dec Inc

50%
Dec Inc

6-D10-99 4 r 4 T 112=51'15" 4/5 203.5 -62.4 214.1 -57 9 221.7 -52.4 227 1 -464 2310 -400
7-C8-99 47=41'15” 112°52 212 217 6 -60.3 2206 -56 6 2229 -527 224.8 -48.8 226.3 -44.8

8-C8-99 47=4T15” 112=52 2 /2 207.2 -55.1 210.5 -51.7 2133 -48.2 2155 -44,5 217 4 -40.9

9-D7-99 47=41' 112=52 1/1 191.8 ^ 2 0 1950 -41.2 1981 -40.3 2 0 1 .1 -39 2 203.8 -37.9

10E4-99 47=4230 112=51' 5/6 203.7 -57 3 2082 -54.3 2138 -51.0 2175 -47.5 2 2 0  6 -43 7

11-E4-99 47=4230 112=51' 1 /2 1839 -65.1 1982 -63.4 2 0 1 .2 -61.1 207.8 -58.2 213 2 -55.0

12-E3-99 47=4230 112=51' 4/'5 330.5 2 6 6 333.1 27 3 335.8 27.8 338.6 281 341.4 281
13-E6-99 47=42 112=51' 5/6 208.3 -769 225.0 -73.8 2332 -67.9 2378 -61.8 240.7 -55.5

14-06-99 47=42 112=5T15" 5/5 236.3 ^ 1 .8 2339 -48.8 2303 -55 7 224 8 -623 215.9 -68.5

16-01099 47^41' 112°51'15' 1 /6 240.1 -392 240 2 -35.4 240.2 -31.6 240.3 -27.8 240.4 -24.0

17-E6-99 47=4215" 112=51' 4/6 177.8 -64.7 187,7 -62.4 195.8 -59.4 2 0 2 2 -55.8 2073 -51.9

18-F7-99 47=42 112=51' 0 /2 - - - - - - - - - -
1007 -00 47=42 112=51'15" 4/4 210.7 -41 6 2 1 1 .0 -41.3 211.4 -40.9 211.7 -40.6 2 1 2 0 -40.3

20E 7-00 47=42 112=51' 4/4 160.9 -62.2 149.8 -61.3 139.9 -59.3 131.5 -56.4 124.6 -529

Unfolding
40% 30% 2081, 1 0 %

Site Slat (N) Slong (W) N/No Dec Inc Dec Inc Dec Inc Dec Inc

6 -0 1 0 9 9 47=41' 112=51'15" 4/5 233.8 -33.4 235.8 -26.6 2372 -19.8 238.1 -128
7-C8-99 47=4T15" 112=52 2 /2 227 5 -40.8 :2 8 5 -36.8 229.3 -32.8 230.0 -267

8-C8-99 47=41'15" 11252 2 /2 218.9 -37 2 2 2 0 .2 -33.4 221 3 -29.5 2 2 2 1 -257

0 0 7 -9 9 47=41' 11 2 5 2 1/1 206.4 -36.4 208.8 -34.8 2 1 1 .0 -33.1 213.0 -31.3

10E4-99 47=4230 11251' 6 6 223.1 -39.8 225.2 -35.8 2269 -31.8 228.3 -27.6

11-E4-99 47=4230 1125T 1 /2 217 6 -51.5 2 2 1 ,1 -47.7 2239 -43.8 226.3 -39.8
12-E099 47=4230 11251' 4/5 344.2 2 7 8 346.9 27.3 344 5 26.6 352.0 25.6
10E6-99 47=42 11251’ 6 6 2426 ^ . 2 244.0 -42.8 245.0 -36.4 245.7 -30.0
14 -0099 47=42 1125T15" 6 5 200.3 -73 7 174 3 -76.7 1435 -76.0 121.3 -721
1 0 0 1 0 9 9 47=41' 11251'15 ' 1 /6 240.4 -20.2 240.5 -16.4 240.5 -1 2 .6 240.5 -8 .8

17-E099 47=4215' 11251' 4/6 211.3 -47.7 214.5 -43.3 217.0 -38.7 219.0 -34.0
18-F7-99 47=42 11251' 02 - - - - - - - -

1007 -00 47=42 1125T 15 ' 4/4 21 2 3 -40.0 2 1 2 .6 -39.6 212.9 -39.3 2132 -38.9
20E 7-00 47=42 11251' 4/4 119.3 ^ 9 .0 115.0 -44.8 111.7 -40.3 109.0 -35.6

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 specimens used / number of 
specimens collected. Unfolding percentages are the percent amount that \Aas tilt corrected to obtain the 
site mean directions.
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A told test was calculated tor each untolding percent tor the same reasons as with 

in~siiu and stratigraphie coordinates. The fold test results (Table 6) indicate 80% o f  

unfolding to be the most significant with an observed value o f / =  1.28 compared to the 

critical value F  = 2.53 at the 95% confidence level. But the fold test for 70% o f  unfolding 

p roduced  an observed value o f / =  3.43 suggesting that at the 95% confidence level the 

hypothesis o f  a com m on true mean direction may be rejected, even though the largest 

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

FABLE 6. STAIISTICAL iiÜMivlÀRY AfviD FOLD TEST FOR PERCEN'!  riLT CORRECTION
Unfolding

90% 80% 70% 60% 50% 40% 30% 20% 10%
N 38 38 38 38 38 38 38 38 38
R 35.30 35.23 35.43 35.12 34.56 33 72 32.69 31.62 30.28
K 13.72 13.38 14.39 12.83 10.75 8.65 6.97 5.80 4,79

6.51 6.60 6.34 6.75 7,43 8.39 9.50 10.58 1 1.90
CSD 21.95 22 .23 21.42 22.71 24 83 27.74 30.99 34.05 37.57

Ne 9 9 9 9 9 9 9 9 9
N.yy , 14 14 1 4 14 14 14 14 14 14

N W2 15 1 5 1 5 15 15 15 15 15 15

R e 7.89 7.93 7 98 8.02 8.06 8.12 8.15 8.19 3.22

R w 1 13.54 13.27 13.65 13.66 1 3.66 13.62 13.57 1 3.49 13.39

Rw2 14.21 14.22 14.23 14.23 14.24 14.21 14.20 14.23 14 23

d.f. = {4,70}

1  ̂ = 2.49 1 .28 “ T T T " 6.63 11.65 15.45 25.95 33.78 41.55 1
F = 2 . 53  &) 95% conf idence  level

S t a t i s t i c a l  s u m m a r y  a n d  fo ld  te s t  a n a l y s i s  fo r  e a c h  u n f o l d i n g  s te p  f r o m  p a l e o m a g n e t i c  d a t a  o f  th e  t r a c h y a n d e s i t e  
s i l l .  I n - s i t u  a r e  u n c o r r e c t e d  c o o r d i n a t e s  o f  th e  s i l l ;  S t r a t i g r a p h i e  is th e  fo ld  c o r r e c t e d  c o o r d in a t e s  o f  th e  si l l ;  N is th e  
n u m b e r  s p e c i m e n s  f r o m  th e  r e l i a b le  12 s i te s ;  N E  is th e  n u m b e r  o f  s p e c i m e n s  f ro m  th e  e a s t  d ip p in g  l im b  o f  the  
a n t i c l i n e ;  N W 1  is th e  n u m b e r  if  s p e c i m e n s  f ro m  th e  w e s t  d i p p i n g  l im b  o f  the  a n t ic l i n e ;  N W 2  is th e  n u m b e r  o f  
s p e c i m e n s  f r o m  th e  w e s t  d i p p i n g  i im b  o f  t h e  s y n c l i n e ;  R, R E .  R W I ,  a n d  R W 2  a re  th e  r e s u l t a n t  v e c to r s  f ro m  
p a l e o m a g n e t i c  d i r e c t i o n s ,  d . f .  is th e  d e g r e e s  o f  f r e e d o m  fo r  th e  F d is t r i b u t i o n ,  f is th e  o b s e r v e d  v a lu e  c a lc u la te d  f ro m  
e q u a t i o n  # 8  f r o m  M c F a d d e n  & J o n e s  ( 1 9 8 1 ) .
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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 into partially folded sedimentary units. These cross sections show that the sill 

cuts across the hinges ot both the anticline and syncline indicating the sill, assumed to be 

horizontal, intruded into non-horizontal strata.

The third reason addressed tor 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 affects remanence in sedimentary rocks by examining the relationship between the 

strain geom etry and the magnetizations in the Mississippian M auch Chunk Formation. 

Their structural results from a first-order anticline fold o f  the M auch Chunk Formation in 

the A ppalachian Valley indicate bedding-parallel shear associated with folding. They 

found that this type o f  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 

o f  the M auch Chunk Formation.

A n application o f  the study by Stamatakos and Kodama (1991) requires some type 

o f  penetrative strain either on the mesoscopic or microscopic scale, as was seen in their 

study. I f  strain, such as cleavage or bedding-parallel shear has been recognized, then an 

analysis o f  how  it effects the paleomagnetic remanent directions can be measured. In the 

case o f  this study, penetrative strain on the mesoscopic scale was not recognized nor 

m easured  within the sill and sedimentary units. Eight thin sections trom various locations
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ot the sill were analyzed with a pétrographie microscope for any occurrence of 

penetrative strain. Foliation was not recognized in any o f  the thin sections and the 

plagioclase feldspar grains retained good albite twining. As a result, I assume that no 

penetrative strain has affected magnetization o f  the sill.

T hrust Sheet R otation and T im ing

To test the hypothesis that significant rotation around a nearby vertical axis o f  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°, ags = 7.6° 

and the paleomagnetic pole derived from the averaging the 12 VGPs is -75.5°S, 166.2°E. 

The paleom agnetic  reference directions from the Late Cretaceous to Eocene (Gunderson 

and Sheriff  1991; Diehl et a l ,  1983) are summarized in Table 3 and are undistinguishable 

at the 95%  confidence level. By the methods o f  Beck (1980) the average rotational 

am ount from the expected direction for the in-situ  mean direction is 60.5° referenced to 

the Late Cretaceous, 64.4° referenced to the Paleocene, and 64.0° referenced to the 

Eocene direction (Table 7 and Figure 12). For stratigraphically corrected paleomagnetic 

m ean 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% o f  unfolding (Table 7 and Figure 14).

A ge determination o f  the sill is an important step for constraining the time ot

deform ation along the Rocky M ountain fold and thrust belt. Sears et a l  (2000) provide a
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^Ar/"'^Ar biotite age ot 58.8 +/- 1.5 M a for the same sill 5 km south from this study site. 

Their sample, from the center o f  a 200-meter thick section o f  the sill (Mudge and Earhart. 

1983), IS partially chloritized and sericitized. They argue that the age o f  their sill is a re

set cooling age caused by burial and exhumation o f  the sill in the footwall. Sears ei al. 

(2000) also sampled a sill ot nearly the same stratigraphie setting as the study sill 

intruding into tormations from the Albian through Campanian within the Garrison 

depression that is caught up in the LEH plate (Gwinn, 1961; Gwinn and Mutch, 1965; 

W ebb, 1999). A biotite '^"ArC'^Ar analysis o f  the sill within the Garrison depression 

yielded an age o f  75.9 +/- 1.2 M a and is interpreted to be the age o f  crystallization and 

intrusion. Sears et al. (2000) concluded both sills are o f  the same complex based on their 

petrology, geochemistry, and stratigraphie and structural setting and that they intruded 

the foreland basin around 76 Ma, before the m ovement o f  the LEH plate.

Results from stratigraphie studies farther constrain the relative initiation o f  

deform ation o f  the M ontana disturbed belt. Cam panian (74.5 -  84 Ma) volcanic-rich 

formations (Adel Mountains, Belly River, H orsethief Sandstone, Two Medicine, and the 

Ellvhorn M ountains) that have stratigraphie continuity across the foreland basin are the 

youngest deposits prior to the em placement o f  the LEH plate (Viele and Harris, 1965; 

M udge and Earhart, 1983; Schmidt, 1987; Rogers et a i .  1993). The youngest rocks cut 

by the LEH  plate that overlie the Two M edicine and Belly River formations are the basal 

St M ary River Formation ( -7 4  Ma) which stretches from southwestern Alberta to central- 

western M ontana (Price and Mountjoy, 1970; M udge et a i ,  1982).

Conclusions presented by Sears et al. (2000) based on balanced and restored cross- 

sections, age data o f  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

VGP Observed Direction Degrees From Expected Direction
Lat N Long E Dec Inc Late Cretaceous Paleocene Eocene

Geographic 45.1 343.9 52.4 46.6 60.5 +/- 18.0 64.4 +/- 16.8 64.0 +/- 16.2
50% Unfolding 59.6 352.6 35.7 52.6 43.6 +/- 13.3 47.5  +/- 11.7 47.2 +/- 10.8
60% Unfolding 61.8 351.1 34.1 54.6 42.1 +/- 13.0 46.0  +/- 11.3 45.6 +/- 10.4
70% Unfolding 64.2 349.8 32.1 56.4 40.1 +/- 12.9 44.0 + M 1 . 1 43.6 +A 10.3
80% Unfolding 68.5 349.4 27.6 58.8 35.6 +/- 13.6 39.5 +/- 12.0 39 2 +/- 11.2
90% Unfolding 69.6 348.3 26.7 59.5 34.6 +/- 13.7 38.6 +/- 12.1 38 2 +/- 11.3
Stratigraphie 75.5 346.2 20.0 62 3 27.9 +/- 15.9 31.9 +/- 14.5 

(positive # implies clockwise rotation)
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 a/. (1983) provide the reference directions for Paleocene and Eocene. The 
rotational amount calculated from Beck (1980) with Demarest (1983) corrections.
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deform ation in the footwall from the over-riding Lewis-Eldorado-Hoadley (LEH)  plate 

ceased by 58 Ma. Also, Mudge ct al. (1982) show 58 Ma porphyritic dikes crosscutting 

taults that outline the edge ot the LEH thrust plate. This is important to show the 

cessation o f  deformation in the footwall because the age o f  the sill (58.8 +/- 1.5 Ma) 

presented by Sears ct al. (2000) contradicts the amount o f  deformation the sill 

experienced. For arguments sake, if the age o f  emplacement, cooling, and acquisition of 

magnetization o f  the sill from this study is 58.8 +/- 1.5 Ma (Sears et al.^ 2000) then the 

sill w ould  have experienced at least 70% o f  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 o f  18° to 35° per million years. This seems highly unlikely.

A verage thrust emplacement rates can be predicted by taking the amount o f  linear 

d isplacem ent o f  the thrust sheet and dividing by the age constraint o f  the thrust event. 

Price and Sears (2000) predict a linear displacement up to 100 km o f  the LEH thrust plate 

near the Sun River Canyon area. Hoffman ct al. (1976) predict an age constraint for 

thrusting from 72 to 56 M a by K- Ar dating o f  potash bentonite from Mesozoic 

sedim entary  rocks in the disturbed belt o f  M ontana that was buried by the overriding 

thrust sheets. From these studies, a predicted emplacement rate o f  thrust sheets near the 

study area is - 6  km per million years with average rotation rates between 2° to 3° per 

m illion years.

The com bination o f  unprobable deformation rates along with stratigraphie 

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 o f  the toot wall from the over 

riding LEH plate began near 74 M a and ceased by 58 Ma. But, the paleomagnetic and



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 M a and that thrusting might not have initiated until 74 

Ma.

The magnetic polarity time scale provides another means o f  dating the age o f  the 

sill. Figure 15 presents the time scale from 50 Ma to 83 Ma (Cande and Kent, 1995) and 

show s Sears et al. (2000) interpreted age o f  the sill (75.9 +/- 1.2 Ma) in the middle o f  a 

large normal interval (73.619 M a to 79.075 Ma). Yet all my specimens are o f  reversed

polarity. Reversed polarities become more
- t M,.!
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Cl} 'I  M j

frequent toward the age o f  the sill actually 

given by the biotite ^^ArT^Ar analysis (58.8 

+/- 1.5 Ma). This indicates that the sill
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acquired magnetization at a younger time 

than the predicted age o f  around 76 M a and 

intruded at time when the magnetic field was 

briefly reversed.

If the sill intruded around 76 M a 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 inter\-al appeared (73.374 Ma to 73.619 Ma) and then 

cool below 570 °C tor the sill to acquire magnetization. Evidence suggests that the sill at 

the time o f  intrusion, either around 76 Ma or 59 Ma, was never buried more than 1.5 km 

(M cM annis , 1965 and Mudge, 1972b) and thus cooled in 250 to 750 years (Jaeger, 1957). 

So, acquisition ot magnetization was likely instantaneous in geologic time and the age o f  

the sill is younger than the interpreted age o f  around 76 Ma. Nonetheless, the sill records 

m uch ot the deformation o f  the thrust sheet and is rotated in a clockwise manner.

The "larger picture" from this study ties in with the study from Symons and 

T im m ins (1992), which described a clockwise sense o f  rotation o f  the LEH plate in 

western M ontana and southern Canada. Other paleomagnetic studies by Grubbs and Van 

der Voo (1976), Jolly and Sheriff (1992), Eldredge and Van der Voo (1988), and Brunt 

(1997) show  discrepancies with this model o f  clockwise rotation. But, Eldredge and Van 

der Voo (1988) relate these results to a buttressing effect that might not translate into the 

interior o f  the Helena salient from their study and perhaps does not translate into the 

interior o f  the fold and thrust belt o f  western Montana. All the paleomagnetic results 

cam e about from previous studies that show the complex structural and stratigraphie 

relationships along western M ontana and southern Canada.

The model by Sears (1994) and Price and Sears (2000) agrees with Symons and 

T im m ins (1992) clockwise rotation results. But Sears (1994) and Price and Sears (2000) 

base their conclusions on a palinspastic map from balanced regional structural sections ot 

the fold and thrust belt (Price and Mountjoy, 1970; M onger et a l ,  1985; Price. 1981; 

Price and Fermor, 1985; Fermor and Moffat, 1992; Burton el a l ,  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 tor a 30° clockwise rotation about a vertical axis near Helena. 

Montana.

Data trom my study shows the thrust sheet that the sill occupies rotated in a 

clockwise manner about a nearby vertical axis an average o f  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 o f  an overall clockwise rotation. The result from this study also 

agrees w ith findings from Irving et 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 B runt's  (1997) counterclockwise rotation 

near Marias Pass.

To help determine if the sill intruded into partially folded strata, future 

paleom agnetic investigations similar to this one need to be perfonued for the same sill 

w here it resides within at least nine or more thrust sheets further west in the footwall o f  

the M ontana disturbed belt (Mudge and Earhart, 1983). Another future study that would 

help define the type o f  rotation o f  the LEH plate would be a paleomagnetic investigation 

o f  the dikes and sills in the Garrison depression (Gwinn, 1961; Gwinn and Mutch, 1965; 

W ebb, 1999).
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A P P E N D IX  A.

PA LEO M A G N ETIC DATA

Site summary with specimen N RM  and ChRM  directions and intensities. Site 
statistical summary with R = resultant vector; k — Fisher (1953) precision parameter; a g -  

= radius ot 95% confidence; a ^ 3  = circular standard deviation; Dec. -  site stratigraphie 
declination; Inc. = site stratigraphie inclination; VGP = virtual geomagnetic pole.

Site: 6 -D 10-99
Lith: Trachyandésite Sill Samples: 4/5

ChRM
NRM Stratigraphie

Specimens Jo Dec. Inc. Jo Dec. Inc.
6A 1.90E-04 20.4 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-04 260.9 0.0 2.80E-04 236.6 -79.7
6E 8.91E-04 243.3 3.7 4.43E-04 185.8 -62.5

R 3.9212
k 38.0866

15.08
S63 13.12
Dec. 189.2
Inc. -65.6
V G P -83.8/153.1
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6-D  10-99 
N R M  
equa 1-area

-p.Oi

270

180

90



6-D 10-99
g e o g r a p h i c  c o o r d i n a t e s

e q i i a l - a r e a

On

0

270

180

90



6-D 10-99
s t r a t i g r a p h i e  c o o r d i n a t e s

e q u a l - a r e a

4̂-J

0

270 90

80



Site: 7-C8-99
Lith: Trachyandesite Sill Samples: 2/2

ChRM
N RM  Stratigraphie

Specim ens Jo Dec. Inc. Jq Dec. Inc.
7A  2.14E-04 257.3 -2.0 1.66E-04 212.6 -62.9
7B 1.15E-03 247.3 -7.1 3.33E-04 214.8 -65.0

R 1.9996
k 2458.56
0,95 5.04

1.63
Dec. 213.7
Inc. -64.0
V GP -67.0/149.6
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7-C8-99
N R M
equal-area

0

270 90

180



7-C8-99
g e o g r a p h i c  c o o r d i n a t e s

e q u a l - a r e a

L / i
o

0

270 90

180



7-C8-99
s t r a t i g r a p h i e  c o o r d i n a t e s

e q u a l - a r e a

0

270 90

180



Site: 8-C8-99
Lith: Trachyandesite Sill Samples: 2/2

ChRM
NRM  Stratigraphie

Specim ens Jo Dec. Inc. Jo Dec. Inc.
8A I.50E-05 218.9 -35.7 8.12E-06 189.4 -57.0
SB 1.86E-05 233.1 -29.6 9.50E-06 217.3 -58.1

R 1.9831
k 59.2060

33.05
S63 10.52
Dec. 203.1
Inc. -58.3
V G P -71.2/176.0
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8-C8-99
NRM
equal-area

270

1 8 0

90



8-C8-99
g e o g r a p h i c  c o o r d i n a t e s

e q u a l - a r e a

LA

0

270 90

180



8-C8-99
s t r a t i g r a p h i e  c o o r d i n a t e s

e q u a l - a r e a

270

1 8 0

90



Site: 9-D7-99
Lith: Trachyandesite Sill Samples: 1/1

NRIVI
ChRM
Stratigraphie

Specim ens
9A

Jo
4.50E-06

Dec. Inc. 
175.0 -4.5

Jo
7.10E-07

Dec. Inc. 
188.5 -42.5

R 1.00
k

(%95

S63

Dec. 188.5 
Inc. -42.5
V G P -66.0/-132.1
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9-D7-99
NRM
equal-area

27U

-J

1 8 0

90



9-D7-99
g e o g r a p h i c  c o o r d i n a t e s

e q u a l - a r e a

oc

0

270 90

180



9-D7-99
s t r a t i g r a p h i e  c o o r d i n a t e s

e q u a l - a r e a

LA
sO

270

180

90



Site: 10-E4-99
Lith: Trachyandesite Sill Samples: 5/6

ChRiVI
N RM Stratigraphie

Specimens Jo Dec. Inc. Jo Dec. Inc.
lOA 1.68E-05 248.1 4.6 1.38E-05 249.7 -45.7
lOB 7.30E-06 231.4 -39.9 6.62E-06 173.9 -59.0
IOC 2.73E-04 222.2 -45.2 2.10E-04 156.2 -51.9
lOD 2.38E-05 242.4 -14.9 1.97E-05 206.7 -54.8
IDE 2.29E-04 245.8 -14.0 1.90E-04 190.6 -64.1
lOF - - - - - -

R 4.1735
k 13.9632

CX9 5 21.21
S63 21.75
Dec. 197.0
Inc. -59.9
V G P -76/-179.3

60



10-E4-99
NIIM
equal-area

270

180

90



1Ü-E4-99
g e o g r a p h i c  c o o r d i n a t e s

e q u a l - a r e a

t o

0

270 90

180



10-E4-99
s t r a t i g r a p h i e  c o o r d i n a t e s

e q u a l - a r e a

L.J

0

270 90

80



Site; 11-E4-99
Lith; Trachyandesite Sill Samples: 1/2

ChRM
N R M  Stratigraphie

Specim ens Jo Dec. Inc. Jq Dec. Inc.
11A -  -  -  -

I I B  1.29E-05 261.5 -8.5 7.65E-06 173.5 -66.0

R  1.00
k
Q.Q5
Sô3
Dec. 173.5 
Inc. -12.1
V G P -85.6/-012.1

64



11-E4-99
NRM
equal-area

270

1 8 0

90



11-E4-99
geogiapliic coordinates
equal-area

G\o-\

270

180

90



11-E4-99
stratigraphie coordinates
equal-area

270

180

90



S k e :l2 -E 3 -9 9
Lith: Trachyandesite Sill Samples; 4/5

ChRM
NRiM Stratigraphie

Specim ens Jo Dec. Inc. Jo Dec. Inc.
12A - - - - - -

12B 6.49E-04 176.7 -62.8 3.17E-04 30A8 34.5
12C 2.41E-03 00722 2422 2.43E-03 351.4 21.5
12D 3.75E-05 315.7 -11.6 1.48E-05 00E3 -2822
12E 7.06E-04 15922 39.7 2.89E-04 266.2 53.0

R 2.9179
k 2.7725
CXgj 68.64
S63 49.93
Dec. 328.0
Inc. 25.6
V G P 46.6/115.9

6 8



12-K3-99
NRM
equal-area

ONNO 270

ISO

90



12-1^3-99
geographic coordinates
equal-area

o

0/ \
/ \

270 90

180



12-H3-99
stratigraphie coordinates
equal-area
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/

/

\

\
\
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180
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Ske: 13-E6-99
Lith; Trachyandesite Sill Samples: 5/6

N RM Strat igraphie
S pe c im e ns Jo Dec. Inc. Jo Dec. Inc.
13A 4.60E-06 258.2 -23.0 2.36E-06 141.2 -83.1
13B 5.04E-06 245.3 -40.3 4.86E-06 152.8 -77.5
13C 3.84E-06 254T2 -22.7 1.32E-06 026.6 -89.4
13D 2.64E-06 244.4 -14.5 1.03E-06 169.9 -69.4
13E - - - - -

13F 2.70E-06 257.1 -30.2 1.57E-06 24T5 -80D

R 4.9396
k 66.2205

9.47
Sb3 9.94
Dec. 173.0
Inc. -81.9
V G P -63.3/062.9

72



I 3 - E 6 - 9 V  

NRM
equal-area

270

180

90



13-E6-99
geographic coordinates
eqnul-area

0

270 90

180



13-E6-99
stratigraphie coordinates
equal-area

L / l

0

270 90

180



Site: 14-D6-99
Lith: I 'rachyandesite Sill Samples: 5/5

NRM
ChRJVI
Stratigraphie

Specim ens Jo Dec. Inc. Jo Dec. Inc.
14 A 2.87E-05 100.7 -45.2 2.44E-05 228.4 -46.0
14B 2.33E-05 239.3 -28.7 2.34E-05 254.9 -38.8
14C 2.06E-05 080.3 -60.0 2.02E-05 238.3 -44.8
Î4D E82E-05 082.2 -83.7 4.03E-06 240.3 -22.6
14E E29E-05 212.1 -62.1 9.65E-06 228.6 -19.2

R 4.8573
k 28.023

Cigs 14.71
S63 15.31
Dec. 238.0
Inc. -34.7
V G P -35.4/167.8
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14-D6-99
NRM
equal-area

270

180

90



14-D6-99
geographic coordinates
equal-area

0

270 90

80



14-D6-99
stratigraphie coordinates
equal-area

- - J\0

0

270 90

80



Site: 16-D10-99
Lith: Trachyandesite Sill Samples: 2/6

ChRM
NRJVl Stratigraphie

Specim ens Jo Dec. Inc. Jo Dec. Inc.
16 A - - - - - -

16B - - - - - -

16C 8.56E-06 240.9 -8.6 8.T7E-06 240.0 -43.0
16D 2.74E-06 006/7 24.9 8.01E-07 342.4 0.8
16E - - - - - -
16F - - - - - -

R 1.2911
k 1.4106
«95 180.0
S63 68.68
Dec. 302.1
Inc. -31.2
V G P 7.4/122.0



16-D 10-99
N RM
equal-area

270

1 8 0

90



16-D 10-99
geographic coordinates
equal-area

oow

0\
\

2 70 90

1 8 0



16-D 10-99
stratigraphie coordinates 
equal-area

OO

270

1 8 0

90



Ske: 17-E6-99
Lith; Trachyandesite Sill Samples: 4/6

C h R \I
NRAI Stratigraphie

Specimens Jo Dec. Inc. Jo Dec. Inc.
17A - - - - - -

17B 6.29E-04 217.5 -40.3 6.54E-04 141.9 -5922
17C 5.11E-04 001.1 41.0 7.98E-05 216.0 -62.0
17D 3.60E-04 173.3 38.1 2.06E-04 133.3 -49.7
17E - - - - - -

17F 1.09E-03 139.9 -1&8 1.15E-04 208.7 -72.1

R 3.7835
k 13.8560
0,95 25.59
S4 3 21.84
Dec. 166.4
Inc. -66.0
V G P -80.9/-013.9

84



17-E6-99
NRM
equal-area

OOLA
270

1 8 0

90



17-E6-99
geographic coordinates 
equal-area

OO
ON

270

180

90



17-E6-99
stratigraphie coordinates
equal-area

OO

0

270 90

80



Site: Ï8-F7-99
Lith: Trachyandesite Sill Samples: 0/2

ChRJVl
NRM  Stratigraphie

Specim ens Jo Dec. Inc. Jo Dec. Inc.
18 A - - - - -
18B - - - -

R
k
CCgs

S ô j

Dec. 
Inc.
V G P

88



Site: 19-D7-00
Lith: Trachyandesite Sill Samples: 4/4

NRjVl
ChRM
Stratigraphie

Specim ens Jo Dec. Inc. Jo Dec. Inc.
19A 2.08E-04 304.7 -41.3 1.82E-04 198.5 -40.1
19B 1.84E-04 050.2 5.6 6.45E-05 199.3 -36.9
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