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ABSTRACT 

MAGNETOSTRATIGRAPHY OF THE HELL CREEK AND 

LOWER FORT UNION FORMATIONS IN NORTHEAST MONTANA 

by 

Rebecca LeCain 

University of New Hampshire, May 2010 

Magnetostratigraphic evaluation of a well-exposed stratigraphic section in 

northeast Montana has been undertaken to expand upon and better understand the 

timing of the deposition of Hell Creek and Fort Union Formations. Characteristic 

remnant magnetizations show clear magnetostratigraphic patterning of chrons C28n, 

C28r, C29n, C29r, C30n, and possibly C30r. Differentially corrected GPS coordinates, 

including elevation, were recorded at each sample site allowing the magnetostratigraphic 

framework to be precisely relocated in the field and traced laterally across the 

landscape. Localities in Montana that have been sampled for fossil studies have been 

mapped and correlated to the same stratigraphic sections as the magnetostratigraphy, 

and so can be compared directly to the geomagnetic polarity time scale. The new 

magnetostratigraphy can also be used to relate to other basins of Cretaceous and 

Paleogene age using information independent from biostratigraphic zonation, making it 

possible to directly compare the composition of coeval faunas from significantly different 

latitudes. 



INTRODUCTION 

The Hell Creek and Fort Union Formations extend across portions of 

Montana, Wyoming, North Dakota and South Dakota, within the Williston Basin 

which is a large Laramide foreland basin (Figure 1). These units preserve a 

particularly complete record of a late Cretaceous to early Paleocene continental 

ecosystem. The Hell Creek Formation is composed of "...poorly-cemented fine­

grained sandstone, siltstone, carbonaceous-rich shale, mudstone, claystone, and 

the occasional lignite... These were laid down in a broad, fluvial, highly-

vegetated plain that was dissected by meandering rivers that often overflowed 

their banks." (Murphy et al, 2002, p.9 and p.30). Below the Hell Creek Formation 

is the primarily marine Fox Hills Formation. The contact between the two 

formations may represent a regional unconformity, although this has not been 

verified (Murphy et al, 2002). In many places, tuff deposits from the base of the 

Hell Creek Formation have proved difficult to date because of detrital potassium 

feldspars which misrepresent the age of the limited volcanic material (Hicks et al, 

2002). Because of this, determining exactly when Hell Creek deposition began is 

problematic. 

The lithologies of the overlying Fort Union Formation include sandstones, 

shales and extensive coal beds, that were also laid down in fluvial and lacustrine 

settings, albeit relatively poorly drained ones than during the Hell Creek 

Formation. The fluvial channels of both formations tended to collect and 

concentrate organisms and bones so both formations are important sources for 

l 
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Figure 1. Simplified geologic map of eastern Montana. The red dot at HC is the location 
of the proposed type section for the Hell Creek Formation at Flag Butte. 
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fossils. Some of the best preserved late Cretaceous dinosaurs and early 

Paleogene mammals are preserved in these units (Clemens, 2002; Hartman, 

2002; Wilson, 2005). However, these channel deposits do not extend laterally 

very far and so it is difficult to correlate rock types in different areas. The rivers 

flowed into the intercontinental sea that covered much of North America during 

the Cretaceous, and finally retreated from the area at the end of the Cretaceous 

(Murphy et al., 2002). The Cretaceous-Paleogene (K-Pg) boundary in this region 

follows the Hell Creek-Fort Union contact, is well preserved and includes 

indicators of impact and extinction (Hartman, 2002). Because of this, the 

boundary has been extensively studied with different dating techniques to 

constrain its timing; however, time constraints farther away from the boundary 

are more limited in both formations (Hicks et al., 2002; Swisher et al., 1993). 

Where the rocks have been dated, they frequently have not been correlated to 

fossil finds directly, so it is difficult to determine a precise age for many of the 

fossils from this region. 

This study evaluates the magnetostratigraphy of several late Cretaceous 

to early Paleogene stratigraphic sections in the Fort Peck area of northeast 

Montana. The study area includes the proposed type section for the Hell Creek 

Formation at Flag Butte as well as several important fossil vertebrate localities in 

the Fort Union Formation. Paleomagnetic sample sites also have precise 

differentially corrected GPS locations so they can be easily relocated and tied to 

future paleontological studies. By providing a chronostratigraphic framework for 

the many fossil collections in the region it will allow more precise study of 

3 



terrestrial ecosystem change across the K/Pg boundary and enable correlation of 

early Paleogene mammals in the Western Williston Basin to those in other 

basins, potentially providing a better temporal framework for the radiation of early 

mammals. 

4 



CHAPTER I 

METHODS 

Paleomagnetic sampling was undertaken in four sections chosen to 

maximize relevance to local paleontological studies and minimize redundancy to 

previous paleomagnetic studies (Greg Wilson, personal correspondence; Wilson, 

2005). The stratigraphically lowest section, East Ried Coulee (ERC) to Flag 

Butte is also within the proposed type locality for the Hell Creek Formation 

(Hartman, in preparation). In order to measure stratigraphic sections, differential 

GPS was used to measure the elevation of major lithological boundaries, and the 

intervening thicknesses were also measured by Jacob-staff for comparison. 

Discrepancies in thickness between the two methods are on the centimeter 

scale; therefore GPS elevations are comparable to Jacob-staffing in providing 

lithological thickness and have the added benefit of giving absolute elevation. 

At each of the 47 paleomagnetic sampling sites, four or more oriented 

hand samples were collected by removing overlying cover so that the samples 

could be taken from the underlying rock layers that had not experienced surface 

weathering. Differential GPS coordinates (latitude, longitude, elevation) were 

also recorded for each sample site. The three most intact hand samples from 

each location were sanded into 8cm3 cubes, demagnetized using a Molspin 

tumbling alternating field (AF) demagnetizer, and analyzed with the HSM2 

SQUID-based spinner magnetometer at the University of New Hampshire. 
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Demagnetization protocol and interpretation of magnetic mineralogy were based 

on previously published magnetostratigraphic studies from these units (Lund et 

al., 2002; Swisher et al., 1993) and on an initial round of pilot results where each 

sample was demagnetized by 2.5mT steps, up to 100mT 

6 



CHAPTER II 

PALEOMAGNETIC RESULTS 

AF demagnetization produced stable results for the majority of samples. 

Samples with clear overprint and characteristic remanent magnetizations (ChRM) 

comprised 69% of the total samples and were evaluated using principal 

components analysis (Kirschvink, 1980; Fig. 2A, 2B). In 11% of the samples, the 

higher coercivity vector end points cluster together rather than trend towards the 

origin (Fig. 2C, 2D). For these samples, the characteristic component was 

analyzed using a Fisher mean (Fisher, 1953). The demagnetization data for the 

other 20% of the samples lay within a plane where linear demagnetization was 

obscured by overlapping unblocking spectra (Fig. 2E, 2F). Directions for these 

were found by calculating the point on the great circle path from the overprint 

direction to the characteristic direction that lies closest to the overall mean 

direction from the better determined sites. 

At site MT0807, samples were taken from mud clasts within a sandstone 

for the purpose of applying the conglomerate test (Figure 3). The calculated 

declinations and inclinations from each sample at this site were significantly 

different from one another and from the modern magnetic field indicating that the 

remanent magnetization is likely from original deposition of the muds and not 

from later overprinting fields (Table 1). A large within-site spread of characteristic 

directions occurred in sites MT0809, MT0820, MT0823, and MT0825; so 
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West, Up MT0820A 

Figure 2. Demagnetization of representative samples from the Hell Creek (A, C, E) and 
Fort Union (B, D, F) Formations. A and B trend in a line towards the origin, C and D 
cluster and were evaluated using a Fisher Mean, and E and F were analyzed using the 
calculated great circle. Open symbols represent vector end points in the vertical plane 
and closed symbols are in the horizontal plane (Zijderveld, 1967). Open symbols in the 
equal area projections (E, F) are on the upper hemisphere; closed symbols on the lower 
hemisphere. 
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summary statistics were not calculated for those sites. Site localities with 

samples that exhibited stable demagnetization behavior were categorized as 

either alpha or beta sites and summary statistics were calculated from these sites 

(Table 2). Sites that passed Watson's (1956) test of randomness at the 95% 

confidence level and where either all three samples were interpreted using 

principle components analysis or one of the three sample was characterized by a 

mean direction, were considered alpha sites (Fig. 4). Beta sites contained 

samples characterized by more than one mean direction or any great circle 

paths. A reversal test of the alpha sites shows that they are close to antipodal, 

but do not pass at the 95% confidence interval, likely due to incomplete removal 

of modern normal overprint that leads to overly shallow reverse polarity 

directions. The mean VGP of the alpha sites is lat/long 76.5/136.8, a95 = 7.5, 

which is close to but not overlapping with the late Cretaceous North American 

pole from Besse and Courtillot's (2002) study of 73.5/207.3, a95=3.6. This 

discrepancy of expected and actual paleomagnetic poles can also be explained 

by the overly shallow reverse polarity directions noted above. There is no 

significant tilt of the Hell Creek or Fort Union Formations in this area, so no tilt 

corrections were calculated for the summary statistics. 
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Figure 3. Photograph of mudstone clasts (under brackets) within sandstone at site 
MT0807. Edge of notepad is 3.5cm for scale. 
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TABLE 1. PALEOMAGNETIC RESULTS OF SAMPLES FROM SITE MT0807 

Longitude Latitude 
Sample Declination Inclination (dec. deg.) (dec. deg.) VGP long. VGP lat. 

MT0807A 70.9 -22 -106.881 47.55852 4.9 4.0 

MT0807C 177.4 67 -106.881 47.55852 254.8 7.3 

MT0807D 214.6 -84 -106.881 47.55852 85.4 -56.8 
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Figure 4. Equal-area projection of alpha site mean characteristic directions. Mean VGP 
(latitude/longitude) of 76.5/136.8 is close to the expected VGP of 73.5/207.3 (Besse and 
Courtillot, 2002). Filled squares represent normal polarity sites, open are reverse 
polarity sites. 
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CHAPTER III 

MAGNETOSTRATIGRAPHIC RESULTS 

East Ried Coulee to Flag Butte Section 

The 117m section extending from East Ried Coulee (ERC) in the 

northwest to Flag Butte in the southeast (Figure 5) contains the upper Fox Hills 

Formation and the entirety of the Hell Creek Formation. The Hell Creek 

Formation in this area is 92.1m thick (Appendix A). The 25 paleomagnetic sites 

collected and analyzed from this section indicate two magnetic reversals, from 

reverse polarity to normal and back to reverse polarity (Figure 6). The lignite bed 

that is characteristic of the K-Pg boundary in this area is located at the very top of 

this section, within the upper reversed zone interpreted to be C29r (Ogg and 

Smith, 2004). Between 16.19m and 36.45m below the K-Pg lignite is the first 

reversal, to a normal polarity zone, interpreted here to be C30n. The range 

where the reversal occurs is large due to a sandstone layer too coarse for 

accurate paleomagnetic analysis. Within the upper Fox Hills Formation is the 

second reverse polarity zone, possibly C30r (see discussion section below) 
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Figure 5. Map of eastern part of field area showing paleomagnetic sample sites (red 
dots) within the East Ried Coulee to Flag Butte Section. 
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Figure 6. Stratigraphy, measured VGP latitudes and interpreted magnetostratigraphy of 
the East Ried Coulee to Flag Butte Section. Key same as Figure 8. 

17 



Pearl Lake Section 

The northernmost section of the western part of the field area lies 

approximately 14.5km west of the ERC to Flag Butte Section (Figure 7). It is 

24m thick (Appendix B), and contains nine paleomagnetic sample sites. The 

lower Z coal, which represents the K-Pg boundary in this area (Swisher et al., 

1993), is 45cm thick and is 4m above the bottom of the section. The 

magnetostratigraphy of this section begins with a reversed polarity zone, 

representing chron C29r, and changes to normal polarity (C29n) at 21m in the 

section (Figure 8). The top lignite, a Y coal stringer, can be traced to the bottom 

of the Garbani Hill Section 
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Figure 7. Map of western part of field area showing paleomagnetic sample sites (red 
dots and local fossil localities (green and purple dots) in Pearl Lake, Garbani Hill, and W 
Coal to Biscuit Butte Sections. 
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Garbani Hill Section 

The Garbani Hill Section is 17.5m thick (Appendix C) and begins at the 

bottom of a hill next to the Garbani Channel Quarry (Clemens, 2002; Simmons, 

1987). It extends from the 2m thick Y coal to a traceable thin red sandstone 

layer at the top of Garbani Hill. Five sites were sampled from Garbani Hill and 

one from McDonald quarry to the north (Figure 7). Paleomagnetic results show 

that this section is of entirely normal polarity and, given its lithostratigraphic 

overlap with the Pearl Lake Section, likely correlates to chron C29n (Figure 8). 

W Coal area to Biscuit Butte Section 

Seven sites were sampled from this 13.5m section (Appendix D) that 

begins near the W coal exposure next to the road on Engdahl's ranch going east 

from Snow Creek Road and extends to the top of Biscuit Butte (Figure 7). 

Paleomagnetic results indicate two reversals, from normal chron C29n to a thin 

reversed polarity zone (C28r), and back to a normal polarity zone interpreted to 

be chron C28n (Figure 8). This magnetostratigraphic pattern closely matches 

that found by Archibald et al. (1982) at their Biscuit Butte Section in this same 

area. 
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CHAPTER IV 

DISCUSSION 

Stratigraphy 

In order to document the proposed type section for the Hell Creek 

Formation, Hartman (in preparation) completed a lithostratigraphic section near 

and on Flag Butte and found a total thickness for the Hell Creek Formation of 

89.3m. This compares well with the 92.1m thickness found by this study. 

Several meter-scale sandstones serve as marker beds within the formation and 

can be correlated between the sections, despite some lateral differences in 

thickness (Hartman, personal correspondance). With the precise elevation 

measurements of differential GPS, the geometric properties of lithologic or 

chronostratigraphic boundaries can be determined over long distances. For 

instance, elevations from three points on the K-Pg boundary (Pearl Lake lower Z 

coal, Lerbekmo Hill lignite, and Flag Butte K-Pg lignite) define a 

chronostratigraphic plane on the landscape. From these measurements it was 

determined that the plane of the K-Pg boundary in this area dips less than 3° to 

the southeast (Figure 9). This dip is consistent with the study area's position on 

the northwestern edge of the Williston Basin. Using this stratigraphic model, it is 
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possible to estimate the elevation of the K-Pg boundary at any point in the 

region. This estimation, along with mean sedimentation rates between chron 

boundaries and elevation of fossil localities, can be used to estimate the ages of 

fossils in the region. 
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Peart Lake 
Lower Z Coal 

Flag Butte 

Figure 9. Block diagram of the chronostratigraphy of the study area inferred from the 
calculated dip of the K-Pg boundary. Diagram is schematic and vertically exaggerated. 
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Chron C30r 

Previous Hell Creek magnetostratigraphic studies have largely 

concentrated on precisely dating the K-Pg boundary. Archibald et al. (1982) 

originally attempted to use magnetostratigraphy to correlate the Montana portion 

of the Williston Basin with the San Juan Basin in New Mexico and with Red Deer 

Valley in Alberta, but they did not extend the measurements taken from Montana 

to the lower boundary of the Hell Creek Formation. This information was then 

revised by Swisher et al. (1993) who extended magnetostratigraphic sampling to 

near the lower boundary of the Hell Creek Formation at Billy Creek (Figure 10). 

Two other studies that also extended sampling to the base of the Hell Creek 

Formation were located in eastern Montana (Lund et al. 2002) and in North 

Dakota (Hicks et al. 2002), where the Hell Creek Formation is thinner than in the 

west and may not contain as complete a stratigraphic record (Murphy et al., 

2002). These studies found a large normal polarity interval in the lower half of 

the Hell Creek Formation which they interpreted either as one long polarity zone 

(C30n) or as two polarity zones (C30n + C31n) that could not be distinguished 

from one another due to sampling and stratigraphic incompleteness, thus they 

could not calculate a precise date for the beginning of sedimentation for the 

formation. More recently, Lerbekmo (2008) reported paleomagnetic results for 

the entirety of the Hell Creek and into the Fox Hills Formation and found a 

reverse polarity zone at the top of the Fox Hills Formation which he interpreted to 

be C30r. The same magnetostratigraphic pattern for the upper Fox Hills 
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Formation is found in this study, however a potential unconformity at the 

boundary of the Fox Hills and Hell Creek Formations (Murphy et al., 2002) makes 

it uncertain whether the normal polarity zone of the top of the Fox Hills Formation 

is part of the same chron as the normal polarity zone of the basal Hell Creek 

Formation. Without other age constraints on these portions of both formations, 

the identification of the normal polarity zones cannot be made with certainty. 

Although the assignment of the underlying reverse polarity zone to chron C30r is 

tenuous, it remains the most likely interpretation given the completeness of the 

rest of the section and the estimated duration of the sea-level cycle that led to the 

unconformity in the region (Lerbekmo, 2008). 
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Figure 10. Fence diagram of previous magnetostratigraphic studies done in the 

study area compared to this study (Lerbekmo, 2008; Swisher et al., 1993). 
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Intrabasinal correlations 

"A considerable level of biogeographic provinciality exists in the Puercan 

mammal age, especially between northern and southern faunas" (Lofgren et al., 

2004), therefore it is important to use tools besides biostratigraphy to correlate 

between locations that have variable faunal compositions. In the Fort Peck 

Reservoir area of Montana, the Pu1 faunas of the Puercan North American land 

mammal age are found in the lower Fort Union Formation, and Pu2/3 

indeterminate faunas have been found in the channel deposits of Garbani Quarry 

and Purgatory Hill. This is typical of northern Puercan localities, which largely 

consist of Pu1 faunas with some Pu3 and few Pu2 faunas (Lofgren, 2004). A 

thorough magnetostratigraphic and biostratigraphic analysis of the Puercan has 

been done on the Nacimiento Formation in the San Juan Basin, New Mexico 

(Williamson, 1996; Lofgren et al., 2004); however, the San Juan Basin has so far 

only yielded Pu2 and Pu3 faunas. The Hanna Basin in Wyoming does contain all 

three faunal groups, but these have yet to be linked to magnetostratigraphy 

(Lofgren, 2004). The magnetostratigraphy of this study extends from within 

chron 28 within which most of Pu3 can be found, to chron 29 which contains Pu1 

and 2, which is similar to the findings in New Mexico (Lofgren et al., 2004; 

Williamson, 1996) so fossil studies can utilize this framework to determine the 

timing of faunal radiation of early mammals (Wilson, in preparation), and how the 

timing of diversification compares in northern versus southern regions of North 

America. 

28 



CHAPTER V 

CONCLUSIONS 

Four new magnetostratigraphic sections south of Fort Peck Reservoir in 

northeast Montana provide a record of chrons C28n through C30n and a reverse 

polarity zone tentatively interpreted as C30r. This magnetostratigraphy is directly 

linked to the proposed Hell Creek Formation type section on Flag Butte. The 

temporal model proposed here can be used to precisely interpolate ages of fossil 

localities in the lower Fort Union Formation and upper Hell Creek Formation. 

However, dating fossils within the lower Hell Creek Formation remains tentative 

until the ages of the upper Fox Hills Formation and the lower Hell Creek 

Fomation can be constrained, and the reverse polarity zone within the upper Fox 

Hills Formation can be concretely identified as C30r or C31r. These sections 

have the potential to add significant information to the dating of Puercan 

mammalian fossil localities, which is useful for correlation of fossil assemblages 

within early Paleocene basins and understanding the timing of early mammalian 

evolutionary radiation. 
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ADDendix A -
Section 

Bottom of 
Unit (m) 

0.000 

15.354 

25.879 

26.879 

33.194 

54.306 

60.110 

83.156 

99.872 

103.641 

104.885 

105.685 

107.133 

109.931 

114.067 

115.667 

115.817 

118.017 

• East Reid Coulee to Flaq Butte 

Top of Unit 
(m) 
15.354 

25.879 

26.879 

33.194 

54.306 

60.110 

83.156 

99.872 

103.641 

104.885 

105.685 

107.133 

109.931 

114.067 

115.667 

115.817 

118.017 

119.039 

General 
Lithology 

mudstone 

sandstone 

redsandstone 

sandstone 

paleosols 

sandstone 

paleosols 

sandstone 

siltstone 

mudstone 

mudstone 

siltstone 

siltstone 

sandstone 

mudstone 

lignite 

mudstone 

lignite 

Description 

Unit 1: Middle Fox Hills mudstone 

Unit 2: Upper Fox Hills sandstone 

Iron indurated layer between FH and HC 

Unit 3: Basal Hell Creek sandstone 

Unit 4: HC layered paleosols/siltstones 

HC sandstone 1 

Unit 4: HC layered paleosols/siltstones 

HC sandstone 2 

Grey siltstone 

Medium sand fining upward to mudstone 

Brown mudstone 

Carbonaceous siltstone 

Grey siltstone 

HC sandstone 3 

Grey mudstone 

Small lignite 

Grey mudstone 

K/Pg lignite 
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Appendix B - Pe; 

Bottom of Unit 
(m) 

5.343 

5.793 

6.908 

7.208 

8.108 

8.708 

8.824 

9.024 

9.824 

10.924 

17.406 

17.506 

19.548 

20.197 

21.297 

23.176 

24.858 

25.658 

26.308 

arl Lake Section 

Top of Unit 
(m) 

5.793 

6.908 

7.208 

8.108 

8.708 

8.824 

9.024 

9.824 

10.924 

17.406 

17.506 

19.548 

20.197 

21.297 

23.176 

24.858 

25.658 

26.308 

27.300 

General 
Lithology 

lignite 

siltstone 

sandstone 

sandstone 

mudstone 

mudstone 

shale 

siltstone 

lignite 

sandstone 

redsandstone 

mudstone 

shale 

sandstone 

shale 

siltstone 

siltstone 

lignite 

mudstone 

Description 

Lower Z coal 

Grey laminated siltstone 

Unlaminated silty sandstone 

Channel sandstone 

Carbonaceous mudstone 

Grey mudstone 

Carbonaceous shale 

Grey/brown siltstone 

Upper Z coal 

Massive cross-bedded sandstone 

Carbonate sandstone-indurated 

Brownish-grey mudstone 

Carbonaceous shale 

Greyish sandstone 

Carbonaceous shale with mudstone 

Brownish-grey siltstone 

Grey siltstone 

Y coal stringer 

Brownish-olive mudstone 
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Appendix C - Garbani Hill 
Section 

Bottom of Unit 
(m) 

0.000 

2.469 

7.821 

10.421 

10.821 

11.971 

15.971 

16.289 

21.115 

22.265 

Top of Unit 
(m) 

2.469 

7.821 

10.421 

10.821 

11.971 

15.971 

16.289 

21.115 

22.265 

22.349 

General 
Lithology 

lignite 

sandstone 

sandstone 

lignite 

mudstone 

sandstone 

shale 

mudstone 

siltstone 

redsandstone 

Description 

Ycoal 

Tan/grey sandstone 

Grey, silty sandstone 

X (?) coal 

Grey/brown mudstone 

Light grey silty sandstone 

Carbonaceous shale 

Grey to darker grey mudstone 

Brownish-grey siltstone 

Red/tan sandstone 
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ADDendix D - W-C 

Bottom of Unit 
(m) 

0.000 

2.701 

2.901 

5.601 

6.551 

8.801 

10.239 

14.091 

16.622 

17.522 

20.007 

30.507 

32.177 

•oal Area to Bis 

Top of Unit 
(m) 

2.701 

2.901 

5.601 

6.551 

8.801 

10.239 

14.091 

16.622 

17.522 

20.007 

30.507 

32.177 

36.851 

cuit Butte 

General 
Lithology 

mudstone 

sandstone 

siltstone 

lignite 

sandstone 

lignite 

siltstone 

mudstone 

lignite 

siltstone 

sandstone 

lignite 

mudstone 

Description 

Grey mudstone 

Red/orange capping sandstone 

greyish/tan siltstone 

Lower W lignite 

Tan sandstone 

Upper W lignite 

Grey carbonaceous siltstone 

Siltstone to mudstone 

V (?) coal 

Olive/grey/orange siltstone 

Covered tan sandstone 

U coal 

Brownish-grey mudstone 
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