
 
 

 

 

 
Late Cretaceous Paleomagnetic Pole for North America from the Pierre Shale: 

Implications for Baja-British Columbia and True Polar Wander 

 

 

 

 

 

 

 

 

 

 
Ross N. Mitchell 

Senior Integrative Exercise 

March 9, 2007 

 

 

 

 

 

Submitted in partial fulfillment of the requirements for a Bachelor of Arts degree from 
Carleton College, Northfield, Minnesota 

 
 



Late Cretaceous Paleomagnetic Pole for North America from the Pierre Shale: 
Implications for Baja-British Columbia and True Polar Wander 

 
Ross N. Mitchell 
Carleton College 

Senior Integrative Exercise 
March 9, 2007 

 
Advisors: 

Cameron Davidson, Carleton College 
Joseph L. Kirschvink, California Institute of Technology 

Timothy D. Raub, Yale University 
Samuel A. Bowring, Massachusetts Institute of Technology 

Kenneth P.  Kodama, Lehigh University 
Peter D. Ward, University of Washington 

 
Abstract 

 

I present new paleomagnetic data from the Santonian-Campanian Pierre Shale of the United 

States Western Interior basin that is constrained by high-resolution biostratigraphy and 

geochronology. Three lines of evidence suggest that the paleomagnetic record is primary 

including (1) the preservation of original aragonite molluscan shell material, an indicator of 

minimal thermochemical alteration, (2) the successful detection of present-day overprints 

superimposed on both normal and reversed, presumed ancient polarities, and (3) two positive, 

regional tilt-tests. Spanning magnetochrons 34N, 33R and 33N, these paleomagnetic data are 

combined to yield a ~80 Ma paleomagnetic pole for cratonic North America, offering a robust 

standard for testing the Baja-British Columbia hypothesis of Western Cordilleran terrane motion 

and supporting the moderate offset (i.e. 1,200-3,200 km) interpretation of several recent studies. 

Interestingly, the combined data are unidirectionally dispersed through time, alternatively 

yielding three statistically distinct, highly discordant, paleomagnetic poles for North America that 

collectively invoke >5,000 km of rapid, oscillatory motion and/or rotation of North America 

during at most a 4 myr time interval. If these data are explained by true polar wander, the 

magnitude, sense and age of the true polar wander event described here for North America is 

remarkably similar to an event previously proposed for data from the Pacific Plate. 

 

Keywords: Western Interior, paleomagnetism, Late Cretaceous, true polar wander (TPW), 

apparent polar wander (APW), Baja BC, North America, Pierre Shale 
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1. Introduction 

 

Large coastal displacement of previously accreted terranes in western North America, 

typically referred to as the Baja-British Columbia (Baja-BC) hypothesis, seeks to explain 

anomalously low paleolatitudes measured in upper Cretaceous rocks of the North 

American Cordillera (Beck and Noson, 1972; Irving, 1985; Umhoefer, 1987; Cowan et 

al., 1997). While alternative, more conservative hypotheses have been proposed, most 

explanations stem from the suggestion that the Insular Superterrane (Monger and Davis, 

1982) was 3000 km south of its present day latitudes at 90-85 Ma and moved northward 

sometime between 85-50 Ma (Cowan et al., 1997). The conundrum of Baja-BC emerges 

from the difficulty of reconciling paleomagnetic determined paleolatitudes of terranes 

with most other indicators of displacement including paleoentogical determination of the 

latitudinal distribution of bivalve rudists (Kodama and Ward, 2001), geological estimates 

of fault displacement (Cowan et al., 1997), and basin-analysis of terrane strata (Mahoney 

et al., 1999; Mustard et al., 2000).  

 

The Late Cretaceous is also an interval of time that has been proposed to show evidence 

for true polar wander (TPW), in which the entire solid, silicate Earth (mantle and crust) 

rotates relative to the spin axis about the liquid outer core (Gordon, 1983; Acton, 1999; 

Prevot et al., 2000; Sager and Koppers, 2000). Gordon (1983) roughly grouped eight 

paleomagnetic poles from seamounts on the Pacific Plate into 90 and 81 Ma age groups 

based on polarity and K-Ar and Ar-Ar ages for the seamounts. The 13° shift observed 

between the 90 and 81 Ma means are interpreted as a TPW event. Similarly, Sager and 
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Koppers (2000) used discordant paleomagnetic poles from Pacific seamounts of 

indistinguishable Ar-Ar ages to suggest an episode of rapid TPW ~84 ± 2 Ma.  

 

Global paleomagnetic database syntheses (Besse and Courtillot, 2002) are especially 

depauperate in the 85-75 Ma window. Tests of hypotheses of dramatic terrane 

displacement (Baja-BC) and rapid TPW in the Late Cretaceous remain unsatisfying 

because North America lacks robust cratonic reference poles for this time. At least three 

volcanic formations, the Adel Mountains (Gunderson and Sheriff, 1991), the Elkhorn 

Mountains (Diehl, 1991), and the Maudlow Formation (Swenson, 1989), produce 

plausible late Cretaceous reference poles (Fig. 1a). However, each of these areas could 

have experienced some vertical axis rotation associated with Laramide deformation 

(Engebretson et al., 1984). In addition, the ages of each are imprecise and/or ambiguous 

and the interpretation of these poles are subject to the standard ambiguities associated 

with paleomagnetic data from volcanic rocks including concerns about paleohorizontal 

and averaging of paleosecular variation. For sedimentary rocks, data producing one ~81-

79 Ma pole from the Western Interior (Elk Basin) are only moderately well-behaved 

(Hicks et al., 1995); apparently well-behaved data from the Fort Hayes member of the 

Niobrara Formation (underlying the Pierre Shale) produce a second pole (Acton, 2005) 

that is considerably older than our interval of interest and, as-yet, only reported in 

abstract (Fig. 1b). 

 

In this study, we conducted geologic field work aimed at recording a detailed bio- and 

magnetic stratigraphy within a suite of measured stratigraphic sections across South 
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Adel Mt. (71.2 +/- 2.7, K-Ar, Bt.)    Gunderson and Sheriff (1991)
 (81.1 +/- 3.5, K-Ar, w.r.)
Maudlow  (74.9 +/- 1.0, K-Ar, w.r.)   Swenson and McWilliams (1989)
 (83.0 +/- 2.0, K-Ar, w.r.)
Elkhorn Mt.(79.6 +/- 2.4, K-Ar, w.r.)   Diehl (1991)
 (80.8 +/- 2.4, K-Ar, w.r.)

Elk Basin (33R-33N) Hicks et al. (1995)
Ft. Hayes (34N) Acton and Gordon (2005)

Volcanic Sedimentary

A B

Fig. 1. Existing North American reference poles for the Late Cretaceous as derived from volcanic 
(A) and sedimentary (B) rocks.
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Dakota, Wyoming and Montana (Fig. 2). We present new paleomagnetic data from the 

Western Interior that spans magnetochrons 34N, 33R and 33N (Santonian-Campanian). 

These data can be combined to calculate an average paleomagnetic pole for North 

America from ~81-78.5 Ma. However, the paleomagnetic data are dispersed 

unidirectionally through time, allowing us to calculate three statistically distinct pole 

positions for North America for 34N, 33R and 33R-33N. Collectively, the discordant 

poles imply >5,000 km of rapid, oscillatory motion and/or rotation of North America 

over less than 4 Ma. 

 

 

2. The Baja-British Columbia Hypothesis 

 

The most recent, robust paleomagnetic work derived from basins on both the Insular and 

Intermontane Superterranes of the North American Cordillera present problematic 

tectonic implications. Upper Cretaceous strata exposed in Churn Creek, British Columbia 

(Insular Superterrane) comprise of two rock packages: an underlying Albian volcanic and 

minor volcaniclastic rock package and a disconformably overlying upper package of 

Albian to Santonian polymict conglomerate and associated clastic strata. Paleomagnetic 

data suggest that the lower package formed 700 ± 600 km to the south of its present 

position at 105-100 Ma (Haskin et al., 2003), tying it to other Intermontane Superterrane 

results; however, the disconformably overlying package was deposited 3000 ± 450 km to 

the south at between 92-83 Ma (Enkin et al., 2003), confirming paleomagnetic results for 

the Insular Superterrane from the Tyaughton-Methow basin (Wynne et al., 1995). 
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Fig. 2. Sampling locality map. Colored stars represent localities yielding the pole-quality 
paleomagnetic data presented in this paper. Gray stars represent other localities studied 
and sampled although not yielding particularly robust paleomagnetic directions. All sam-
pling localities are well outboard of the eastern front of the Sevier orogeny thrust-belt in 
an attempt to minimize the possibility of vertical-axis rotations affecting primary mag-
netic remanences. Surface of the Earth image from Jules Verne Voyager (Earth).
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Mahoney et al. (2001) offer potential caveats to the conundrum: (1) differential 

compaction-induced inclination shallowing between the upper and lower packages in 

Churn Creek; (2) initial dip in stratigraphic successions; (3) inaccuracy of the hot spot 

reference frame used to reconstruct Mesozoic plate motions; (4) non-dipole magnetic 

fields associated with the Late Cretaceous Long Normal Superchron (34N); (5) the 

reliability of the late Cretaceous reference pole for North America; and (6) a rapid polar 

wander (TPW) episode in the Late Cretaceous. While (1-4) have been partially addressed 

by subsequent studies, the validity of North America’s reference pole and the possibility 

of TPW have not been adequately tested. 

 

Most Baja-BC related studies make the underlying assumption that any motion of the 

Insular and Intermontane Superterranes took place relative to a standstill North America. 

For example, Housen et al. (2003) compare their pole for the Mount Stuart Batholith (91 

Ma) with North American poles averaged over 125-85 Ma. Because most late Cretaceous 

poles for North America are derived from plutonic rocks found near both eastern and 

western plate boundaries, and not from bedded sedimentary strata from the plate interior, 

the reliability of these poles is problematic. Establishing a robust late Cretaceous cratonic 

reference pole in order to paleogeographically reconstruct North America is required to 

accurately approximate the relative offset between various terranes and the craton and 

therefore test the Baja-BC hypothesis. 

 

 

3. Late Cretaceous True Polar Wander 
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Although several studies have suggested the occurrence of a rapid TPW event in the Late 

Cretaceous, most of the evidence derives from controversial sources including seamount 

magnetic anomalies and hotspot models. The use of seamount data to accurately 

constrain TPW has been questioned by some in the paleomagnetic community (Cottrell et 

al., 2000). Hotspot studies assume that mantle plumes (hotspots) are fixed in the mantle 

and therefore posit that observed discrepancies between modeled and observed 

paleomagnetic poles approximates the amount of TPW (Morgan, 1981; Besse and 

Courtillot, 2002).  Other studies suggest that the assumption that hotpots are fixed may be 

incorrect (Tarduno and Cottrell, 1997; Cottrell and Tarduno, 2003), lending little 

confidence to the method’s bearing on TPW.  Interestingly, paleomagnetic data from the 

Pacific-plate imply similar TPW rotations from 94-80 Ma and from 80-49 Ma (Sager, in 

press), providing perhaps the most robust evidence for Late Cretaceous TPW to date. 

Despite the support of TPW suggested by three independent methods, the possibility of 

large-scale, rapid true polar wander during the Late Cretaceous remains controversial. 

 

Cottrell and Tardano (2000) suggest that the most definitive test of the TPW hypothesis 

could be achieved by retrieving paleomagnetic data from successive layers in continuous 

sedimentary strata.  Maloof et al. (2006) present the first example of such a study for a set 

of two TPW events in the Neoproterozoic.  For the proposed late Cretaceous interval, 

paleomagnetic study of the Scaglia Rossa pelagic limestones of the Umbria-Marche 

sequence in Italy appears to show no evidence for TPW; however, the data are not 

consistent enough to derive quality paleomagnetic poles (Cottrell et al., 2000). 
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4. Geologic Setting 

 

Coincident with the Sevier Orogeny, deposition of the Pierre and Cody Shale in the 

Western Interior basin took place in a foreland basin with rapid-accumulation rates and 

progressive flexure-derived accommodation space (Klug, 1993). This flexure, caused by 

east-directed thrusting from the west, explains the asymmetry of the Western Interior 

basin. The Western Interior sediments studied here lie well east of the Sevier thrust belt, 

minimizing the possibility of vertical axis rotation which plagues most North American 

reference poles (Fig. 2). Significant regional unconformities speak to the shallow water 

depth of the Western Interior basin. Contained in our study, the Pierre-Niobrara 

unconformity represents a significant ~4 myr hiatus or condensed interval (i.e. 5 missing 

ammonites zones, Scaphites hippocrepis I - Baculites sp. smooth) in the southern flank of 

the Black Hills (Gill and Cobban, 1966), but only a 0.5 myr hiatus in the Elk Basin 

section (Hicks et al., 1995). In the northern flank of the Black Hills no unconformity 

exists as S. hippocrepis, B. sp (smooth-weak flank ribs), and B. obtusus are found in 

stratigraphic succession (Cobban and Larson, 1997). 

 

Environmental conditions in the Western Interior basin during the Cretaceous provided 

strata particularly suitable for the development of a Cretaceous timescale (Obradovich, 

1993) featuring sub-continuous marine sedimentation providing a nearly complete 

stratigraphic record, a rapidly evolving and endemic ammonite succession offering 
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Scaphites hippocrepis I

Scaphites leei III

Desmoscaphites bassleri

Scaphites hippocrepis II

Scaphites hippocrepis III

Baculites obtusus

Baculties mclearni
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Baculites sp. 
(weak flank ribs)
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80.04 ± 0.4 
(Hicks. et al., 1999)

83.91 ± 0.4 
(Obradovich, 1993)

79.52 ± 0.6
(Hicks. et al., 1995)

81.71 ± 0.3 
(Obradovich, 1993)

33N

34N

33R

Geochronology Ammonite Zones Sr Isotopes Polarity

0.707600.707500.70740

A B C D

Fig. 3. Previous integrated stratigraphy of the Western Interior. (A) Composite magnetic 
stratigraphy of Hicks et al. (1995), Hicks et al. (1999) and Mitchell et al. (in review). (B) 
Existing Ar-Ar (Obradovich, 1993; Hicks et al., 1995; Hicks et al., 1999) and U-Pb 
geochronology (Mitchell et al., in preparation). (C) High-resolution ammonite zones of 
Gill and Cobban (1966). (D) Sr-Sr isotope stratigraphy of McArthur et al. (1994).
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comparatively high-precision dating for biostratigraphy, and quasi-regular volcanic 

eruptions lending radiometeric control (Obradovich, 1993; Hicks et al., 1995; Hicks et al., 

1999). Additionally, chemo- (McArthur et al., 1994) and magnetic stratigraphy provide a 

tightly constrained timescale for our interval of concern (Fig. 3). 

 

4.1 Biostratigraphy 

 

The Western Interior boasts two genetically different biostratigraphies, one derived from 

the United States pioneered by Cobban and Reeside (1952) and one from Canada 

proposed by Jeletzky (1968). While both biostratigraphic systems predominantly rely on 

amminoid fauna, Jeletzky’s takes account of several types of molluscan fauna, therefore 

each consecutive biozone is characterized by multiple taxa and comparatively more time 

than Cobban’s typical zone. More conventionally referenced as representative of the 

Western Interior, Cobban’s system relies entirely on ammonites and musters 60 zones for 

the Cenomanian-Maastrictian interval, averaging ~2 zones/myr. Given the geographic 

proximity and local stratigraphic nomenclature of our sections we utilize Cobban’s 

biostratigraphic system, specifically the succession dated by Obradovich (1993) (Fig. 3c, 

b). 

  

4.2 Magnetic Stratigraphy 

 

Several paleomagnetic studies spanning 33R-K/T boundary have been conducted across 

the Western Interior. Of those studies focusing on the Santonian-Campanian interval, 
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only two performed sufficiently rigorous demagnetization procedures that executed 

thermal and alternating-field (af) demagnetization in tandem: Hicks et al. (1995), 

interpreting 33R-33N from a terrestrial sequence; and Hicks et al. (1999), interpreting 

33N-31R from a shallow-marine sequence akin to our localities. Hicks et al. (1995) 

constrain the 34N-33R reversal by finding reversed polarity throughout and below the 

Eagle Sandstone bearing Scaphites hippocrepis II, dated at 81.71 ± 0.3 Ma. The base of 

33R must therefore be contained an older zone, either S. hippocrepis I, S. leei III or upper 

Desmoscaphites bassleri (Fig. 3a). Mitchell et al. (in preparation) offer a complete 

discussion of the 34N-33N magnetic stratigraphy in the Western Interior with the advent 

of two new results: finding that the 33R-33N reversal occurs two biozones lower than 

determined by previous extrapolation (B. mclearni, not B. asperiformis) and documenting 

the 34N-33R transition for the first time in the Western Interior, although within 

condensed, unfossiliferous strata. 

 

 

5. Methods 

 

5.1 Biostratigraphy 

 

Collections of in-situ molluscan fossils were made from eight localities (including 

another outcrop north of Oral not shown in Fig. 2) alongside paleomagnetic sampling. 

These specimens were identified by Neal Larson at the Black Hills Institute of Geological 

Research, an expert on the ammonites of the Pierre Shale. Specimens of Scaphites leei III 

– Scaphite hippocrepis III were identified by Neil Landman at the American Museum of 
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Natural History. The assemblages represent the zonal index species and accompanying 

fauna of the following Western Interior zones (sampling location in parentheses; see Fig. 

2 for reference): Scaphites leei III (Rosebud County, MT), Scaphites hippocrepis I 

(Greybull, WY and Manderson, WY), Scaphites hippocrepis III (Greybull, WY), 

Baculites sp.(smooth) (Casper, WY and Belle Fourche, SD), Baculites sp.(weak flank 

ribs) (Casper, WY and Belle Fourche, SD), Baculites obtusus (Ardmore, SD and Oral, 

SD), and Baculites mclearni (Oral, SD). 

 

5.2 Paleomagnetism 

 

Over 130 oriented cores were hand-drilled at seven localities distributed across >500 km 

(Fig. 2), spanning ~4 Ma of Pierre Shale (South Dakota and Montana) and some Cody 

Shale (Wyoming). We carefully selected each locality based on the presence of aragonitc 

ammonites—an invaluable asset for both magnetic and biostratigraphic methods. 

Empirically, paleomagnetic sampling sites with the presence of aragonite have faithfully 

recorded stable, definitely primary magnetizations (Filmer and Kirschvink, 1989; Ward et 

al., 1997). Theoretically, the presence of aragonite can be used as evidence for minimal 

thermochemical alteration since the aragonite-calcite transition occurs at ~80oC, a 

temperature reached with most modest amounts of burial. 

 

Here, we report only pole-quality paleomagnetic data (colored-star localities in Fig. 2), 

omitting data only suitable for polarity determination (white-star localities in Fig. 2). 

Therefore, nearly all characteristic remanant magnetizations (ChRMs) reported are 
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determined either by linear decay to the origin or stable-end point behavior, with only a 

few determined by best-fit arcs. We used traditional rock magnetic and paleomagnetic 

methods for analysis (Appendix). Previous studies on similar sediments report stable 

behavior to 400oC at best (Hicks et al., 1999), with few exceptions (Ward et al., 1997). In 

the vain of those exceptional studies we carry out high-temperature demagnetization in a 

controlled Nitrogen (N2) atmosphere, preventing spurious oxidations from occurring and 

consequently extending the “lifetime” of such weakly magnetized sediments. In addition 

to the paleomagnetic measurements, isothermal remnant magnetization (IRM), 

anhysteretic remnant magnetization (ARM), ferromagnetic magnetic remanence (FMR) 

and low-field thermosusceptibility rock magnetic experiments were preformed on a 

sample of each lithology from each locality. 

 

 

5.2.1 Carbonate Concretions 

 

Half of our sample set is derived from calcareous concretions. Recent isotopic and 

petrographic studies on ancient calcareous concretions and modern analogues (Pedersen 

and Buchardt, 1996; Raiswell et al., 2000) are consistent with early sedimentological 

interpretations: concretions represent early, ancient and precompactional diagenesis. The 

percentage of calcium carbonate (CaCO3) typically decreases about 5% from the center 

of concretions to their outermost margins, suggesting that porosity decreases with 

progressive compaction (Raiswell, 1971). Therefore, the innermost specimens of 
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concretionary samples were analyzed since their magnetic fabrics should theoretically be 

precompactional, precluding inclination shallowing. 

 

5.2.2 Inclination Shallowing in Shale 

 

Inclination shallowing due to sediment compaction is a prevalent problem in sedimentary 

paleomagnetism, especially for fine-grained mudstones. In recent years, however, 

theoretical methods have been developed that can rigorously identify and quantify the 

amount of sediment compaction for a given sedimentary rock. Anisotropy of anhysteretic 

remanence (AAR) has been used successfully to identify and correct inclination 

shallowing in the claystone, siltstone, and shale of the Paleocene Nacimiento Formation 

of northwestern New Mexico (Kodama, 1997). In this study, the remanence anisotropy of 

the magnetic grains carrying the ChRM was isolated by applying a partial anhysteretic 

remanence (pARM) to only the remanence-carrying grains. The technique assumes that 

as compaction, or depositional processes rotate magnetic grains into the horizontal, a 

remanence anisotropy will develop concurrently. Although not done in this study since 

compaction does not seem to have significantly shallowed the ChRMs, some studies also 

measure the anisotropy of a sample’s magnetic particles (Jackson et al., 1991). In tandem, 

the bulk remanence anisotropy of each sample and the anisotropy of its magnetic 

particles can be used to correct its ChRM for inclination shallowing. 
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6. Results: Biostratigraphic, Paleomagnetic and Rock Magnetic 

 

6.1 Ardmore-Oral, South Dakota 

 

The Sharon Springs and Gammon Ferrigenous Members of the basal Pierre Shale are 

well-exposed in Ardmore, SD and Oral, SD. The quarry locality known for the presence 

of the Ardmore Bentonite, Ardmore (43.02564oN, 103.67783oW; GPS points using 

WGS84 Datum) represents 20 m of the Sharon Springs and Gammon Ferruginous 

members of the lower Pierre Shale (Fig. 4b). The section contains several bentonite 

horizons, several calcareous concretion horizons and one discrete fossiliferous horizon of 

B. obtusus (Fig. 4c)—a biozone restricted to the similar stratigraphic level in the Redbird, 

WY section of Gill and Cobban (1966), the basal occurrence of the Ardmore Bentonite.  

 

Although slight lithologic variance is observed, the complete Ardmore stratigraphic 

interval is contained within the larger 46.5 m section at Oral (43.40123oN, 103.32433oW; 

Fig. 4a). North of the Cheyenne River, 3 miles west of Oral, SD, the Oral section spans 

from below the Pierre-Niobrara unconformity up to B. mclearni (Fig. 4b). An outcrop 

photo of the lower part of the section is shown in (Fig. 4g). We infer the locally 

interfingering relationship between the Niobrara chalk (white) and Gammon Ferruginous 

shale (light gray), both truncated by the overlying Sharon Springs shale (dark gray, 

although bentonite rich) whose base is the Ardmore Bentonite (Fig. 4h). Aragonitic 

ammonites were found at discrete horizons near the top of the section (Fig. 4c). 
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The polarity of the Ardmore-Oral composite section has been recently reported by 

Mitchell et al.(in preparation), establishing a refined timescale for the 33R interval in the 

Western Interior (Fig. 4d, e). Here, we report the paleomagnetic directions of those most 

robust data from Ardmore-Oral in order to calculate paleomagnetic poles. Samples from 

Ardmore and Oral carried low-stability (unblocking at ~150 oC) present local field (PLF) 

overprints (Figure 6a). Both reversed and normal ChRMs defined between 150-325 oC 

are derived from both concretion and shale samples (Figure 4d). Reversed ChRMs are 

easily discerned and defined mostly by stable end-points on equal area plots (e.g. Figure 

8g). Discernable but slight directional shifts between low-stability and high-stability 

normal vectors coincide with appreciable losses of magnetization, indicating the 

successful removal of PLF overprints to reveal late Cretaceous ChRMs (e.g. Figure 8f). 

Only two best-fit circles are required whereas the rest of the data are defined by best-fit 

lines. The reproducibility of our coeval results from the geographically disparate 

Ardmore and Oral sections suggest we have accurately isolated ancient ChRMs. We 

therefore combine data from both sections for a more complete magnetic stratigraphy. 

 

The entire Ardmore-Oral dataset only passes a C quality reversal test where groups 

would not share a common mean at the 68.17% confidence level (McFadden and 

McElhinny, 1990). However, it is readily apparent that samples stratigraphically low 

(dark blue in Fig. 4d, 6b) share an internally consistent, common mean that is directional 

distinct from that of the overlaying strata (light blue and red in Fig. 4d, 6b) of both 

normal and reversed polarity. A second reversal test, excluding these significantly older 

ChRMs, is deemed more appropriate and the two sections pass a B-quality reversal test, 
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where opposite-polarity distributions would not share a common mean at the 34.33% 

confidence level (McFadden and McElhinny, 1990).  Considering the limited sampling of 

reversed polarity, we deem this reversal test significant evidence for isolation of primary 

magnetic vectors, especially in light of the expectation of nearly absent thermochemical 

alteration. Consistent with this interpretation, the upper Ardmore-Oral ChRMs (light blue 

and red) very significantly pass a tilt-test, where kINSITU= 28.7 and kTilt-Corr.= 40.5 (Fig. 

6b). 

 

6.2 Belle Fourche, South Dakota  and Casper, Wyoming 

 

Although stratigraphically small, the Belle Fourche section (44.89648oN, 103.86884oW; 

Fig. 2) combines quality paleomagnetic and biostratigraphic data. North of the Black 

Hills, the Gammon Ferruginous in Belle Fourche yields a continuous ammonite record 

without any significant hiatuses or condensed intervals (Fig. 5b). Containing the zonal 

boundary between B. sp. (smooth) and B. sp. (weak flank ribs) (Larson, 2006), the Belle 

Fourche section provides a record that is either excised from or severely condensed in the 

Ardmore-Oral succession. Fossils immaculately preserve their original aragonitic shell 

material and were abundant throughout the section (Figure 5c). All paleomagnetic 

samples from Belle Fourche, except for one from a ferruginous concretion, were air-

drilled in well-lithified shale, dug back from surface exposure. One bentonite horizon 

found at 2 m, near the base of the exposure, yielded adequate zircon grains in order to 

determine a U-Pb age for the section (reported in Section 6; Fig. 5). 
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Paleogeographic reconstructions of North America according to paleomagnetic poles 
calculated using the three means shown in (F).
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Low stability components revealed unblocking temperatures of 150-175oC. The low-

stability directions cluster about the expected PLF dipole (Figure 5f, 6c). Due to the 

overall good demagnetization behavior, mainly best-fit lines are fit to isolate ChRM 

directions. Also containing the B. sp. (smooth) and B. sp. (weak flank ribs) zonal 

boundary (Larson, 2006), a parallel section in Casper, Wyoming (42.86562oN, 

106.32746oW; Fig. 2) was measured and sampled in order to conduct both a regional tilt-

test and a test of inclination shallowing on coeval carbonate concretions. Three early 

diagenetic concretion samples from Casper yield high-quality ChRMs that agree very 

well with the coeval Belle Fourche distribution (Fig. 6d), suggesting that minimal 

inclination shallowing has taken place in the Belle Fourche shale samples and providing a 

positive tilt-test (kINSITU= 13.65 and kTilt-Corr.= 13.93) to suggest that the Belle Fourche 

ChRMs are, indeed, primary. Owing to the ammonite biostratigraphy and reversed 

polarity, we unambiguously interpret the Belle Fourche section as 33R. 

 

6.3 Inclination Shallowing 

 

Samples from each distinct ChRM group (Ardmore, upper and lower Oral, and Belle 

Fourche) were analyzed with AAR in order to identify and quantify inclination 

shallowing due to sediment compaction. Whereas previous workers find that compaction 

shallowing even pervades carbonate concretions (Kim and Kodama, 2004), concretion 

samples from Ardmore (5 samples) and the lower-Oral (2 samples) yielded AAR fabrics 

that were not indicative of compaction, with maximum anisotropy axes scattered at 

random (Fig. 7). The Belle Fourche shales (7 samples) yield fabrics indicative of 
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Ardmore Concretion Belle Fourche ShaleUpper Oral  Concretion 

Anisotropy axes
Maximum
Intermediate
Minimum

Fig. 7. AAR results for various localities and lithologies. Each sample has three data points: 
maximum, intermediate and minimum anisotropy axes. Concretions do not show a 
compaction-induced inclination fabric as maximum anisotropy axes are randomly scat-
tered. Belle Fourche shale samples exhibit a compactional fabric, with maximum anisot-
ropy axes plotting near the equator. However, the estimated inclination correction is mini-
mal.
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compaction, where maximum anisotropy axes cluster near the equator because elongate 

magnetic mineral grains have been preferentially rotated to horizontal with compaction 

(Fig. 7). However, assuming a typical anisotropy of the magnetic particles in marine 

shale, the Belle Fourche fabric only substantiates an ~8o degree inclination correction—a 

modest correction for marine shale, normally >10o (Krijgsman and Tauxe, 2006). 

 

While most AAR studies have found evidence for significant inclination shallowing, our 

study generally exhibits a lack of inclination shallowing in our Pierre Shale samples. Our 

study, we therefore argue, simultaneously acts to verify the quality of the raw (i.e. 

uncorrected with AAR) Western Interior paleomganetic data presented here and further 

vindicates the AAR method by accruing negative evidence (i.e. minimal to no correction) 

in addition to positive evidence as mustered in numerous past studies. 

 

6.4 Rock Magnetics 

 

Normal polarity (nearly PLF) overprints appear ubiquitously removed by subsequent 

controlled-atmosphere thermal demagnetization to ~150oC, as illustrated by zijerfeld, 

equal area, and J/Jo diagrams (e.g. Fig. 8d, g). This unblocking temperature is indicative 

of goethite, consistent with past studies on Western Interior sediments that find PLF 

overprints carried by goethite (Hicks et al., 1995; Hicks et al., 1999). IRM rock magnetic 

data support the presence of goethite in all samples, although with varying amounts (Fig. 

8a-c). 
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Fig. 8. (A-C) Rock magnetic results of concretion (green lines) and shale (blue lines) 
samples from Belle Fourche (BFGF), Oral (PSO) and Ardmore (PSA), shown from left to 
right. IRM: BFGF shows appreciable goethite and/or possibly multi-domain (viscous rem-
anant magnetization) magnetite, where various demagnetization plots in (D) suggest the 
presence of goethite, also the dominant ferromagnetic phase saturates > ~200 mT; PSO 
suggests minor goethite dominated by phase with sIRM > 200 mT, supported by demagne-
tization data shown in (E); PSA again displays a dominant ferromagnetic phase that satu-
rates > ~200 mT but seems only to have trace goethite and/or multi-domain (viscous rem-
anant magnetization) magnetite, possibly owing to the freshness of the quarry outcrop. 
ARM (indicator of domain size, ranging from multi-domain at bottom similar to the Chiton 
tooth standard, to purely single-domain similar to magnetotactic bacteria): BFGF is moder-
ately interacting; PSO is moderately non-interacting; and PSA is strongly non-interacting. 
Lowrie-Fuller: BFGF, distinctly positive, indicating the presence of a single-domain 
carrier; PSO, slightly positive, indicating the likely presence of a single-domain carrier; 
and PSA, indeterminate. (D-G) Examples of demagnetization. Distinct mean ChRM direc-
tions discussed in detail in Sections 7.2 and 7.4 do not seem to be attributed to different 
demagnetization behavior or different rock magnetic properties.  Neither is polarity 
dictated by rock magnetism: normal (F) and reversed (G) samples from large, duplex 
concretion display identical demagnetization and rock magnetic properties shown in (C).
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Thermal demagnetization of both concretions and shales also exhibit appreciable losses 

in magnetization (i.e. unblocking) at approximately 270-300oC (Figure 8d, f, g). Such 

unblocking suggests the presence of Fe-sulfides or low-Ti titanomagnetite (Krása et al., 

2004) as possible remanence carriers. Low-field thermosusceptibility analyses do not 

indicate any presence of iron sulfides and suggest low-Ti titanomagnetite as the 

remanence carrier. Appreciable amounts of magnetization are retained after the removal 

of the, as interpreted here, titanomagnetite component, suggesting the presence of another, 

higher-stability carrier. Continued fine thermal-stepping reveals stable reversed-polarity 

clusters or normal-polarity endpoints of ~25% original NRM intensity.  

 

Neo-formation of ferromagnetic minerals indicated by increases in magnetic 

susceptibility (measured after every demagnetization step) appears to commence above 

~400oC, perhaps related to pore-cement reactions in calcareous shale and concretions. 

Since most samples go unstable above 400oC we are only able to speculate about the 

identity of our highest coercivity carrier. Ferromagnetic magnetic remanence (FMR) 

studies of both shales and concretions indicate the presence of detrital (i.e. non-biogenic) 

magnetite. Providing our best estimation, FMR results suggest that detrital magnetite, in 

addition to titanomagnetite, is our high coercivity carrier. Remanent-field rock 

magnetism reveals a plausibly monomineralic, dominantly non-interacting, probably 

single domain, medium-coercivity phase carrying the ChRMs, supporting the idea that 

both detrital titanomagnetite and magnetite are present in Western Interior sediments (Fig. 

8). 
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We believe these results are probably extensible to previous studies of Western Interior 

sedimentary units. We ascribe the slightly improved thermal demagnetization behavior 

and ChRM determination to our use of low-temperature cycling and controlled-

atmosphere thermal demagnetization. There is no apparent rock-magnetic control on 

polarity (compare Fig. 8f and g), magnetization direction (compare Fig. 8d and g), or 

dispersion within ChRM population. 

 

 

7. Timescale 

 

Mitchell et al. (in preparation) provide U-Pb radiometric age constraints for the 33R-33N 

interval at Ardmore-Oral. To facilitate accurate comparison between different radiometric 

clocks, the existing Ar-Ar date for the Ardmore Bentonite (Hicks et al., 1999) has been 

regarded as 800 kyr older, therefore conforming to the U-Pb radiometric clock. The 33R-

33N interval at Ardmore-Oral spans from just below the Ardmore Bentonite (80.84 ± 0.4 

Ma) to just above the B. mclearni zone (78.527 ± 0.11 Ma). A new unpublished U-Pb 

zircon geochronologic age of 81.206 ± 0.16 Ma (Bowring, unpublished data) provides 

radiometric control for the 33R data and B. sp. (smooth) – B. sp. (weak flank) zonal 

boundary at Belle Fourche. Two bentonite horizons were sampled from within the 34N 

zone at Oral, although no zircons were found. With the exception of 34N not yielding 

radiometric data, we are able to construct a timescale for 34N, 33R, and 33N that derives 

from combined stratigraphic, biostratigraphic, paleomagnetic and gechronologic evidence. 
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8. Discussion 

 

 8.1 “Lumped” Paleomagnetic Pole: ~80 Ma 

 

Combining all our 72 samples with ChRMs interpreted as lines (omitting the 

considerably older sample-set derived from 34N) we observe an essentially equal 

distribution of normal and reversed directions (Fig. 6e). Our cumulative dataset generates 

a paleomagnetic pole of 75.1°N, 196.8°E (N=72, A95=6.0) and average paleolatitude of 

52.4 ± 5.8°N for this part of the North America craton at ~80 Ma. Our cumulative pole, 

most chronologically coeval with that of the Elkhorn Mountain Volcanics (Diehl, 1991), 

agrees very well as the statistical error of our pole lies within that of the Elkhorn pole 

(Figure 9a). The agreement between our pole and the one derived from the fault-bound 

Elkhorn Mountain Volcanics may substantiate the argument that no appreciable amount 

of vertical axis rotation has taken place on the Laramide thurst front since 80 Ma relative 

to stable, cratonic NA. The agreement between the Western Interior sediments and coeval 

volcanics also supports the notion that inclination shallowing is minimal for our dataset. 

 

Although in the vicinity of the candidate volcanic poles (e.g. Elkhorn), our new 

sedimentary pole is both more precise and better age-constrained. Comfortingly, it lies 

within ~5 degrees of the best-fit estimate to Besse and Courtillot’s (2002) global 

synthetic apparent polar wander path at ~80 Ma, an age of relatively poor definition in 

that compilation. 
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Fig. 9. (A) The combined pole presented here from the Pierre Shale is statistically indistin-
guishable from the coeval Elkhorn Mountain Volcanics pole (Diehl et al., 1991), however 
our new pole is more accurately dated. The agreement between the two poles argues both 
that little vertical-axis rotation has taken place on the Laramide thrust front and that incli-
nation shallowing does not significantly affect the Western Interior data presented here. (B) 
Paleogeographic test of the Baja-BC hypothesis using our combined pole to reconstruct 
North America at ~80 Ma. Constrained arrows represent paleolatitude estimates from vari-
ous paleomagnetic studies of the coeval Nanaimo group from the Insular Superterrane. The 
two most recent inclination-corrected treatments of Nanaimo paleomagnetic data approxi-
mate ~2,200 km of offset for Vancouver Island (present-day position relative to North 
America circled in red). (C-E) Coeval paleolatitude estimates from Nanaimo compared to 
“split” poles from the Western Interior: 34N (C), 33R, also Wrangellia terrane estimate 
(Stamatakos et al., 2001) for MacColl Ridge, current position on North America is also 
labeled and circled. (D) and 33R-33N (E). See Section 7.3 for detailed explanation. (F-H) 
Correlation between pre-Campnian poles from the Western Interior and Insular Superter-
rane. Terrane poles have been swiveled about small-circles since vertical-axis rotations can 
be appreciable and undeterminably variable. (F) Discordant, although arguably primary 
poles from underlying Silverquick and overlying Powell Formations from the Tyaughton-
Methow basin (poles calculated from Wynne et al., 1995). (G) Discordant, although argu-
ably primary poles from underlying (Albian; Haskin et al., 2003) and disconformably over-
lying strata of the Cretaceous Churn Creek succession (Enkin et al., 2003). (H) Discordant 
poles from cratonic North America from underlaying (~89 Ma) Fort Hayes member of the 
Niobrara Formation (Acton and Gordon, 2005) and the preliminary pole for ~84 Ma from 
the overlying Pierre Shale. The superimposed small-circle pole positions for both Insular 
Superterrane results (F and G) agree very well with North America’s APW path, suggesting 
that terrane and craton moved rapidly as a single unit—a problematic tectonic implication.
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8.2 “Split” Paleomagnetic Poles 

 

Interestingly, our cumulative distribution used to calculate the “lumped” paleomagnetic 

pole is systematically dispersed through time (i.e. not randomly scattered as indicative of 

secular variation; Fig. 6f). Using this critical observation we calculate three time-

transgressive poles named for the magnetochrons they are derived from: 34N, 33R, 33R-

33N (Fig. 10a, 6g). Owing to our stratigraphic sampling approach (Raub et al., 2001), all 

poles represent time equivalent to multiple cyclic periods of secular variation (i.e. >105 

yrs) and, theoretically, average paleosecular variation. While the angular dispersions of 

virtual geomagnetic poles for the 33R (Belle Fourche) and 33R-33N (Ardmore-Oral) 

poles are as expected of a time-averaged field (McFadden et al., 1988), the 34N data are 

too limited in sample number to accurately discern either way.  

 

The 34N pole (73.1°N, 29.4°E, N = 11, A95 = 7.0; Figure 10a) is derived from 11 

samples (3 concretion, 8 shale samples) located from 1-9 m at Oral, SD (Fig. 4). While 

these data are strongly internally consistent and are derived from both shale and 

concretion lithologies, we avoid significant interpretation since the pole rallies from such 

a limited sample set. We hazard that our sampling of 34N may not average secular 

variation. Nonetheless, the pole is substantially discordant with the overlying 

paleomagnetic data, substantiating the argument that secular variation cannot alone be 

invoked as an explanation (Fig. 6b). The 34N pole lies 3,380 km away from the 85 Ma 
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spline-fit of Besse and Courtillot (2002) and implies a counterclockwise sense of rotation 

for North America between these two poles (Fig. 10a, 6g). 

 

The 33R pole (88.6°N, 110.5°E, N = 37, A95 = 7.5; Figure 10a) comes from 37 samples 

(3 concretion, 34 shale samples) collected from Belle Fourche, SD and Casper, WY (Fig. 

5). The 33R pole lies 1,870 km away from the 34N pole (Figure 10a, 6g). The sense of 

motion from 34N to 33R is clockwise, suggesting oscillatory motion of comparable 

amplitudes in both directions for North America between the 85 Ma spline-fit, 34N and 

33R poles. 

 

The 33R-33N pole (61.4°N, 208.9°E, N = 40, A95 = 8.4; Figure 10a) is gleaned from 40 

concretion samples collected from parallel sections in Ardmore and Oral, SD from 11-46 

m in Figure 5. The 33R-33N pole lies 3,230 km of clockwise rotation away from 33R 

(10a, 6g). Since the sense of motion (clockwise) is the same, the 34N, 33R and 33R-33N 

poles cumulatively estimate a 5,060 km rotation of NA, following a 3,380 km 

counterclockwise rotation of the exact opposite sense between the 85 Ma spline-fit and 

34N.  

 

8.3 Cratonic Paleogeography for Baja BC 

 

We excise paleolatitude confidence intervals or site-VGP populations from datasets 

(Enkin et al., 2001; Kim and Kodama, 2004; Krijgsman and Tauxe, 2006) of three 

independent laboratories (Caltech, GSC-Pacific, and Lehigh). Data are selected for their 
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closest synchronicity to the Western Interior data. We apply our new, combined pole 

from the lower Pierre Shale to these nearest-coeval Baja-BC data derived from the 

Nanaimo Group (Fig. 9b). The means of two independent inclination-corrected estimates 

for upper 33N-lowest 32R (Northumberland Formation) on Baja BC lie ~2,200 km south 

of their expected location, confirming conclusions of both constituent studies (Kim and 

Kodama, 2004; Krijgsman and Tauxe, 2006). The upper and lower 95% confidence limits 

of those same estimates, however, essentially span the full range of fixist (~1,200 km) 

and mobilist (up to ~3,200 km) terrane-displacement hypotheses. 

 

We also apply our “split” poles to roughly coeval Nanaimo data. Interestingly, no Baja-

BC scenario (i.e. terrane offset relative to craton) needs to be invoked for 34N (Fig. 9c): 

given the location for North America, Vancouver Island is near present-day latitudes 

relative to North America. At 33R, some offset (Fig. 9d), but not as much as 3,000 km as 

proposed (Ward et al., 1997), is required, especially considering that the Ward et al. 

(1997) result has been shown to be significantly inclination shallowed (Krijgsman and 

Tauxe, 2006). We apply the same correction (~11°) for the Northumberland Formation 

(Kim and Kodama, 2004; Krijgsman and Tauxe, 2006) to the Pender Formation (Ward et 

al., 1997), depicted as the slightly transparent barred-arrow in Fig. 9d. A recent 

paleolatitudinal estimate of the ~80 Ma (completely reversed magnetization, i.e. 33R) 

MacColl Ridge (Stamatakos et al., 2001), part of the Wrangellia terrane, is also show in 

Figure 9d and indicates that little to no offset is required according to our 33R “split” 

pole reconstruction for North America. From upper 33R-32R, either the most extreme 

version of Baja-BC needs to be invoked (~3,000 km of offset; Fig. 9e) or our assumption 
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that data are coeval may be inaccurate. With the prominent exception of the comparison 

with 33R-33N Western Interior “split” pole, the Baja-BC scenario seems to be 

exacerbated with our “split” poles paleogeographies. 

 

Although the data are less easily correlated owing to large age uncertainties, we compare 

the pre-Campanian (i.e. Albian-Santonian, or late 34N) poles from the Insular 

Superterrane (Tyaughton-Methow and Churn Creek Basins) with paleomagnetic poles 

from North America (Fig. 9f-h). To do so, we rotate all poles so that the older, Albian-

Coccian (105-88.5 Ma) poles are restored to the north pole. Since data derived from 

terranes are invariably susceptible to appreciable amounts of vertical-axis rotation, we 

swivel the younger, Santonian-Campanian (85-83.5 Ma) poles about the north pole, 

allowing the reader to compare the motions each pair of poles invokes. The amount of 

discordance (~30° of arc, or >3,000 km) duly noted for the Insular Superterrane between 

mid- and late Cretaceous poles (Enkin et al., 2003) seems to exist for North America. If 

our preliminary direction for North America during late 34N is valid, the similarity 

between the APW paths of the Insular Superterrane and North America surprisingly 

suggests that the two moved as one crustal unit. Consequently, any ensuing offset 

between the Insular Superterrane and North America (i.e., the Baja-BC hypothesis) must 

post-date the Santonian. 

 

8.4 Possible Explanations for “Split” Poles 

 

8.4.1 Differential Compaction 
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Readily apparent is the fact that the 33R pole is derived from predominantly shale 

samples whereas the 33R-33N pole derives completely from concretions. Differential 

compaction could therefore explain an inclination diffential between the two poles. The 

discordance, however, is mainly attributed to a shift in declination whereas the 

inclinations are statistically indistinguishable (Fig. 6f). The mean inclination of the 34N 

pole is about 24o shallower than the overlaying 33R-33N pole. We find it difficult to call 

upon such a magnitude of differential compaction within a single, 46 m sedimentary 

section. Furthermore, the 34N pole is determined by both concretion and shale samples 

and the discordance, again, is largely attributed to declination. Although an attractively 

simple explanation, differential compaction cannot account for the three discordant poles. 

 

8.4.2 Tectonic Rotations 

 

Since the discordance between the three poles is mainly attributed to declination variance, 

vertical-axis rotations associated with local tectonic rotations presents a viable hypothesis 

to explain the paleomagnetic data.  However, for the 34N and 33R-33N poles, the 

discordance cannot be attributed to tectonic rotations since the data are gleaned from the 

continuous outcrop at Oral. Furthermore, the 33R-33N results are reproduced at Ardmore, 

providing a significant tilt-test (Fig. 6b). Although not as significantly as Ardmore-Oral, 

the Belle Fourche and Casper data provide a positive tilt-test (Fig. 6d), arguing against 

any tectonic rotation of Belle Fourche.  Tectonic rotation does not adequately explain the 

discordant directions obtained from the Pierre Shale. 
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8.4.3 Magnetic Excursions 

 

An equally attractively simple explanation is that the 34N pole represents a magnetic 

excursion—representing a short return to normal within 33R, not 34N. A magnetic 

excursion may seem appropriately invoked here since the Ardmore-Oral data pass a low, 

C quality reversal test (where groups would not share a common mean at the 68.17% 

confidence level), which may be diagnostic of excursions (Merrill et al., 1998; Gubbins, 

1999). According the Gubbins (1999) magnetic excursions occur when the geomagnetic 

field reverses in the liquid outer core but not in the solid inner core, yielding consistent 

but asymmetric short-lived records of opposite polarity, possibly akin to our observation 

here. However, the 9 m-thick condensed section of the 34N population represents time  

whole orders of magnitude greater than the 2-10 kyr duration of magnetic excursions 

estimated by Langereis et al. (1997). Furthermore, the 33R pole derived from Belle 

Fourche, owing to its reversed polarity and well-constrained age within 33R, cannot be 

explained as a magnetic excursion. Neither discordant pole is indicative of a magnetic 

excursion. 

 

8.4.4 Non-Dipole Geomagnetic Fields 

 

The geometry of axial-centric quadrupolar and octupolar fields (Kent and Smethurst, 

1998; Merrill et al., 1998; Bloxham, 2000) cannot explain the large shift in declination 

without notable changes in inclination observed between the discordant poles. 

Furthermore, the presence of a symmetric magnetic reversal at both Ardmore and Oral 
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(Fig. 5d), combined with a dearth of evidence within the existing Late Cretaceous 

paleomagnetic database for non-dipole magnetic fields, confidently dismisses the 

possibility of non-dipole contributions. 

 

8.4.5 Rapid Apparent Polar Wander 

 

These data coincide with evidence for rapid APW of NA (Diehl, 1991), the initiation of 

the Laramide orogeny (Engebretson et al., 1984), and an increase in the absolute motion 

of the North American plate in the hotspot reference frame (Beck, 2003). However, 

regardless of the conceivable durations between poles, our data imply minimum plate 

motion rates that cannot alone be attributed to APW. The exceedingly high rates of 

apparent motion implied here greatly exceed the acknowledged plate tectonic “speed-

limit” (20 cm/yr) dictated by bending stresses on subducting oceanic crust (Conrad and 

Hager, 2001).  

 

8.4.6 True Polar Wander 

 

TPW could readily explain the anomalously rapid plate motion observed between the 

discordant Western Interior poles. Furthermore, the geometry of the three poles presented 

here is remarkably coplanar (i.e. best-fit great circle has A95=1.0; Fig. 10a, e) as opposed 

to small-circle motions associated with APW driven by seafloor-spreading. 
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Fig. 10. Late Cretaceous TPW? (A) Western Interior (WI) “split” poles reconstructed to the 
85 Ma spline-fit of Besse and Courtillot (2002) for North America. (B) Discordant com-
posite seamount poles from the Pacific Plate for approximately 90 and 81 Ma, explained 
by Gordon (1983) as a TPW event. (C) Discordant composite seamount poles calculated by 
Sager and Koppers (2000) of indistinguishable ~84 Ma Ar-Ar ages, also hypothesized as a 
TPW event. (D) Comparison of Western Interior and Pacifc Plate poles shown in (A-C), 
where no vertical-axis rotation has been used to bring poles into coincidence. Most notably, 
the 81 Ma pole of Gordon (1983) is statistically indistinguishable from the 33R pole 
(green) from the Western Interior, dated at 81.206 ± 0.16 Ma. (E) Best-fit great-circle and 
extruded Imin with error ellipse to the Western Interior and Pacific Plate data of Gordon 
(1983).  Imin is equatorial as expected from TPW theory (Evans, 2003). Western Interior 
poles invoke two, oscillatory episodes of TPW along the same great-circle swath. (G and 
H) Virtual geomagnetic pole (VGP) latitude plotted against age for both datasets. Width of 
rectangles span error limits of VGP latitude for each pole. Height of rectangles span the 
time (including error) that each pole represents. The purple poles of Sager and Koppers 
(2000) cannot be relatively dated with Ar-Ar geochronology, however polarity suggests 
that 84W is older since data is completely normally magnetized (34N), whereas some data 
from the 84E pole is reversely magnetized (33R). Both datasets suggest the possibility of a 
34N-33R TPW event. The Western Interior data suggest an additional event of comparable 
magnitude and opposite sense of rotation spanning 33R-33N.
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TPW has been proposed for this interval (Gordon, 1983; Acton, 1999; Prevot et al., 2000; 

Sager and Koppers, 2000; Beck, 2003), and specifically in regards to the 88-80 Ma APW 

path of North America (Beck, 2003). Interestingly, fitting a great circle to our discordant 

poles generates a statistically indistinguishable rotation pole (Imin) from that of Beck and 

Housen (2003). In order to compare the Western Interior Imin to those characterized by the 

discordant Pacific Plate poles, we reconstruct the Western Interior and Pacific poles at 

~85 Ma, just before the proposed TPW events (Fig. 10). Significantly, the poles define a 

common great circle swath (Fig. 10e) along which poles are spaced similarly for all 

datasets (Fig 10g, h). The overlapping coincidence of the reconstructed Western Interior 

and Pacific poles does not require any vertical axis rotation, even though considerable 

amounts are conceivable for the Pacific plate data, derived from cores usually oriented 

using Bruhnes-age overprints (Cottrell and Tarduno, 2003). The Western Interior swath 

invokes two episodes of oscillatory TPW, whereas only one event has been proposed for 

the Pacific. We note, however, that the APW path for the oceanic plate is comparatively 

lower-resolution, too low to detect the proposed multiple, rapid TPW events. 

 

Although the Deccan Traps (India) did not erupt at the surface until 65 Ma (Allègre et al., 

1999), the plume head would have imposed a large positive mass anomaly on Earth’s 

equilibrium figure (geoid) significantly earlier as it crossed the core-mantle boundary and 

deformed the 660 km discontinuity (Matsuyama et al., 2006). Intriguingly, India 

reconstructs remarkably orthogonal to the Imin defined by the Western Interior and Pacific 

data, suggesting the positive mass anomaly could have incited rapid TPW in order to 

bring the superplume to equatorial latitudes. Additionally, the initiation of the Deccan 
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Traps superplume could have rivaled the long-lived African geoid high (remnant from 

Pangaea), causing Earth’s equatorial and orthogonal maximum (Imax) and intermediate 

(Iint) inertial axes to interchange and incite rapid, oscillatory TPW events about the Imin 

determined here. 

 

 

Appendix 

 

Paleomagnetics 

 

Oriented cores were drilled on site. Sun compass observations were made whenever 

possible to ensure an accurate measure of the local magnetic declination. Remnant 

magnetization measurements were made with a 2G EnterprisesTM DC SQuID 

magnetometer with background noise sensitivity of 5x10−12 A m2 per axis. The 

magnetometer is equipped with computer-controlled, on-line AF demagnetization coils 

and an automated vacuum pick-and-put sample changing array (Kirschvink, 2002). 

Samples and instruments are housed in a magnetically shielded room with residual fields 

< 100 nT throughout the demagnetization procedures.  

 

After measuring the natural remanent magnetization (NRM) of all samples, samples were 

demagnetized cryogenically in a low-magnetic field bath of liquid nitrogen in an attempt 

to help unblock larger multi-domain magnetite grains by cycling through the Verwey 

transition (~77oK). Next, random magnetic field components were removed from all 

samples with incremental alternating field (AF) demagnetization at 2.3, 4.6, 6.9 mT. 

Finally, all samples were thermally demagnetized in steps of 5-25oC up to 490oC (or until 
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thoroughly demagnetized or unstable, for an average of 20-25 thermal steps per specimen) 

in a magnetically shielded ASCTM oven (± 2oC error) in a nitrogen atmosphere. After 

each demagnetization step, three-axis measurements were made in both sample-up and 

sample-down orientations, and samples with circular standard deviation > 10o
 were rerun 

manually. Magnetic components were computed for each sample using principal 

component analysis (Kirschvink, 1980) as implemented in PaleoMag OS X (Jones and 

Tetreault, 2004). 
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