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ABSTRACT 

Jurassic volcanic rocks in southeastern Arizona provide an 

opportunity to study th9 paleomagnetism of an autochthonous segment of 

the Mesozoic Cordilleran magmatic arc. The Corral Canyon sequence in 

the Patagonia Mountains is a 650 m~ter thick homoclinal sequence 

consisting of interbedded volcaniclastic red-beds, welded ash-flow 

tuff, and lavas. Rb/Sr isotopic analysis of eight whole rock tuff 

samples yields an isochron age of l7l±3 Ma. Welded tuffs in the 

Corral Canyon sequence possess a stable, primary magnetization carried 

in both magnetite and hematite that defines a paleomagnetic pole at 

6l.SoN, l16.00 E, alpha95=6.2°. This pole is considered to be a 

reliable Middle Jurassic reference pole for cratonic North America. 

Paleomagnetic study of the Canelo Hills volcanics welded tuff 

member also yields a stable, primary magnetization throughout a stra

tigraphic thickness of 600 meters. However, results from this 

formation are enigmatic and the mean pole is discordant with respect 

to Middle Jurassic reference poles. Various aspects of the paleomag

netic data indicate that discordance of the Canelo Hills volcanics 

pole is probably due to acquisition of remanent magnetization during a 

period of non-dipole behavior of the geomagnetic field. Dispersion of 

paleomagnetic directions suggests that the welded tuff member 

represents at most two cooling units and can be interpreted as a 

caldera-fill sequence. 

A revised Jurassic APW path differs significantly from 

available paths and has important implications for North American 
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plate motion and paleolatitude. The spatio-temporal progression of 

reliable Jurassic paleopoles, in conjunction with Triassic and Early 

Cretaceous poles, is well described by paleomagnetic Euler pole 

analysis. The APW path ia divided into three tracks, separated by tl'10 

cusps. These cusps represent changes in the direction of North 

American aboolute plate motion and can be correlated with global plate 

motion and intraplate deformation events at approximately 200-210 Ma 

and 150 Ma. Finally, the APW path presented herein predicts more 

southerly Late Triassic and Jurassic paleolatitudes for North America 

than have been suggested by previous authors. Using revised reference 

poles, there are no inclination anomalies within paleomagnetic data 

from Late Triassic and Early Jurassic rocks of Stikinia and Quesnellia 

(B.C., Canada). 



CHAPTER 1 

PALEOMAGNETISM OF JURASSIC VOLCANIC ROCKS 

IN THE PATAGONIA MOUNTAINS, SOUTHEASTERN ARIZONA: 

IMPLICATIONS FOR THE NORTH AMERICAN 170 MA REFERENCE POLE 

Our understanding of the Jurassic apparent polar wander path 

(APWP) for North America has been hampered by the paucity of well 

dated Jurassic rocks on the craton whose paleomagnetic record can be 

unambiguously interpreted. Including a new paleomagnetic pole 

reported in this study, there are only 8 reliable paleopoles 

representing some 70 million years of North American Jurassic plate 

motion (Chapt. 3). Yet from a global tectonic perspective, this 

period of polar wander history is critical as it records the breakup 

of Pangea and the separation of North America from the southern 

continents. Paleomagnetic poles provide the primary data with which 

geologists can reconstruct global and regional paleogeographies within 

an absolute paleolatitudinal context, and as such are critical for the 

development of refined models of ancient climatic and depositional 

systems. 

Reliable cratonic reference poles are important not only for 

analysis of North American plate motion and paleogeography, but also 

for investigation of Cordilleran tectonics. .Paleomagnetism has proven 

a useful tool for documenting latitudinal displacement and azimuthal 
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rotation of terranes within the western Cordillera (Beck, 1980). The 

accuracy of such studies is dependent on the reliability of both the 

individual paleomagnetic investigation and the cratonic reference pole 

chosen for comparison. In order to increase the precision and 

sophistication of regional tectonic scenarios constrained by 

paleomagnetic data, it is necessary to strive for a better 

understanding of the cratonic APW path. 

As reviewed by Steiner (1983) and Gordon et a1. (1984), much 

of what we know about Jurassic APW is based on paleomagnetic studies 

from sedimentary rocks exposed on the Colorado Plateau. Systematic 

discrepencies between paleopoles of various ages suggest that the 

Colorado Plateau may have undergone approximately 4±3° of clockwise 

rotation relative to rocks east of the Rocky Mountains in post

Jurassic time (Bryan and Gordon, 1985). Whether or not this model 

proves correct, it does accentuate the need for Jurassic paleomagnetic 

poles from other parts of cratonic North America. 

The geology of southeastern Arizona provides an opportunity to 

study the paleomagnetism of Middle and Late Jurassic volcanic rocks 

that were erupted onto a Precambrian and Paleozoic cratonic basement. 

These volcanic rocks and associated granitic plutons, hypabyssal 

intrusives, and volcaniclastic sediments represent an autochthonous 

segment of the Cordilleran magmatic arc associated with east-dipping 

subduction along the western continental margin (Coney, 1978). Other 

segments of this magmatic arc in western Canada and Alaska exist as 

suspect terranes whose paleogeographic relationship with respect to 

the North American craton is uncertain (Coney et ale 1980). The 
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Jurassic arc is also known to elCtend south in.to MelCico (Damon et al., 

1981), however, structural complications associated with Mesozoic 

strike-slip faults (e.g. Mojave-Sonora Megashear) preclude the 

unambiguous interpretation of potential paleomagnetic data from Mexico 

in terms of North American APlY. 

Recent geologic work (Kluth, 1982, 1983; Vedder, 1984) has 

ellucidated certain stratigraphic and structural relationships within 

the Jurassic arc assemblages of southeastern Arizona, thereby much 

facillitating paleomagnetic investigations. Kluth et al. (1982) have 

reported a Late Jurassic paleopole from volcanic rocks in the Canelo 

Hills, and I present here the results of a paleomagnetic

geochronologic-stratigraphic study of slightly older Jurassic rocks in 

the Patagonia ~lountains. Results include a well dated paleomagnetic 

pole from a sequence of interbedded ash flow tuffs and non-marine 

sediments, that is consistent both spatially and temporally with 

radiometrically dated poles from southern Arizona (Kluth et al., 1982) 

and the eastern U.S. (Smith and No1timier, 1979). 

The geologic time scale used in this paper is that of Harland 

et ale (1982) which places the Jurassic-Cretaceous boundary at 144 Ma 

and the Jurassic-Triassic boundary at 213 Ma. 

Regional Geology 

The Patagonia Mountains are a north-northwest trending range 

located in the southern Basin and Range province northeast of Nogales, 

Arizona (Fig. 1). The geology of the Patagonia Mountains has been 

discussed by Stoyanow (1949), Hayes (970), Simons (1972), Hayes and 
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Drewes (1978) and mapped by Simons (1974). The core of the Patagonia 

Mountains is composed of an Early Tertiary granodioritic pluton with 

Precambrian through late Mesozoic plutonic and supracrustal rocks 

exposed on both east and west flanks. 

Precambrian metamorphic rocks along the west side of the 

Patagonia Mountains are pervasively·intruded by the ?Late Jurassic 

Commoro Canyon granite and are faulted against Early Jurassic? Mount 

Wrightson Formation volcanics. On the eastern side of the range, east 

of the Harshaw Creek fault (Fig. 2), Precambrian quartz monzonite and 

diorite are overlain nonconformably by the Cambrian Bolsa Quartzite 

and Abrigo Limestone (Simons, 1974). Abrigo Limestone is also 

exposed within a north facing, homoclinal sequence of Paleozoic strata 

between the Harshaw Creek and American faults where the characteristic 

Paleozoic stratigraphy of southeastern Arizona is represented by 

approximately 1300 meters of shallow marine carbonates. 

North of American Peak, Permian Concha Limestone is overlain 

unconformably by silicic volcanic rocks of middle Jurassic age. 

Simons (1972) recognized a lower interval including 200 meters of 

intermediate to silicic volcanics and an upper 600 to 750 meter thick 

"monotonous pile" of highly silicic lavas, l-lelded tuffs, flow breccias 

and thin quartzite beds. These volcanic rocks were tentatively 

correlated by Simons (1972, 1974) with other sequences throughout the 

Patagonia Mountains on both sides of the Harshaw Creek fault (Fig. 2). 

My observations of rocks north of Corral Canyon and near Bagby Ranch 

suggest that this correlation is permissible, and that the entire 



Fig. 2. (a) Geologie Map of the Eastern Patagonia Mountains, Modified 
from Simons (1974). 
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assemblage may be as much as 1-2 kilometers thick. This sequence is 

hereafter referred to as the Duquesne volcanics. This informal name 

wss first proposed in an unpublished thesis by Baker (1961). 

North of Corral Canyon, the Duquesne volcanics overlie a thick 

sequence of interbedded ash flow tuff, andesitic lava, and 

volcaniclastic sediment which was the target of this study (Figs. 2 

and 3). {.;rest of the Harshaw Creek fault, the Duquesne volcanics are 

overlain unconformably by lower Cretaceous clastic sediments of the 

undifferentiated Bisbee Formation (Hayes, 1970). Lithologic 

similarities and relative stratigraphic position suggest correlation 

of the Duquesne volcanics with the Canelo Hills volcanics (as 

restricted by Kluth (1982) and Vedder (1984) which have been 

radiometrically dated (K-Ar) at 169+6 and 177+8 Ma (Marvin et aI, 

1978). 

The structure of the Patagonia Mountains is dominated by a 

series of north-northwest (NNW) trending high angle faults the most 

important of which is the Harshat07 Creek fault (Fig. 2). The motion 

history across these faults is poorly constrained but certainly 

includes displacement episodes during the Jurassic as well as the Late 

Cretaceous. Simons (1974) suggests that at least 6.4 km of left slip 

along the Harshaw Creek fault are indicated by offset Jurassic strata. 

This fault cuts rocks as young as Middle Cretaceous but is overlapped 

by volcanic and volcaniclastic rocks of Laramide age without apparent 

offset. The Harshaw Creek fault truncates a series of ENE trending 

structures near Mowry (Fig. 2). The northernmost of these is the 

Corral Canyon faul t which places Jurassic volcanic and sedimentary 
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rocks on the north against a" faulted domain of Paleozoic limestone on 

the south. 

Rocks of Corral Canyon 

A 650 meter thick sequence of red mudstone, sandstone. 

conglomerate, ash flow tuff, and andesitic lava is exposed north of 

the Corral Canyon fault (Figs. 2 and 3). These rocks were mapped by 

Simons (1974) as "JTrvs" and described by Simona (1972) as the 

"volcaniclastic sequence" of the Corral Canyon block. The name 

"Corral Canyon Formation" has been used in various unpublished theses 

(Baker, 1961, Knight, 1970, Kluth, 1982), however an informal 

nomenclature is retained in this paper. 

The Corral Canybn rocks form an east-west striking, north 

facing homocline with dips ranging from 26 to 68 degrees (Fig. 3). 

Their southern boundary is the Corral Canyon fault (Simons, 1972), an 

apparently steep normal fault which removes an unknown thickness of 

section. As much as 100 to 150 meters of Corral Canyon strata strike 

into the fault as one moves upsection from southwest to northeast. The 

western boundary of the Corral Canyon outcrop area is the American 

fault which records at least hundreds of meters of Jurassic ~ertical 

displacement. To the north, the Corral Canyon rocks are 

depositional1y overlain by the Duquesne volcanics; the contact between 

these units is arbitrarily placed at the base of an easily 

recognizeable 'and widespread welded ash flow tuff. 

In order to assure maximum stratigraphic coverage and 

structural control for paleomagnetic work, the Corral Canyon rocks 
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Fig. 3. Geologic Map of the Corral Canyon Area, Scale 1:12,000. 

Qa - Quaternary alluvium 
Kbs - Cretaceous Bisbee Group sediments 
Pzs - Paleozoic sediments 
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were mapped at a scale of 1:12,000 as ShOlo1D in figure 3. Individual 

volcanic units or associated packages of volcanic and/or sedimentary 

strata were traced in order to constrain displacements associated with 

a series of north-northwest striking high angle faults. Whereas 

several of the volcanic units can be followed across the entire study 

area, others are lenticular and discontinuous and still others are 

clearly terminated by steeply dipping faults. The latter observation 

apparently documents active high angle faulting contemporaneous with 

deposition of this Jurassic arc sequence. At least one additional 

displacement episode probably associated with Basin and Range 

extension has occurred on this series of faults. 

Stratigraphy 

The Corral Canyon section can be subdivided into three 

informal members for the purpose of description (Fig. 4). The lower 

member has a maximum exposed thickness of 330 meters and consists of 

approximately 50% sediments and 50% ash flow tuff and tuff breccia. 

The lowest exposed strata consist primarily of red mudstone and sandy 

mudstone as well as volcanic lithic sandstone, conglomerate, chert 

beds, and thin ash flow tuffs. Typical lithologic associations are 

illustrated in figure 50 

The lower member sediments are interpreted as dietal(?) 

alluvial fan deposits. Fining upward sandstone and mudstone sequences 

represent shallow channel and overbank deposits while thin, matrix

rich sandstones may represent sheet flood deposits. Sandstone beds 

which are commonly less than one meter thick exhibit normal grading, 



Fig. 4. Stratigraphic Section through the Corral Canyon Sequence 
Showing the Distribution of Lithologic Members, Paleomagnetic Sites, 
and IRb/Sr Sites. 

Volcanic rocks (predominantly ash flow tuffs) are shown with "v" 
pattern, mudstones with horizontal dashes, and sandstone with stiples. 
The "X" interval is covered by QUBternary col1uvium~ The base of the 
measured section is the Corral Canyon fault and the top is the basal 
tuff of the Duquesne volcanics. 
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Fig. 5. Stratigraphic Sections through Representative Intervals of 
the Corral Canyon Sequence ''Lower Member". 

Sections illustrate the small scale fining upward nature of 
interbedded conglomerate, sandstone, and mudstone. Ash flow tuff at 
the top of sections "a" and "b" are correlative while section "c" is 
from stratigraphically higher in the lower member. 
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planar stratification, and planar or shallow trough cross

stratification. Lenticular sandstone beds display basal scour 

surfaces, contain abundant red mudstone "rip-up" clasts, and are 

encased within a matrix of mudstone. The lensoid nature of sandstone 

beds and the lateral variability of sedimentologie details are 

illustrated in figures 5a and 5b. These measured sections document 

the same stratigraphic interval below an easily recognized ash flow 

tuff separated by a lateral distance of only 50 to 75 meters. Whereas 

fining upward cycles dominate the small scale stratigraphic pattern, 

the overall sequence tends to coarsen upwards as evinced by the 

increased abundance of sandstone and conglomerate up section (Fig. 

5c). 

Conglomerate beds are commonly 1-2 meters thick, matrix-rich 

if not matrix-supported, and contain rounded to well rounded, pebble 

to cobble size clasts of volcanic rocks and chert. Most volcanic 

clasts are similar to intraformational tuffs and flows and to Jurassic 

rocks exposed in the Canelo Hills and Santa Rita Mountains. Grey, 

white, and pink chert clasts may comprise as much as 60% of a local 

clast population but generally are subordinate to volcanic types. 

Paleozoic limestone clasts are rare and granitic clasts are 

conspicuously absent. The conglomerate matrix is often a red, 

siliceous mudstone or sandy mudstone and red mudstone '~ip-u~' clasts 

are common. The presence of matrix supported conglo~erate beds 

enveloped by mudstones (Fig. 5c) rather than as basal lags within 

fining upward sandstones deviates from the classical model of 
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meandering fluvial systems (Walker, 1979). Such conglomerates may 

represent distal alluvial fan debris flows. 

Volcanic and chert clast conglomerates are common in other red 

bed sequences thought to be correlative with the Corral Canyon strata. 

Volcanic clasts could have been derived from a number of local 

sources while chert clasts were probably abundant on the pre-Jurassic 

land surface. Weathering and erosion of chert-rich Permian limestones 

may have produced chert pebble lag deposits similar to those observed 

in the Mustang Mountains on top of the Concha Limestone and beneath 

Middle Jurassic redbeds. 

Overlying and interfingering with the red beds of the lower 

member is an assemblage of volcanic strata which includes purple, 

grey, and white welded ash flow tuff, greenish-brown andesite, and 

light purple-grey volcanic flow breccia. In field appearance, the ash 

flow tuffs are heterogeneous and display well developed eutaxitic 

texture and lithic inclusions. Flow thicknesses range from one to ten 

meters and are quite variable along strike. Phenocrysts of 

plagioclase, sanidine, quartz, and biotite are common in a devitrified 

glassy groundmass. 

A 50 to 100 meter thick interval of variably altered andesitic 

lavas comprises the middle member of the Corral Canyon sequence (Fig. 

4). These lavas are greenish brown to green in color and exhibit only 

a crude stratification which is obscured by the weathered state of 

most outcrops. No samples for either paleomagnetic or Rb/Sr analysis 

were collected from these andesites. 

Overlying the andesite flows is an upper member which includes 
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grey, pink and purple welded ash flow tuffs with subordinate lavas and 

volcaniclastic sediments. Individual tuffs vary from. a few meters to 

a few tens of meters in thickness and commonly exhibit flattened 

pumice lapilli and contain lithic inclusions. 

The thickness of the upper member changes dramatically across 

the Corral Canyon outcrop area from east to west (Fig. 3). On the 

eastern side, welded tuff of the Duquesne volcanics rests 

depositionally on the andesite lava member with no intervening upper 

member strata. Moving west across the easternmost NNW trending fault, 

one encounters approximately 100 meters of red mudstone, reddish

purple welded tuff, light grey welded tuff and brown lava sandwiched 

between the andesite member and the base of the '~uquesn~' sequence. 

This same stratigraphy can be traced farther west across another NNW 

trending fault but the basal red mudstone is separated from the 

underlying andesites by an interval of purple tuff, volcanic clast 

conglomerate, vesicular lava, red mudstone, and grey-purple tuff. On 

the west side of the map area, the upper member attains a maximum 

thickness of 250 meters. This geometry of stratigraphy and structures 

is interpreted to reflect growth of a NNW-SSE oriented graben system 

contemporaneous with, and controlling deposition within the Corral 

Canyon sequence. Perhaps this faulting is related to either NE-SW 

intra-arc extension, or to lateral pull-apart basin growth within a 

regional NW-SE oriented left-lateral, strike-slip fault system. 

As illustrated in figure.4, the upper part of the Corral 

Canyon stratigraphy.is exclusively volcanic in composition resulting 
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in an arbitrarily placed formational contact with the overlying 

Duquesne volcanics at the base of an easily recognized purple, densely 

welded ash flow tuff. This 100 meter thick tuff which exhibits 

rheomorphic flow texture can be traced across the entire outcrop area 

and was also mapped as a boundary between volcaniclastic and volcanic 

members by Simons (1974), who misidentified it as a flow-layered lava. 

This tuff overlaps all underlying structural topography and probably 

represents the lower part of a caldera fill sequence. It is overlain 

by approximately 1000 meters of welded tuff and lava along with minor 

sedimentary beds including thin quartzose sandstones (Simons, 1972). 

Concordant with the underlying Corral Canyon rocks, the 

''Duquesne'' stratigraphy is exposed in a north facing homocline which 

is eventually overlapped to the north by Laramide age volcanic rocks 

(Fig. 2). Paleomagnetic samples were collected only from within the 

lower part of the Duquesne volcanics (sites CROB3, CROB4, CROBS) 

because these rocks become very siliceous and appear altered upsection 

to the north. A number of mining prospects in this direction reflect 

the regional influence of Laramide magmatism, hydrothermal activity, 

and ore deposition. 

Two of the three paleomagnetic sites within the Duquesne 

volcanics yield reliable mean directions indistinguishable from site 

mean directions of the Corral Canyon rocks, suggesting that these two 

assemblages are not separated by a significant interval of time. This 

lack of a hiatus is also implied by the necessity of an arbitrary 

placement of the lithostratigraphic bouudary between these units. The 

third and stratigraphically highest site (CHOB4) exhibits a well 



18 

determined but anomalous direction which probably represents 

transitional geomagnetic field behavior. 

The absence of Corral Canyon strata between the Duquesne 

·volcanics and Paleozoic limestones west of the American fault suggest 

at least 650 meters of structural relief across this fault during 

"Corral Canyon" deposition. Of primary significance is the 

observation that the Duquesne volcanics rest depositionally on both 

autochthonous Paleozoic strata and on the Corral Canyon rocks. The 

latter is therefore presumed to have been deposited on Paleozoic 

basement. Volcano-sedimentary sequences correlative with the Corral 

Canyon rocks in the Santa Rita Mountains, Mustang Mountains, and 

Canelo Hilla also rest on Paleozoic basement. 

Rb/Sr Geochronology 

Eight whole rock samples from the Corral Canyon ash flow tuffs 

were analyzed for Rb and Sr isotopes to determine an isochron age 

(Table 1). Strontium was separated by conventional ion exchange 

techniques and analyzed using a computer controlled 6-inch, 600 sector 

single focusing mass spectrometer. Total strontium was determined by 

isotope dilution and by x-ray fluoresence and rubidium by x-ray 

fluoresence. Analysis of the Eimer and Amena interlaboratory standard 

SrC03 gave a mean of 0.70799. All isotopic analyses were normalized 

to an 86Sr/88Sr ratio of 0.1194. The mean experimental uncertainties 

were taken as ±2% for 87Rb/86Sr for the data listed in Table 1. Care 

was taken during sample preparation to remove any fragments in which 

lithic inclusions were observed. 
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The eight samples can be separated into two groups based on 

stratigraphic distribution (Fig. 4). Samples from the lower member 

yield a five point isochron age of 170±5 m.y. lqith an initial 

87 Sr /86 Sr ratio of 0.7083 ± 0.0002. Three samples from the upper 

member (i.e. above the middle andesite sequence) yield an isochron age 

of 165 ± 5 m.y. lV'i th an initial ratio of 0.7093 ± 0.0006. These mean 

ages are in appropriate stratigraphie order, but are not statistically 

different within the quoted error ranges. On the other hand, 

significantly different initial ratios possibly reflect incorporation 

of greater amounts of crustal material as the magma system evolved. 

Although high, the initial ratios are within the range of 0.7069 to 

0.7096 observed for mid-Tertiary volcanic rocks in southeastern 

Arizona (Shafiqullah et al., 1978), and are also similar to the 0.7092 

value reported by Kluth et al. (1982) for Late Jurassic ash flow tuffs 

in the Canelo Hills. 

My preferred interpretation of the Rb/Sr data is to combine 

all eight samples in a single isochron which defines an age of 171 ± 3 

Ma and an initial ratio of 0.7084 ± 0.0002 (Fig. 6). This analysis of 

the data provides the smallest error limits and is in agreement with 

regional stratigraphic relationships. Note that an average age of 167 

± 5 Ma based on separate isochrons is not Significantly different from 

the combined isochron of 171+3 Ma. 
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Table 1. Rb/Sr Isotopic Data from the Corral Canyon Sequence 

Sample Rb(ppm) SrCppm) 87Rb/86Sr 87Sr/86Sr 

UARS 
84-150 176 136 3.748 0.71860+0.00001 

UARS 
84-151 306 93 9.542 0.73161+0.00002 

UARS 
84-153 79 356 0.642 0.71038+0.00001 

******* 
UARS 
84-19 99.4 289 0.995 0.71055+0.00001 

UARS 
84-20 84 589 0.413 0.70950+0.00002 

UARS 
84-21 114 297 1.111 0.71116+0.00004 

UARS 
84-130 106 44.5 6.904 0.72518+0.00001 

UARS 
84-133 126.5 186.5 1.963 0.71254+0.00001 

Paleomagnetic Techniques 

126 cores were collected from 19 sites in the Corral Canyon 

sequence (Fig. 7). Standard paleomagnetic coring techniques were used 

and core orientations were made t-litb a magnetic compass. None of the 

rocks sampled were sufficiently strongly magnetized to require 

suncompass orientation. The 650 meters of stratigraphic coverage 

included eighteen sites that were collected in separate ash flow tuffs 

and one site (CH077) from a well indurated, red mudstone. Commonly, a 

single sample was cut from each core except in cases where two 
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specimens could be obtained to analyze lV'i thin core variation. The 

structural attitude of each tuff was determined by measuring the 

orientation of flattened pumice lapilli. Such measurments were 

consistent with the attitudes of nearby sedimentary strata. 

Structural correction was made by simple rotation about strike. An 

additional 36 cores were collected from 6 sites in the Permian Colina 

Limestone on the eastern flank of American Peak (Fig. 3). 

The natural remanent magnetism (NRM) of all samples was 

measured with an ScT 2-axis cryogenic magnetometer. Alternating field 

(AF) demagnetization was performed with a Schonstedt GSD-l 

demagnetizer equipped with a tumbler, while thermal demagnetization 

was done in a mu-metal shielded furnace with an ambient field of less 

than 15 nT (1 nT = 1 gamma). 

Analysis of Demagnetization Experiments 

Initial NRM intensities ranged from 10-1 to 10-3 A/m (1 A/m = 

10-3 emu/cm3), and within site magnetic directions were generally well 

grouped except for a few cases in which lightning induced components 

produced significant scatter. The effect of lightning strikes varied 

from produCing one or two outliers within a site to a near 

randomization of sample directions. Coincident with the occurrence of 

anomalous direction was the observation of very high initial 

intensities. Pervasive lightning-strike remagnetization resulted in 

deletion of all data from three of the original 19 sites. 

Both alternating field and thermal demagnetization experiments 

were performed to evaluate the directional stability and 



coercivity/blocking temperature spectra of each site. 

24 

Vector 

demagnetization diagrams were used in this analysis. At least one 

sample from each site ,.,as progressively demagnetized in six to ten 

steps at peak fields ranging from 5 to 80 mT (lmT = 100e). Two 

samples were commonly treated for sites which possessed outliers of 

suspected lightning-strike origin. Such outliers experienced rapid 

intensity loss in peak fields of less than 20 mT and often moved 

toward the site mean direction. During progre s s i ve AF 

demagnetization, a spectrum of behavior was observed, the end members 

of which are illustrated in figures 8 and 9. 

Samples from 6 sites responded to AF demagnetization such that 

at least 50% of their initial intensity was removed after exposure to 

a peak field of 80 mT (Figs. 8a and 8c). A minor secondary component 

was removed at low AF steps «20 mT) after which time a stable primary 

component was isolated. Progressive thermal demagnetization of pilot 

samples from these same 6 sites produced similar behavior with linear 

decay of the NRM towards the origin in vector demagnetization 

diagrams. For samples such as CH072B and D (Figs. 8a and 8b) with 

coercivities less than 80 mT, the NRM is completely unblocked by 

600oC. Samples which still retain a significant fraction of their 

initial intensity after exposure to 80mT peak demagnetizing fields 

also exhibit unblocking temperatures higher than 6000 C (Figs. 8c and 

8d). 

Pilot samples from Beven sites exhibit only minor response to 

AF demagnetization as exemplified in figure 9a. 70-90% of the initial 

remanent magnetization is retained after exposure to a peak 
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representative points. 



Fig. 9. Vector Demagnetization Diagrams and Equal Area Projections of 
Cleaned Directions for Samples from Sites CH071 (a,b,c,) and CH080 
(d,e,f). . 

The orientation of axes for all examples is as shown in "a". 
Alternating field and thermal demagnetization steps are shown next to 
representative points. 
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al ternating field of 80-100 mT. Thermal demagnetization of pi lot 

samples from these sites yield simple, single component, vector 

demagnetization diagrams with unblocking temperatures above 600 0 C 

(Fig. 9b). Three sites exhibit no response to AF demagnetization but 

show excellent single component decay during thermal demagnetization. 

Unblocking temperatures are distdbuted above 6250 C with as much as 

50% of the initial intensity blocked above 6700 C (Figs. 9d and ge). 

Demagnetization experiments suggest a simple. relationship 

between coercivity (He) spectra and unblocking temperatures (Tb) for 

the Corral Canyon rocks. The range of behavior includes sites which 

have total coercivity less than 80 mT and unblocking temperatures 

below 6000 C to sites which have total coercivity above 80-100 mT and 

unblocking temperatures between 600 and 6900 C. Thie probably reflects 

differences in the magnetic minerals which carry the remanent 

magnetization. The former case (low Hc' low Tb) is interpreted as 

magnetite behavior and the latter (high Hc, high Tb) as hematite. 

Intermediate behavior is indicative of a hybrid magnetic population 

containing both magnetite and hematite in variable proportions. Highly 

oxidized sites (i.e. those with high coercivities and blocking 

temperatures distributed above 6000 C) also tended to have higher 

initial NRM intensities. 

IRM acquisition experiments were conducted by magnetizing 

selected samples from eight representative sites in progressively 

higher magnetic fields up to 0.8 Tesla (8000 oe) and measuring the 

resultant remanent magnetization. A range of observed IRM curves is 



28 

consistent with AF and thermal demagnetization experiments on samples 

from the same sites. Samples from sites with high coercivity and high 

blocking temperatures fail to reach saturation as predicted for 

hematite (Dunlop, 1972). IRM curves for samples from sites with low 

coercivity and blocking temperatures less than 600 0 C reveal 

significantly smaller proportions of IRM acquired in magnetic fields 

between 0.3 and 0.6 Tesla. However, these samples also fail to reach 

total saturation suggesting that while magnetite may be the dominant 

ferromagnetic phase, small amounts of hematite are probably also 

present. 

The recognition of both magnetite and hematite phases within 

subaerially erupted volcanic rocks has been reported in a number of 

previous studies, including Kluth et a1. (1982) and Hillhouse and 

Gromme (1984). This association is commonly attributed to high

temperature (deuteric) oxidation of early crystallized magnetites 

either within a magma chamber or during eruption and emplacement. The 

degree to which hematite replaces magnetite in this process is a 

function of temperature and oxygen-pressure conditions (O'Reilly, 

1984). A deuteric oxidation model is strongly implicated in the 

magnetization history of the Corral Canyon ash flow tuffs. 

Statistical analysis of vectors removed during progressive AF and 

thermal demagnetization on individual samples demonstrates that both 

magnetic phases record the same magnetization direction within 95% 

confidence limits. 

The primary magnetization of the Corral Canyon tuffs was 

acquired shortly after or contemporaneouB with deuteric oxidation. 
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The remanence is a combination of thermoremanent magnetization (TRM) 

carried in magnetite grains and thermochemical remanent magnetization 

(TeRM) acquired during high temperature oxidation of magnetite to 

hematite. The relative importance of these two magnetization 

processes varies between ash flows and was dependent on temperature 

and composition during eruption and cooling. Because the primary 

remanence is carried by magnetic phases with high thermal stability, 

it has survived subsequent regional heating during Laramide time. 

Paleomagnetic Results 

Blanket demagnetization treatment for each site was 

individually prescribed on the basis of the pilot demagnetization 

~xperiments. Multiple AF steps were used to isolate the primary 

direction in sites which responded well to AF demagnetization. Both 

AF and thermal demagnetization were used on sites which exhibited both 

magnetite and hematite properties and only thermal demagnetization was 

used for the three sites which showed no response to AF treatment. 

All samples whose NRM directions and intensities suggested the 

presence of lightning induced magnetizations were progressively 

demagnetized in alternating fields before further treatment. 

Vector demagnetization diagrams were used both to evaluate the 

stability of each sample and, along with statistical parameters of 

Fisher (1953), to facilitate the selection of optimum demagnetization 

steps for site mean averaging. More sophisticated techniques of 

directional analYSis, such as line fitting, were unnecessary because 

of the unambiguous isolation of the primary magnetization in most 
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samples. Equal area projections of thermally cleaned sample 

directions from two representative sites are shown in figures 9c and 

9f. 

All samples from sites CH079, CH086, and CH088 were rejected 

because of failure to isolate a stable direction. Initial intensities 

for samples in these sites were very high and NRM directions were 

poorly grouped. The magnetization of these samples was so severely 

perturbed by lightning-induced IRM that the primary component could 

not be recovered. Individual samples from several other sites were 

also rejected due to instability during demagnetization or inadequate 

removal of anomalous directions. 

Fisher statistics were applied to a final data set of 98 

samples from sixteen sites to calculate site mean directions and 

confidence parameters. These data are listed in table 2 and 

illustrated in figure 10. Thirteen sites are of normal polarity while 

only one shows unambiguous reversed polari ty. Two of the sixteen 

sites (CH078 and CH084) have very anomalous although well determined 

directions and are interpreted as having recorded transitional 

geomagnetic fields. Site CH078 has a moderate negative inclination in 

the northwest quadrant and is the first stable site stratigraphically 

below the only reversed polarity site in the section (CH080). A 

vector demagnetization diagram and stereographic projection of cleaned 

sample directions for site CH078 are shown in figure 11 to illustrate 

the well behaved and well determined sample directions for these 

transitional field sites. CH084 has a steep negative inclination in 
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TABLE 2. Site Paleomagnetic Data from the Corral Canyon Sequence 

SITE N DEC INC ALPHA95 k R .J (AIm) 
(0) (0) (0) 

CH070 6 353.99 15.46 5.2 164.9 5.97 6.3E-3 
348.30 46.18 

CH071 8 332.26 23.93 3.5 250.4 7.97 1.2E-1 
320.06 40.30 

CH072 8 353.60 18.91 6.1 84.0 7.92 4.8E-3 
347.96 47.80 

CH073* 8 303.01 17080 4.2 176.5 7.96 3.0E-2 
270.57 50.81 

CH074* 8 296.02 31.83 3.5 251.8 7.97 2.5E-1 
252.61 51.60 

CH075 6 327.96 14.50 11.0 38.1 5.87 3.3E-3 
310.34 36.65 

CH076 7 325.51 -2.90 3.9 237.1 6.97 1.2E-3 
320.47 21.58 

CHOn 8 338.72 23.51 7.4 56.7 7.88 3.1E-3 
317.91 58.61 

CH078* 6 295.71 -38.93 9.5 50.7 5.90 5.6E-3 
308.14 0.01 

CH080 5 153.67 -24.95 2.8 769.7 4.99 4.0E-2 
124.46 -52.52 

CH081 6 354.43 27.33 14.8 21.4· 5. n 2.5E-3 
333.11 65.63 

CH082 3 340.09 17.99 17.4 51.2 2.96 1.7E-3 
333.37 55.10 

CH083 6 343.62 40.44 5.2 165.6 5.97 3.8E-2 
317.26 78.78 

CH084* 5 125.65 -72.76 3.2 564.0 4.99 3.0E-2 
26.15 -62.98 

CH085 3 334.45 24.29 9.9 154.6 2.99 1.0E-3 
328.97 51.49 

CH087 5 337.02 7.24 13.3 34.1 4088 2.6E-3 
330.26 48.71 

* sites excluded from formation mean 

Structurally corrected data for each site given first followed by 

uncorrected direction. N = number of samples, DEC = Declination, INC 

c Inclination, k = Fisher precision parameter, R C:I resultant vector 

length, .J (AIm) = site mean intensity after cleaning. 



32 

N 

I 
• 

• • 
•ocH01a 

60° 30° 
L---l---l----l---+---+--+-+----+----+--i---1----,r-t--r-r-,E 

OCH084 

0 

e Lower Hemisphere 0 Upper Hemisphere 

Fig. 10. Equal Area Projection of Cleaned Site Mean Directions from 
All Stable Sites within the Corral Canyon Sequence. 



Up, N 

CH078B 

_j/jNRM 

)rsss• 
'--.. /.670' 

W 1------------~'::"':-'.=-=----------1 Horiz., E 690° 

{a) 

Down, S 

1.0E-1 Alm 

• Inclination A Declination 

N 

CH078 655° 

0 
08 (b) 

W'---+---4~~+--+--+--+--+--+---e--+--t--t"-
30° 60° 0 Upper Hemisphere 

Fig. 11. Paleomagnetic Data from Site CH078. 

33 

a) Vector demagnetization diagram for sample CH078B generated by 
progressive thermal demagnetization. b) Equal area projection of 
cleaned sample directions from site CH078 showing tightly grouped but 
anomalous directions. 



34 

the southeast quadrant and is the stratigraphically highest site 

collected. Sites CH07B and CH084 are not included in the calculation 

of a formation mean direction because of their clear discordance with 

respect to the main cluster of site mean directions. 

Sites CH073 and CH074 also appear as outliers with respect to 

the main grouping of site mean directions. Rather than representing 

transitional field directions, the westerly declination of these sites 

is considered to reflect local vertical axis rotation associated with 

strike slip motion along the American fault. Sites CH073 and CH074 

are quite close to this fault and their structural attitude is 

anomalous for this area of the Corral Canyon block. Restoration of a 

300 clockwise rotation, which is the approximate discrepency in 

bedding strike, brings the site mean directions back into agreement 

with the main cluster of site mean directions. Rather than attempt to 

correct these structurally disturbed sites I have decided to exclude 

them from the fe'rmation mean calculation. Figure 12 shows a 

stereographic projection of the remaining 12 reliable site mean 

directions. The single reversed polarity site (CHOBO) is antipodal to 

the mean of the normal polarity sites (Normal mean: Dec.= 340.0 0 , 

Inc.= 19.40 , alpha95 = B.5 0 ; inverted CHOBO Dec.= 333.7 0 , Inc.1: 25.00 , 

alpha95 c 2.80 ). 

Variation in bedding attitude is not sufficient to provide a 

meaningful fold test, but the Fisher preCision parameter (k) does 

increase from 20.3 to 40.96 in VGP space and from 23.5 to 32.2 in 

direction space after structural corrections are applied to in situ 

site mean data. The better clustering of site directions after tilt 
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correction is statistically significant at the 75% confidence level 

and indicates that magnetization was acquired prior to folding, which 

was probably a Late Cretaceous event. 

Uncomplicated demagnetization behavior, well determined site 

mean directions spanning 650 meters of stratigraphic section, and a 

positive reversal test lead us to believe that the formation mean 

direction of Dec.= 339.4 0 , Inc.'" 19.90 , It = 32.2, alpha95 = 7.80 , is a 

primary magnetization direction which was acquired during cooling of 

the Corral Canyon ash flow tuffs. The single red bed site (CH075) 

yields a mean direction located in the middle of the cluster of ash 

flow site directions. 

Colina Limestone 

Thirty-six samples at six sites were collected from the Early 

Permian Colina Limestone~ This formation is well exposed on the 

northeast side of American Peak where it consists of thin to thick 

bedded, dark grey, fossiliferous limestone (Fig. 7). These beds, 

which give off a strong sulfurous odor when drilled, dip moderately to 

the NNW, paralleling the structural geometry of the Corral Canyon 

rocks. It was hoped that the Colina Limestone would yield a reliable 

paleomagnetic direction which could be compared to an expected Permian 

direction for cratonic North America. This would provide an 

independent check on the reliability of the Corral Canyon pole. 

NRN directions from the Colina samples l~ere generally weak 

with intensities ranging from 1.64XIO-5 AIm to 3.IXIO- 3 AIm. 

Uncorrected NRM directions for most samples clustered loosely in the 

36 
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NlV quadrant with shallow to steep positive inclinations. Expected 

Early Permian directions for southeastern Arizona should be to the 

southeast with shallow negative inclinations. A single sample from 

each site was subjected to progressive AF demagnetization. Analysis 

of vector demagnetization diagrams revealed that, for most samples, 

the median destructive field was very low « 10mT) and that the only 

component removed during demagneitzation was the NRM. 

The distribution of in situ NRM directions coincides closely 

with the field orientation in which cores were drilled. Because of 

the nature of the Colina outcrops, most cores were drilled at variable 

angles down and with azimuths to the northwest. The characteristic 

magnetization of the Colina Limestone is therefore interpreted to be a 

drilling induced remanence that completely overprinted any primary 

component that may have been present. 

Paleomagnetic Pole Position 

A paleomagnetic pole for the Corral Canyon rocka calculated 

from 12 site mean virtual geomagnetic poles (VGPs) is located at 

61.8 0 N, 116.00 E, alpha95= 6.2 0 , It = 49.6. This pole is shown in 

figure 13 along with other reliable Jurassic paleomagnetic poles for 

cratonic North America. The Corral Canyon pole is concordant with a 

latitudinal arc of apparent polar wander from about 200 Ma to 150 Ma. 

This track begins at the Wingate Formation pole (Reeve, 1975) and 

progresses eastward through the Kayenta Formation pole (Steiner and 

Helsley, 1974a), the Newark Trend Group I and Group II poles (Smith 

and Noltimier, 1979), the Corral Canyon pole, the Glance Conglomerate 
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TABLE 3. Average Paleomagnetic Data from the Corral Canyon Sequence 

roDIATION MEAN 
N It 

uncorrected 12 326.1 51.0 9.1 23.5 

corrected 12 339.4 19.9 7.8 32.2 

Average of VGP's, Formation location: 31.4N, 249.3E 

N 

uncorrected 12 61.2 172.6 

corrected 12 61.8 116.0 

a1pha95 

9.9 

6.2 

k 

20.3 

49.6 



Fig. 13. Stereogrpahic North Polar Projection Showing the Location of 
the Corral Canyon Pole and other Reliable Jurassic Poles. 

W: Wingate Formation (200-206 Ma), K: Kayenta Formation (194-200 Ma), 
NTI: Newark Trend Group I (195+4 Ma), NTII: Newark Trend Group II 
(179+3 Ma), G: Glance Conglomerate (Canelo Hills) (151+2 Ma), LM: 
lower Morrison Formation (149 Ma), UM: upper Morrison Fo~mation (145 
Ma), KA: Cretaceous average of Mankinen (1978) (130-85 Ma). Mean 
pole locations shown with solid circle and associated A95 confidence 
region. 
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Fig. 13. Stereographic North Polar Projection Showing the Location of 
the Corral Canyon Pole and other Reliable Jurassic Poles. 
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(Canelo Hills) pole (Kluth et al., 1982), and the lower Morrison 

Formation pole (Steiner and Helsley, 1975). The location of the 

Corral Canyon pole between the 151 Ma G1&nce Conglomerate pole and the 

179 Ma Newark Group II pole is consistent with the previously 

discussed Rb/Sr isochron age of 171+3 Ma. 

The use of paleomagnetic poles from southeastern Arizona for 

analysis of North American APW has been questioned because of the 

tectonic history of this region (Steiner, 1983). Kluth et al. (1982) 

argued tha t re giona 1 geologi ca 1 re la t ionships, concordan t 

paleomagnetic directions from nearby Laramide volcanic rocks, and the 

consistency of the Canelo Hills pole with reliable Late Jurassic 

North American paleopoles were strong evidence for the uselfulness of 

the latter pole. The same arguments are invoked in favor of the 

Corral Canyon pole. Consistency of this pole in relation to the 

Newark trend poles is compelling (Chapt. 3). 

The Corral Canyon pole differs significantly from the 170 Ma 

North American reference pole published by Irving and Irving (1982), 

and from poles in other compilations (e.g. Harrison and Lindh, 1982, 

Irving, 1979, Van Alstine and deBoer, 1978). Rather than reflecting 

post-Jurassic tectonism in southeastern Arizona, I believe this 

discordance illustrates the innaccuracy of the latter reference pole. 

The Irving and Irving 170 Ma mean pole is dramatically biased toward 

high latitude (74N, 102E, A95=1l 0) by the inclusion of several 

unreliable paleopoles. The four poles whose ages were considered by 

Irving and Irving to fall within a 155-185 Ma window include the 
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Summerville Formation, Colorado (Steiner, 1978), "Post-folding 

intrusions, Connecticut" (Smith and Noltimier, 1979), the Anticosti 

diabase dike, Quebec (Larochelle, 1971), and the White Mountain 

Series, Vermont (Opdyke and Wensink, 1966). Three of these four poles 

probably provide an inaccurate estimate of the 170 Ma North American 

cratonic reference pole as shown below. The terms "reliable" and 

"unreliable" are used to reflect my judgement as to whether or not a 

particular study satisfies certain ac'ceptance criteria. These 

criteria include demagnetization results, number of sites, various 

Fisher statistics, geologic age, and geologic setting; all of which 

are discussed more fully in Chapter 3. 

The Summerville Formation paleomagnetic results are plagued by 

a strong Cenozoic normal polarity overprint, although Steiner (1978) 

believes that the stratigraphically dominant primary component is of 

reversed polarity. Thermal demagnetization to 630-6600 C was able to 

isolate a "stable primary" magnetization in only 15 of 391 samples 

collected. Ten of these 15 samples are normal polarity. The 

Summerville pole was based on these 15 samples considered to be 

"cleanest" because their NRM directions were "less than 250 divergent 

from the expected Jurassic direction" and "did not move upon 

demagnetization". Steiner (1978) admits that because of the 

ubiquitous Cenozoic overprint, a paleomagnetic pole from the 

Summerville is "approximate at best". Careful examination of 

Steiner's figure Sa, reveals that even "selected" samples show a 

tendency to move away from a present dipole field direction during 

demagnetization. Because the unambiguous isolation of a stable 
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primary component has not been demonstrated and the selected data set 

is very small, the pole from the Summerville Formation is considered 

unreliable as a cratonic reference. 

The "Post-folding Intrusions" pole used by Irving and Irving 

(1982) is apparently intended to be equivalent to the Group II Newark 

Trend pole of Smith and Noltimier (1979) as this is the stated 

reference. The position cited by the original authors, however, is at 

65.3N, 103.2E rather than at 68.4 N, 98.9 E quoted by Irving and 

Irving. Also, the age of these Newark trend intrusive rocks is well 

constrained by radiometric analysis at l79±3 Ma (Sutter and Smith, 

1979) rather than 170 Ma as listed by Irving and Irving. The Newark 

trend group II pole is taken as reliable; its location relative to the 

Corral Canyon pole is consistent with their respective age 

assignments. 

The Anticosti diabase dike pole of Larochelle (1971) should 

not be given equal weighting in the calculation of a 170 Ma reference 

pole. This pole is based on 11 cores from two sites within a single 

dike and the author himself claims that at best, the Anticosti pole is 

a VGP and not a paleomagnetic pole. The high latitude of this VGP is 

inconsistent with reliable Jurassic paleopoles and biases not only the 

170 Ma reference pole of Irving and Irving (1982) into inaccurately 

high latitudes, but also the 180 and 190 Ma poles. 

Similarly, the l-lhite Mountain Series pole used by Irving and 

Irving (1982) is here considered unreliable, as has been argued by 

previous authors [e.g., Steiner and Helsley (1972)]. The distribution 
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of site mean VGP's shown in figure 4 of Opdyke and Wensink (1966) is 

markedly streaked, and there appear to be systematic directional 

differences between intrusive bodies. The intrusive history of the 

White Mountain magma series is known to be long and complex with K-Ar 

radiometric dates ranging from 235 to 100 Ma (Foland and Faul, 1977). 

Only three of the twelve stable sites reported by Opdyke and Wens ink 

(1966) are from the White Mountains pluton for which the oldest K-Ar 

date obtained by Foland and Faul was 180 Ma. Five sites were 

collected from two intrusions whose ages are approximately 120 Ma. 

Despite this protracted thermal history, only alternating field 

demagnetization was performed in the original paleomagnetic study. 

Furthermore, the mean White Mountains pole is not significantly 

different from the geographic north pole, in contrast to all other 

reliable Jurassic poles which fall along a band of present latitude at 

approximately 60-650 N. The White Mountain Series needs to be 

reinvestigated with detailed thermal demagnetization. Until such 

time, the pole published by Opdyke and l-lensink (1966) should not be 

considered a reliable Jurassic paleopole for North America. 

The effect of including the Anticosti diabase dike and White 

Mountain Series poles in a 170 Ma reference pole is to significantly 

displace its location into high latitudes. The latitude of the 170 Ma 

Irving and Irving pole also is biased by their recalculation? of a 

higher latitude pole for the Newark Trend Group II results and by the 

inclusion of the unreliable Summerville Formation pole. As 

demonstrated by the Corral Canyon pole, the 170 Ma position of the 

North American APW track is in fact at about 620 N, rather than at 740 N 
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as reported by Irving and Irving (1982), '"hich translates into a 70 

(750 km) difference in paleolatitude for Tucson, Arizona in late 

Bathonian-early Calovian time. 

Other compilations of North American APW have concluded 

similarly high latitudes for 170 Ma poles: Harrison and Lindh (1982): 

7S.9N, l2l.3E; and Irving (1979): 78N, l22E. VanAlstine and deBoer 

(1978) calculated a 180 Ma reference pole at 6SN, 102E (N=l), and a 

158 Ma pole at 80N, 97E (N=2), while Briden et a1. (1981) calculate a 

180 Ma pole at 69.3N, 89.9E, and a 160 Ma pole at 71.1 N, l4l.3E. As 

discussed more completely in Chapter 3, a refined Jurassic APW path 

based on time sequencing of only the most reliable paleomagnetic data 

is significantly different from previously published paths and has 

important implications for absolute plate motion models, 

paleolatitudinal estimates, and Cordilleran tectonics. The Corral 

Canyon pole helps to define an arc or track of North American APW that 

progresses eastward at approximately 60-6SoN latitude from about 200 

Ma to 150 Ma. This arc subtends roughly 65 0 of longitude and 

demonstrates that the magnitude of Early and Middle Jurassic APW was 

significantly greater than has been generally assumed. 

Implications for the Age of the McCoy Mountains Formation 

The McCoy Mountains Formation io a thick, non-marine, clastic 

sequence consisting of sandstone, conglomerate, and mudstone exposed 

in numerous mountain ranges in southwestern Arizona and southeastern 

California (Fig. 14). This formation, which is at least 7.3 km thick, 

is now exposed wholly within a faul t-bounded structural basin with 



Fig. 14. Geologic Map of the McCoy Mountains Formation in 
Southeastern California and Southwestern Arizona, Modified from 
Harding et ale (1983). 

Mm - McCoy Mountains Formation, Jv - Jurassic volcanic rocks, Mi -
Mesozoic intrusive rocks, Ki - Cretaceous intrusive rocks, Pu -
Precambrian, Paleozoic, and Mesozoic rocks of North America, MS -
Mojave-Sonora composite terrane, Tv - Tertiary volcanic rocks. 
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Precambrian through Mesozoic rocks of cratonic North America on the 

NNE and Mesozoic crystalline and metasedimentary rocks of the Mojave

Sonora composite terrane on the SSW (Harding et al. 1983, Harding and 

Coney, 1985). The age of the McCoy Mountains Formation is critical to 

interpretation of regional Mesozoic tectonics in the southern 

Cordillera (Harding, 1982). A Middle Jurassic age may imply 

association with Mojave-Sonora Megashear tectonics while a Cretaceous 

age may suggest relationships with Bisbee Trough rift tectonics. 

Comparison of the 170 Ma Corral Canyon pole with a paleomagnetic pole 

from the McCoy Mountains Formation is one line of geochronologic 

evidence to consider. 

The McCoy Mountains Formation overlies ?Early Jurassic 

volcanic rocks and is intruded by the Late Cretaceous? Coxcomb pluton 

(Harding et al., 1983). Fossil angiosperm wood from the McCoy 

sediments has been used to assign a Cretaceous age of deposition, but 

Harding and Coney (1985) suggest several problems with this 

interpretation. Harding et ale (1983) used paleomagnetic data from 

the McCoy sediments to argue for a Middle to Late Jurassic age of 

deformation, mild metamorphism and chemical remanent remagnetization 

requiring the depositional age to be Early-Middle Jurassic. This 

interpretation was based on the location of the structurally 

uncorrected McCoy Mountains pole with respect to the Summerville 

Formation and Glance Conglomerate poles (Steiner, 1978, Kluth et al., 

1982). As previously discussed, the Summerville pole is probably 
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unreliable, but the McCoy Mountains pole can be compared with the 

171+3 Ma Corral Canyon pole presented in this paper. 

As shown in figure 15, the paleopole calculated by Harding et 

al. (1983) is indistinguishable from the Corral Canyon pole at the 95% 

confidence level. This coincidence may indicate that the age of 

deformation and remagnetization of the McCoy Mountains Formation is at 

least 170 million years old. If one removes approximately 10-150 of 

late Neogene counterclockwise rotation reported by Calderone and 

Butler (1984) in western Arizona, the McCoy pole is indistinguishable 

from both the Corral Canyon pole and the 179 Ma Newark Trend Group II 

pole of Smith and Noltimier (1979). 

Because the age of the McCoy Mountains Formation is important 

and controversial, I have reevaluated the paleomagnetic data reported 

by Harding et al. (1983). Of the 18 site mean directions reported in 

their paper, I have rejected 2 as outliers with anomalously steep 

inclinations (MC013, MC033). (The conclusions of this discussion are 

not altered by including these data but the confidence parameters of 

mean poles are inflated.) The remaining 16 siteD were converted to 

VGPs and are shown in figure 16. Clearly, these poles have a non

circular distribution and cluster into two groups; 1) sites from the 

McCoy Mountains and 2) sites from the Dome Rock Mountains (Fig. 14). 

Mean poles for each of these clusters are distinct at the 95% 

confidence level (Fig. 17) suggesting that either the rocks in the 

McCoy Mountains and Dome Rock Mountains were remagnetized at different 

times or that they have undergone subsequent deformation about 

different axes. The first alternative is dismissed for two reasons. 
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Fig. 15. Stereographic North Polar Projection Showing the McCoy 
Mountains Formation Pole "A" of Harding et al. (1983), and a 
Recalculated Formation Mean Pole after Correction for Rotation of the 
Dome Rock Mountains "B". 

Other reliable Jurassic poles as in Fig. 13. 
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t 

Fig. 16. Stereographic North Polar Projection Showing VGPs from the 
Dome Rock Mountains (diamonds), VGPs from the McCoy Mountains 
(circles), and a mean pole "x" with A95 confidence circle. 
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Fig. 17. Stereographic North Polar Projection Showing Mean Pole from 
the Dome Rock Mountains (DR) and Mean Pole from the McCoy Mountains 
(MC) with A95 Confidence Circles. 
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The dominant structural fabric within the entire McCoy basin is 

homogeneous in that it can be related to a single phase of deformation 

associated with motion along the basin bounding ?thrust faults 

(Harding, 1982). There appears to be no geological evidence for two, 

temporally distinct episodes of deformation, one in the Dome Rock 

Mountains and one in the McCoy Mountains. Also, while the McCoy 

Mountains (sensu strictu) pole is concordant with Middle Jurassic 

North American reference poles, the Dome Rock pole is concordant only 

with Early Triassic cratonic poles which is an impossible age given 

that the McCoy sediments rest depositiona11y on Early Jurasssic 

volcanic rocks. 

The second alternative of differential post-remagnetization 

tectonic history has some supporting evidence. Paleomagnetic data 

from volcanic rocks in the P10mosa Mountains (i.e. just east of the 

Dome Rock Mountains) indicates a modest amount of late Neogene 

counterclockwise rotation (Calderone and Butler, 1984). Also, the 

trend of the McCoy basin changes from lvNW to west between the McCoy 

Mountains and the Dome Rock Mountains (Fig. 14). This deflection of 

220 is remarkably similar to the difference in mean declinations 

between the McCoy and Dome Rock data sets (23.1 0 ) (Table 4). 

Restoration of a 220 counterclockwise rotation of the Dome Rock 

paleomagnetic direction, brings the two McCoy Mountains Formation 

poles into statistical concordance (Fig. 18). With this corrected 

data set, a formation mean pole has been recalculated a formation mean 

pole at 61.00N. 101.90E, alphs9S=4.1°. Although not significantly 
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Fig. 18. Stereographic North Polar Projection Showing Mean Pole from 
the McCoy Mountains (MC), and Mean Pole from the Dome Rock Mountains 
(DR) after Correction for 220 Counterclockwise Rotation of the Dome 
Rock data. 
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TABLE 4. Recalculated Paleomagnetic Poles from the McCoy Mountains 
Formation. 

Mean of VGPs from McCoy Mountaino (excluding MC013) 

LAT (N) = 62.7, LONG (E) = 101.5, alpha95 = 4.4°, k = 122.2 

Mean of VGPo from Dome Rock Mountaino (excluding MC033) 

LAT (N) = 43.8, LONG (E) = 129.3, alpha95 = 9.5°, k = 50.4 

Mean of VGPs from Dome Rock Mountains after rotation correction 

LAT (N) c 58.1, LONG (E) = 102.4, alpha95 = 9.5°, k = 50.4 

Mean of McCoy Mountains VGPs + corrected Dome Rock Mountains·VGPs 

LAT (N) = 61.0, LONG (E) = 101.9, alpha9S=4.lo, k = 81.1 
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different from the pole of Harding et ale (1983), the recalculated 

McCoy Mountains Formation pole is displaced somewhat more westerly or 

older along the North American Jurassic APl07 track (Fig. 15). Assuming 

that the tectonic rotation of the Dome Rock Mountains ie correct and 

that the resulting in situ formation mean direction/pole can be 

interpreted to reflect the age of remagnetization, then the 

deformation of the McCoy Mountains Formation is constrained 

paleomagnetically at about 171-179 Ma. It is interesting to note that 

an apparent K/Ar date of 176 Ma has been obtained from the volcanic 

rocks underlying the McCoy sediments, possibly reflecting the same 

deformational event (Pelka, 1973). 

However, acknowledgment that rocks in the McCoy basin have 

undergone post-remagnetization tectonic rotation, which I feel is 

indicated by the paleomagnetic data, implies that the "uniqueness" of 

the Middle Jurassic paleomagnetic pole position must be questioned. A 

simple, single rotation of the McCoy basin can move the "in situ" pole 

from its apparent Jurassic location to a Cretaceous position (Fig. 

19). This transposition is accomplished about a horizontal axis 

striking 2650 with a 45 0 rotation. That is, if the McCoy Mountains 

Formation was remagnetized during the Cretacous (e.g. by early 

Laramide thrusting), then the McCoy basin would have to undergo a 450 

tilt to the south for a Cretaceous pole to rotate into a Middle 

Jurassic pole. Because of the lack of apparent polar wander during 

much of the Cretaceous, the reference pole shown in figure 13 is based 

on individual poles whose ages range from about 130 Ma to 85 Ma 

(Mankinen, 1978). Younger reference poles (i.e. Late Cretaceou-Middle 
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Fig. 19. Stereographic North Polar Projection Showing Recalculated 
lOin situ" Mean Pole from the McCoy Mountains Formation (MMl), and Same 
Pole After 450 Rotation About a Horizontal Axis Trending 2650 (MM2). 

See figure 13 for comparison of MM2 pole with Cretaceous average pole. 
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Tertiary remagnetization) would cause the hypothetical tectonic 

rotation axis to strike increasingly more southerly and require 

slightly less tilt. 

There is Bome geological evidence to suggest that south tilt 

of the McCoy basin is not only permissible but expected. Tertiary 

volcanic rocks in the southern Plomosa Mountains dip shallowly to the 

south (Harding, 1982). The dominant structural geometry of the McCoy 

Mountains Formation and the underlying volcanic rocks exhibits a 

moderate south to SSE dip, and deeper crustal rocks including Mesozoic 

plutons and gneisses (age unknown) are exposed only along the northern 

edge of the basin (Fig. 14) (Harding, 1982). Perhaps most striking is 

the occurrence of Cretaceous plutonic rocks in the Dome Rock and Palen 

Mountains only along the northern edge of the McCoy basin. This 

distribution of different crustal level lithologies within rocks as 

young as Cretaceous is consistent with post-Cretaceous, regional south 

tilt. 

In the Dome Rock Mountains, where both the northern and 

southern structural boundaries are recognized, the McCoy basin is 

approximately 30 km wide. Placing an axis of coherent block rotation 

in the center of the basin 't-lould predict tha.t rocks now exposed along 

the northern boundary have been uplifted some 15 km since the 

Cretaceous. This simlplistic calculation assumes that the basin 

bounding faults, which are commonly considered to be associated with 

the main deformational event, were reactivated during block rotation. 

Such a multi-slip history may be recorded by a fault in the northern 



57 

McCoy Mountains which is along strike with the north bounding thrust? 

fault, but which is a high angle fault with south side (i.e. basin 

side) upthrown (Harding, 1982, Harding and Coney, 1985). This would 

be the expected sense of motion for structures accomodating south tilt 

of a basin block with a horizontal rotation axis internal to the McCoy 

basin. 

Summarizing, mutually discordant paleomagnetic poles from the 

Dome Rock and McCoy Mountains suggest that post-remagnetization 

tectonics have internally deformed the McCoy structural basin. 

Selected geologic relationships are consistent with a regional post

Cretaceous southward tilt of the basin interior which could rotate a 

Cretaceous paleomagnetic pole into an appar~nt Middle Jurassic pole 

position. Therefore, while the statistical concordance of the McCoy 

Mountains Formation pole with the Corral Canyon and Newark Trend Group 

II cratonic poles is impressive, one cannot discount the possibility 

that deformation of the McCoy Mountains Formation associated with 

development of a penetrative fabric and chemical remagnetization may 

be Cretaceous in age rather than Middle Jurassic. The depositional 

age of the McCoy Mountains Formation may therefore be anywhere from 

Early Jurassic to Late Cretaceous. 

Summary 

Intermediate to silicic volcanic rocks in the Patagonia 

Mountains of southeastern Arizona are part of an autochthonous 

segment of the Jurasoic Cordilleran magmatic arc. A 650 meter thiclt 

homoclinal sequence near Corral Canyon includes welded ash flow tuff, 



tuff breccia, lava and fluvial red beds. 

58 

Rubidium/strontium isotopic 

analysis of eight whole rock tuff samples yields an isochron age of 

171±3 Ma and an initial 87 Sr /86 Sr ratio of 0.7084 ± 0.0002. 

Paleomagnetic samples from 18 separate welded tuffs and from a single 

site in red mudstone reveal a primary magnetization carried in both 

magnetite and hematite. Characteristics of blocking temperature and 

coercivity spectra indicate variable degrees of deuteric oxidation of 

magnetite to hematite. Both magnetic phases record the same direction 

of magnetization and a selected set of 12 site mean directions yield a 

formation mean of: Dec.= 339.40 , Inc.= 19.90 , alpha95= 7.80 • Site 

mean directions pass a reversals test and define a paleomagnetic pole 

located at 6l.80 N, 116.00 E, alpha 95= 6.20 which is consistent with 

reliable Middle and Late Jurassic paleopoles from cratonic North 

America but differs from published 170 Ma reference poles. The 171 Ma 

Corral Canyon pole helps to define a latitudinal arc of apparent polar 

wander from approximately 200 Ma to 150 Ma and supports a more 

equatorial mid-Jurassic paleolatitude for North America than is 

implied by previous analyses of apparent polar 'olander. The Corral 

Canyon pole is statistically concordant with a paleopole from the 

McCoy Mountains Formation which may indicate an age of at least 171 Ma 

for the deformation and remagnetization of the latter sequence. 

However, reinterpretation of the paleomagnetic data and geological 

relationships in the McCoy basin allows the remagnetization to be 

Cretaceous in age and the concordance with the Corral Canyon pole to 

be a consequence of subsequent tectonic rotation. 



CHAPTER 2 

PALEOMAGNETISM OF THE JURASSIC CANELO HILLS VOLCANICS, 

SOUTHEASTERN ARIZONA 

Silicic volcanic rocks of known or suspected Jurassic age are 

exposed in numerous mountain ranges in southeastern Arizona. These 

rocks and associated volcaniclastic sediments and granitic plutons are 

remnants of large composite volcanic fields representing a continental 

magmatic arc assemblage. Whereas many Cordilleran Jurassic arc 

assemblages are now contained within suspect terranes (Coney, 1981), 

Middle and Late Jurassic volcanic rocks in southeastern Arizona were 

erupted directly onto miogeoclinal strata of the Paleozoic craton. 

This relationship provides a rare opportunity to study the geology and 

paleomagnetism of an autochthonous Jurassic continental arc 

assemblage. Paleomagnetic results from volcanic rocks in the northern 

Canelo Hills (Kluth et al., 1982) and in the Patagonia Mountains 

(Chapter 1) yield well determined pole positi~ns consistent with the 

North American apparent polar wander path. 

The Canelo Hills volcanics is one of the best kno'>1n and best 

exposed Middle Jurassic volcanic Buites in southeastern Arizona (Fig. 

20). Recent work by Kluth (1982, 1983) and Vedder (1984) has 

clarified stratigraphic relationships between the Canelo Hills 
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Fig. 20. Index Map of Southeastern Arizona Showing Distribution of 
Pre-Laramide Mesozoic Rocks Including the Canelo Hills Volcanics. 
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volcanics and adjacent formations. Two members are now recognized, a 

lower rhyolite flow member and an upper welded tuff member, which rest 

depositionally on Permian Naco Group limestones (Hayes and Raup, 1968) 

and are overlain by Late Jurassic through Early Cretaceous sedimentary 

and volcanic rocks assigned to the Glance Conglomerate (Vedder, 1984). 

Three sections spanning 600 m~ters of welded ash flow tuff in 

the Canelo Hills were identified for paleomagnetic sampling in order 

to provide maximum stratigraphic coverage with minimal structural 

complication. Over 200 separately oriented cores were drilled and 

analyzed to determine a paleomagnetic pole posi tion in an effort to 

refine the Jurassic apparent polar wander (APW) path for cratonic 

North America. 

Extensive alternating field and thermal demagnetization 

experiments identified magnetite as the carrier of a stable 

thermoremanent magnetization. The characteristic direction of this 

magnetization is anomalous with respect to predicted directions 

calculated from Jurassic cratonic reference poles. Analysis of the 

dispersion of site mean directions and of virtual geomagnetic poles 

indicates that this discordancy may result from secular variation of 

the Middle Jurassic geomagnetic field sampled over a relatively short 

time interval. Similar anomalous direction~ attributed to non-dipole 

geomagnetic field behavior have been reported from other Jurassic and 

Triassic rocks in the western U.S. (Steiner and Helsley, 1974b). 

Paleomagnetic data from the Canelo Hills volcanics place 

constraints on the eruptive and cooling history of this major ash flow 

accumulation. The entire sequence, which is at least 500-700 meters 
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thick, probably represents only two cooling units. These data are 

consistent with Lipman and Sawyer's (in press) suggestion that the 

welded tuff member of the Canelo Hills volcanics is an intra-caldera 

ash flow. 

Stratigraphy and Regional Geology 

The Canelo Hills volcanics ,.,ere named by Hayes et a1. (1965) 

for exposures in the Canelo Hills, a northwest trending range 

stretching from the southwest side of the Huachuca Mountains north 

toward the Santa Rita Mountains (Fig. 20). These authors recognized 

three members described in ascending stratigraphic order as the 

interbedded volcanic and sedimentary member, the rhyolitic lava 

member, and the welded tuff member which they estimated as comprising 

a total thickness of more than three kilometers. 

Recent work by Kluth 0982, 1983) and Vedder (984) has 

demonstrated that the original stratigraphy of Hayes et ale (1965) was 

partially inverted and that the "lower" sedimentary and volcanic 

member rests depositionally on the two volcanic members. Kluth (1982) 

separated the interbedded conglomerates, sandstones, and welded tuffs 

from the Canelo Hills volcanics and informally referred to them as the 

"Mount Hughes Formation". Vedder (1984) showed that these rocks, 

which are also well exposed at Lone Mountain, were simply a volcanic 

rich facies of the Glance Conglomerate and could be traced laterally 

into sediments previously mapped as the latter. The revised 

stratigraphy not only restricts the Canelo Hills volcanics to a 
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dominantly volcanic formation, but aloo simplifies the geologic map 

patterns. 

Kluth et ale (1982) published a Rb/Sr age determination (15l±2 

Ma)and a paleomagnetic pole from welded tuffs in the Glance 

Conglomerate in the northern Canelo Hills. This pole although 

generally referred to as the "Canelo Hills pole" should not be 

confused with the pole reported in this paper from the Canelo Hills 

volcanics. The rocks studied by Kluth et 'ale (1982) yield radiometric 

dates approximately 20 to 25 million years younger than the Canelo 

Hills volcanics proper, which are the subject of this chapter. 

The Canelo Hills volcanics have been mapped by Hayes and Raup 

(1968) in the southern Canelo Hills, at Lone Mountain and in the 

southern Huachuca Mountains; by Simons (1974) in the southwestern 

Canelo Hills; and by Kluth (1982) in the northern Canelo Hills. The 

Lone Mountain area has since been remapped in more detail by Vedder 

(1984). General lithologic and stratigraphic characteristics of the 

Canelo Hills volcanics have been described by Hayes et ale (1965), 

Simons et ale (1966), Hayes (1970), Simons (1972) and Hayes and Drewes 

(1978) • 

Rhyolite Flotv Member 

The rhyolite flow member of the Canelo Hills volcanics is 

characterized by pale-red to greyish-purple flow banded rhyoli tic 

lava and rheomorphic welded tuff. Sparse phenocrysts include altered 

sanidine ± quartz, sodic plagioclase and altered biotite within a 

devitrified groundmass. Flow banding is often strongly contorted and 
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intervals of flow breccia are common in the Canelo Hills and at Lone 

Mountain. Because of these chaotic internal geometries, true 

stratigraphic thicknesses are difficult to estimate; Hayes et al. 

(1965) suggest a maximum thickness of approximately 300 meters exposed 

southeast of Canelo Pass. A similar thickness is seen at Lone 

Mountain, but there the basal contact is the Lone Mountain fault 

(Hayes, 1970). Near Montezuma Pass in the southern Huachuca Mountains 

the rhyolite flow member rests depositionally on Permian limestones of 

the Naco Group; Hayes (1970) reports a thickness of 150 meters at this 

locality. 

Simons et al. (1966), Hayes (1970) and Hayes and Raup (1968) 

describe and map exotic blocks of upper Paleozoic limestones contained 

within the rhyolite flow member in the Canelo Hills and at Lone 

Mountain. These blocks are commonly brecciated but not otherwise 

altered or recrystallized and range in maximum dimension from 50 

meters to over 1 km. Simons et al. (1966) describe these blocks as 

enclosed within or renting atop rhyolitic lavas and propose that 

viscous lava flows picked up slabs of country rock and transported 

them for significant distances (8-16 km). 

Examination of numerous exotic blocks within what Hayes and 

Raup (1968) map as the rhyolite flow member reveals that in all 

exposed cases they are surrounded by rheomorphic welded ash flow tuff 

rather than rhyolitic lava. Although Hayes et al. (1965) acknowledge 

the presence of some ash flow tuffs within the rhyolite flow member, 

their volume estimate of less than 5% is far too small. Notably, the 

area near Turkey Creek (sections 34 and 35, T22S, R18E) contains 
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extremely large, internally brecciated blocks of both Permian 

limestone as well as Jurassic? volcanic rocks within rheomorphic 

welded tuffs that sometimes exhibit well developed lithophysae (Fig. 

21). 

Lipman (1984) describes rheomorphic ash flow tuff and exotic 

blocks or "megabreccia" as common features within the lower parts of 

intra-caldera fill sequences. Large scale rheomorphism likely 

reflects steep depositional surfaces near caldera walls, while 

megabreccias are the result of caldera wall collapse. 

Not only is the rhyolite flow member lithologically diverse 

but its stratigraphic relationship with respect to the welded tuff 

member is also complex. Near Montezuma Pass and near Parker Canyon 

(Fig. 20) the rhyolite flow member is overlain depositionally by the 

welded tuff member, while at Lone Mountain there is apparent large

scale interfingering of the two members (Vedder, 1984). Hayes (1970) 

also describes what he interprets either as large blocks of rhyolite 

lava within the welded tuff member or as interfingering of the two 

members. 

Simons (1972) reported a single chemical analysis for the 

rhyolite flow member in the Canelo Hills, interpreted as a high 

potassium rhyolite. A very high Si02 content (79.7 wt.%) and a 

K20:Na2O+CaO ratio of 5.6%:0.31% may indicate secondary silicification 

and potassium metasomatism. Both of these processes are common within 

thick caldera-fill sequences. No radiometric dates have been 

published for the rhyolite flow member although its close 



Fig. 21. Geologic Map of the Canelo Hills, Modified from Hayes and 
Raup (1968), Simons (1972), and Kluth (1982). 

Kv - Late Cretaceous volcanics (Meadow Valley andesite) 
Kf - Late Cretaceous Fort Crittenden Formation 
Kb - Late Jurassic - Middle Cretaceous Bisbee Group sediments 
JK - Jurassic-Cretaceous? rocks of Jones Mesa 
Ji - Jurassic intrusive rocks 
Jc - Late Jurassic - Early Cretaceous Glance Conglomerate 
Jt - welded tuff member, Canelo Hills volcanics 
Jr - rhyolite flow member, Canelo Hills volcanics 
pz - Paleozoic limestone 
e - exotic blocks of Paleozoic limestone 

Paleomagnetic Sections 
A - Canelo Pass section 
B - Collins Canyon section 
C - Parker Canyon sections (I-lower, 2-upper) 
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stratigraphic association with the welded tuff member suggests an age 

of approximately 170-175 Ma. Because of the complex internal 

geometries and uncertainty regarding paleo-horizontal control, no 

paleomagnetic samples were collected from the rhyolite flow member. 

l<1elded Tuff Member 

The welded tuff member of the Canelo Hills volcanics is a 

homogeneous unit composed of pink to pale-red and grey, densely 

welded, crystal rich, rhyolite tuff. Ubiquitous phenocrysts include 

quartz, cloudy perthitic potassium feldspar, and minor altered biotite 

within a very fine grained devitrified groundmass. Quartz grains (1-3 

mm) vary from euhedral to broken, are commonly embayed, and are 

sometimes pervasively fractured. Eutaxitic pumice fragments are 

common and thin-section analysis in plane light reveals flattened 

glass shards deformed around phenocrysts. In outcrop appearance the 

welded tuff member is commonly massive with rare, poorly developed 

columnar jointing. 

The homogeneous and massive nature of the welded tuff member 

inhibits recognition of faults and causes estimates of total thickness 

to be uncertain. Hayes et ale (1965) suggest a maximum apparent 

thickness of over 2 kilometers about 4 miles southeast of Canelo Pass. 

Field reconnaissance in this area and south toward Parker Canyon Lake 

suggests the presence of previously unrecognized northwest trending 

faults cutting approximately parallel to strike. At Montezuma Pass 

where both base and top are exposed, the welded tuff member is only 

75 meters thick (Hayes, 1970). A maximum composite thickness of 
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approximately 700 meters was measured during paleomagnetic sampling at 

tt-l0 sections near Parker Canyon Lake and one near Canelo Pass (Fig. 

22). 

Approximately 500 meters of welded tuff are present 

immediately southeast of Canelo Pass the upper 130 meters of which 

were sampled in this study (Fig. 21). A NNW facing homoclinal 

sequence exposes welded tuff depositional on the rhyolite flow member 

and overlain unconformably by Glance·Conglomerate (IIMt. Hughes 

facies") (Simmons, 1974, Kluth, 1982). Less than 1 km to the 

northwest, the welded tuff member is absent and Glance sediments rest 

depositionally on late Paleozoic limestone. Kluth (1982) attributed 

this relationship to an unexposed northeast trending fault with 

erosional removal or nondeposition of welded tuff on the northwest 

block, reflecting as much as 2500 meters of vertical displacement. 

Reinterpretation of stratigraphic relationships and thicknesses in the 

Canelo Pass area suggests that the amount of apparent stratigraphic 

separation across this structure is significantly less than this (0.5 

- 1 km). As Kluth (1982 pg. 88) suggested, this discontinuity 

separating very thick Jurassic welded tuff on the southeast from 

Paleozoic limestones on the northwest may represent a caldera margin. 

Depositional overlap by Late Jurassic Glance Conglomerate requires the 

principal motion along this structure to be Middle to Late Jurassic. 

Only a single large exotic bloclc of Paleozoic limestone has 

been found within the welded tuff member, that occurring along a major 

fault in section 33 (T22S. RI8E) (Fig. 21). A smaller block is also 

mapped by Simons (1974) just south of Canelo Pass and very small, 
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meter-sized boulders were observed in a flow breccia interbedded with 

welded tuff near Parker Canyon (Figs. 21 and 22). 

As in the case of the rhyolite flow member, a single chemical 

analysis has been published for the welded tuff member (Hayes et al., 

1965); this also has been 'interpreted as an alkali rhyolite with very 

high silica (78.1 wt.%) and high K20:Na20+CaO (7.4:0.99 wt.%). 

The age of the welded tuff member is constrained by two 

radiometric dates published by Marvin et al. (1973). Both dates are 

K-Ar analyses of biotite, one from the Canelo Hills yielding an age of 

177±8 Ma and one from Lone Mountain yielding an age of 169±6 ,Ma. Ash 

flow tuffs within the Glance Conglomerate overlying the welded tuff 

member have been dated at 151±2 Ma (Rb/Sr, Kluth et al., 1982), 149+11 

Ma (Rb/Sr, Marvin et al., 1978), and 147+6 Ma (K-Ar, Marvin et aI, 

1978) • 

Structure 

The structural geometry of the Canelo Hills can be 

characterized as a faulted, upright anticlinal flexure, the axial 

trace of which trends NW-SE roughly parallel to the topographic range. 

Both limbs of this anticline are cut by NW-SE trending, high angle 

reverse faults that displace Paleozoic through Early Cretaceous? rocks 

in the core up and over rocks as young as Late Cretaceous on the 

limbs. Although separated from the Huachuca Mountains by the Lone 

Mountain fault, the Canelo Hills can be considered as part of the 

Huachuca Mountains ,structural domain of Davis (1979). This domain is 

characterized by shallowly to non-plunging cylindrical anticlines and 
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synclines with NW-SE oriented fold axes. 

The complexity of faulting is better documented north of 

Canelo Pass, where Kluth (1982) has recognized four structural 

subdomains, all of which are separated by major faults. Published 

maps for the region south of Canelo Pass show relatively few faults, 

possibly reflecting differences in lithology and associated 

deformational response, but also probably reflecting the extreme 

difficulty in recognizing faults within the homogeneous .welded tuff 

member. 

The Lone Mountain fault (Fig. 21) separates Canelo Hills 

volcanics from folded and faulted Precambrian through Late Cretaceous 

rocks in the Huachuca Mountains to the northeast. A significant 

component of vertical displacement (2-3 km) is suggested by the map 

and cross-sections of Hayes and Raup (1968). Kluth (1982) recognized 

a segment of the Lone Mountain fault in the northern Canelo Hills (the 

Houston Ranch fault) which shows reverse separation. The Lone 

Mountain fault also has been considered as a branch of the Sawmill 

Canyon fault zone and probably accommodated left-slip or left-oblique

slip displacement during the Jurassic (Drewes, 1972, 1981, Davis, 

1981). 

The Lampshire Canyon fault - Dove Canyon fault system is a 

steeply NE dipping reverse fault defining the southwestern boundary of 

the Canelo Hills (Fig. 21). Kluth (1982) suggests as much as 1 km of 

stratigrapic separation in the northern Canelo Hills and Drewes (1980) 

suggests some component of left slip. The Lampshire Canyon fault cuts 
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rocks as young as 72+3 Ma, suggesting a Laramide age for principal 

displacement (Simons, 1974). 

The detailed motion along these NW-SE trending high angle 

faul ts is not well understood, partly reflecting a history of 

recurrent displacement within significantly different regional stress 

regimes (Davis, 1981). Left slip or left oblique slip during the 

Jurassic may reflect accommodation of regionally aistributed shear 

associated with motion along the proposed Mojave-Sonora megashear 

(Anderson and Silver, 1981). Late Cretaceous to Early Tertiary 

reverse slip or oblique reverse slip has been interpreted by Davis 

(1979, 1981) as the result of NE-SW directed Laramide compression. 

The principal structure in the Huachuca Mountains northeast of the 

Canelo Hills is a NE dipping, SW directed thrust system that Davis 

(1979) interprets as the southwest bounding structure of a large 

basement cored uplift. 

In the southern Canelo Hills, the Collins Canyon fault (name 

herein proposed, Fig. 21) extends from Canelo Pass on the north, where 

it joins with or more likely is truncated by the Lampshire Canyon 

fault, to the southwestern limit of the Canelo Hills where its trace 

passes under Quaternary cover. Along the central portion of the 

southern Canelo Hills the Collins Canyon fault is mapped as a single 

strand across l'lhich the welded tuff and rhyolite flow members of the 

Canelo Hills volcanics are juxtaposed. 

Near both ends of its mapped extent, this fault bifurcates 

into numerous branches which, near Parker Canyon 'Lake, delineate a 

graben structure hereafter referred to as the Collins Canyon graben 
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(Fig. 21). A relatively fine grained facies of the Glance 

Conglomerate is exposed within the graben; this includes sandstone, 

mudstone, and conglomerate as well as thin, grey and purple ash flow 

tuffs very similar to rocks found at Lone Mountain (Vedder, 1984). 

Working within the old stratigraphic framework, Hayes and Raup (1968) 

interpreted the Collins Canyon structure as a horst block as shown on 

their cross-section E-E'. Strong evidence in favor of the alternative 

stratigraphic and structural interpretation is afforded by numerous 

conglomerate beds within the graben fill that contain abundant clasts 

of the Canelo Hills volcanics welded tuff member. 

The bounding faults of the Collins Canyon graben are normal or 

oblique-slip faults that dip toward the graben at angles of 75-85 0 • 

Subparallel to the faults are a series of clastic dikes, commonly 15-

60 cm wide, composed of red mudstone and fine grained sandstone. 

Nearby beds of mudstone display severe thinning and thickening and 

tight folding. These deformed mudstones appear to be the source beds 

for the clastic dikes, suggesting that, during or shortly after 

deposition of the Glance sediments, faulting remobilized the still wet 

mudstones, which were injected along WNW trending fractures. Further 

evidence for active faulting during deposition of the Glance 

Conglomerate in Collins Canyon is the presence within it of large 

exotic blocks of late Paleozoic limestone (Fig. 21). Davis et al. 

(1979) interpreted similar exotic blocks in Glance sediments in the 

northern Canelo Hills as gravity-slide blocks, possibly derived from 

active scarps of the Jurassic Sawmill Canyon fault zone. 
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The Collins Canyon graben was an active structure at about 150 

Ma, probably associated with left-oblique-slip along the Lone 

Mountain, Sawmill Canyon fault system. Subsequent NE-SW directed 

shortening during Laramide compression deformed the intra-graben 

strata into NW-SE trending, gentle, subhorizontal upright folds. 

Paleomagnetic sites were collected from stratigraphic sections on both 

sides of Collins Canyon in order to detect possible differential 

tectonic rotation across this fault. The results of this test are 

inconclusive but suggest that no significant rotation has occurred in 

post-Middle Jurassic time. 

Paleomagnetic Sampling 

The welded tuff member of the Canelo Hills volcanics is a 

generally massive and homogeonous unit within which separate flows and 

lor cooling units are difficult to identify. Paleomagnetic sites were 

drilled within stratigraphic sections at resistent horizons expressed 

topographically as prominent outcrops or benches. It was hoped that 

these topographic features represented discreet cooling units even 

though successive outcrops are lithologically indistinguishable and 

lack intervening sediments, non-welded tuff, or other evidence for 

cooling breaks. 

Thirty paleomagnetic sites were located within three 

stratigraphic sections spanning a maximum combined thickness of 

approximately 600 meters (Fig. 22). The detailed stratigraphic 

relationship of these sections is uncertain because all are separated 

by faults and the homogeneous nature of the welded tuff member 
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prohibits correlation. Two sections near Parker Canyon Lake may 

overlap in stratigraphie coverage and both are relatively low within 

the welded tuff member. A third section near Canelo Pass covers the 

stratigraphically highest exposed interval of this member. 

Parker Canyon Section - Sampling. The Parker Canyon section 

(Figs. 21 and 22) includes 12 paleomagnetic sites distributed 

throughout 160 meters of welded tuff. A welded tuff flow breccia with 

small exotic blocks of Paleozoic limestone can be used to separate the 

Parker Canyon locality into a lower and upper sequence. The lower and 

upper Parker Canyon sections are also separated by a poorly exposed 

high angle fault. This fault trends subparallel to the Collins Canyon 

graben and merges with another branch of the Collins Canyon fault to 

the northwest. The base of the lower welded tuff sequence is in high 

angle fault contact with Glance Conglomerate and was incorrectly 

mapped as rhyolite flow member by Hayes and Raup (1968). Its true 

stratigraphic relationship to the upper Parker Canyon section is 

uncertain. Extrapolating the sense of motion on nearby parallel 

faults, the lower section may be stratigraphically higher than the 

upper and is probably correlative in part with the Collins Canyon 

section. This interpretation is consistent l'1ith paleomagnetic results 

discussed later. 

The depositional base of the welded tuff member is exposed 

along state road 83 approximately 1/4 mile northwest of Parker Canyon 

(Fig. 21). Projecting this contact into the subsurface suggests that 

the stratigraphically lowest paleomagnetic sites in the upper Parker 



Canyon section (CH06l-CH063) are approximately 100-150 meters above 

the contact between the welded tuff and rhyolite flow members. 

Collins Canyon Section - Sampling. The Collins Canyon section is 

located on the southwest side of the Collins Canyon graben in the 

southeast 1/4 of Sec. 12 (T23S. R18E.) (Figs. 21 and 22). Again the 

welded tuff member is in high angle fault contact with tuff and 

sedimentary rocks of the Glance Conglomerate so that the basal contact 

with the rhyolite flow member is not exposed and it is not known how 

much stratigraphic overlap there may be between the lower part of the 

Collins Canyon section and the Parker Canyon section. The Collins 

Canyon section includes 10 sites covering approximately 340 meters of 

very homogeneous welded tuff with no compelling fi"eld evidence for 

cooling unit breaks other than topographic "benching". 

Canelo Pass Section - Sampling. The third section was located in 

the northernmost and stratigraphically highest exposures of the welded 

tuff member just southeast of Canelo Pass (Fig. 21). This area, 

mapped by Kluth (1982), demonstrates the depositional relationship 

between welded tuff of the Canelo Hills volcanics and the overlying 

sediments and ash flow tuffs of the Glance Conglomerate. Both welded 

tuff member and Glance Conglomerate are exposed in a shallow to 

moderately dipping WNW facing homoclinal sequence. The section 

sampled for this study includes approximately 130 meters of ash flow 

tuff overlain directly by the southernmost paleomagnetic section 

sampled by Kluth et al. 0982, Fig. 1). 

76 
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Paleomagnetic Techniques 

203 cores were collected from 30 sites within the welded tuff 

member of the Canelo Hills volcanics. Standard paleomagnetic coring 

techniques were used and core orientations were made with a magnetic 

compass. Commonly, a single sample was cut from each core except in 

cases where two specimens could be obtained to analyze within core 

variation. The structural attitude at each site was determined by 

measuring the orientation of flattened pumice lapilli. Dips are 

generally shallow «25 0 ) and tilt correction was made by simple 

rotation about strike. 

The natural remanent magnetization (NRM) of all samples was 

measured using an ScT, 2-axis cryogenic magnetometer at the University 

of Arizona laboratory of paleomagnetism. Alternating-field (AF) 

demagnetization was performed with a Schonstedt GSD-l demagnetizer 

equipped with a tumbler while thermal demagnetization was done in a 

mu-metal shielded furnace with an internal field of less than 15 nT 

(lnT = 1 gamma). 

Analysis of Demagnetization Experiments 

Initial NRM intensities were consistent within all three 

sections commonly ranging from 10-1 AIm (1 AIm c 10-3 emu/cm3) to 10-3 

AIm but with samples from the upper Parker Canyon section consistently 

high. This range is similar to intensities observed in other Jurassic 

ash flotol tuffs in southeastern Arizona (Kluth et al., 1982; Chapter 

1). Initial intensities as high as 1 AIm were always associated with 

anomalous directional characteristics and are attributed to lightning 
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induced IRM. Within site NRM dispersion was commonly 10111 reflecting 

the general absence of multicomponent magnetizations. In all sites 

with large directional scatter, lightning-induced IRM seemed to be the 

secondary component. NRM directions from all well grouped sites in 

all sections show north to NNE declinations and shallow to moderate 

positive inclinations. 

Both AF and thermal demagnetization experiments were performed 

to evaluate directional stability and coercivity/blocking temperature 

spectra. Orthogonal vector demagnetization diagrams were used in this 

analysis. Following initial measurment of NRM, at least one sample 

from each site in the Parker Canyon and Canelo Pass sections was 

selected for progressive AF demagnetization in six to twelve peak 

fields ranging from 5 to 100 mT. Nearly all samples responded well to 

AF demagnetization as illustrated in figures 23c and 24b. Following 

the removal of a small secondary component in 5 or 10 mT fields, 

demagnetization was characterized by univectorial decay. Median 

destructive fields are generally 15-30 mT with less than 10% of the 

initial intensity remaining after demagnetization in peak fields of 

60-80 mT (Fig. 25). 

Samples ll1ith anomalous NR~1 directions also responded well to 

AF treatment. Figure 24 shows an equal'area projection of NRM 

directions from site CHOSI and vector demagnetization diagrams for two 

samples. Sample CH05lB (Fig. 24b), whose NRM direction falls within 

the main cluster, exhibits single component demagnetization behavior. 

Sample CHOSlC (Fig. 24c) with an anomalous NRM direction (up and to 

the ENE) exhibits a dramatic loss of intensity and change in direction 
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Equal area projections of (a) uncleaned and (b) cleaned sample 
directions from site CH054; vector demagnetization diagrams 
illustrating (c) behavior of sample CH054C during progressive AF 
cleaning and (d) behavior of sample CH054F during progressive thermal 
cleaning. Values next to selected steps show progressive 
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Fig. 24. Paleomagnetic Data from Site CH051. 

(a) Equal area projection of uncleaned NRM directions from site CH051, 
(b) vector demagnetization diagram for sample CH05lB during 
progressive AF cleaning illustrating single component magnetization, 
(c) vector demagnetization diagram for sample CH05lC during 
progressive AF cleaning illustrating the removal of a secondary 
component interpreted to be lightning induced lRM. 
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during demagnetization in peak fields of less than 10 mT. Between IS 

and 100 mT, a stable component is isolated, the direction of which is 

similar to that observed for CHOSlB. The anomalous direction and high 

initial intensity for CHOSlC and other samples with similar 

characteristics are interpreted as a lightning induced IRM. Even 

sites which have been pervasively disturbed by lightning generally 

respond well to AF demagnetization and yield well defined site mean 

directions (Fig. 26). Less than 10% of all samples were rejected due 

to severe lightning-strike secondary magnetizations. 

Pilot samples from the Parker Canyon and Canelo Pass sections 

were also demagnetized at progressively increased temperatures from 

200 to 60Soc. As illustrated in figures 23 and 27, thermal treatment 

resulted in demagnetization behavior very similar to the alternating 

field experiments. Orthogonal vector diagrams display univectorial 

decay of the NRM component with unblocking temperatures below 6000 C 

(Fig. 28). The distribution of unblocking temperatures varies 

slightly between sites, but, the majority of remanent magnetization is 

removed between 400 and 5800 C. 

Stable demagnetization behavior with unblocking temperatures 

distributed below S800 C suggest that magnetite is the dominant 

ferromagnetic phase present in the welded tuff member of the Canelo 

Hills volcanics. This conclusion is supported by AF demagnet'ization 

which indicates coercivity spectra distributed mostly below 80 mT and 

by IRM acquisition experiments. Selected samples were placed in a 

direct magnetic field that was increased incrementally from SO to 800 
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mT. The intensity of acquired magnetization l>'as measured at each step 

revealing that saturation was approached rapidly and that only a small 

fraction of total magnetization was acquired in direct fields greater 

than 300 mT. 

The NRM of the Canelo Hills volcanics welded tuff member is 

interpreted as a primary thermoremanent magnetization with very 

consistent properties throughout 600 meters of ash flow tuff. The 

consistency of rock magnetic properties and magnetic mineralogy 

differs from results reported for other Jurassic ash flow tuffs in 

southeastern Arizona. Both Kluth et ale (1982) and May (Chapter 1) 

found evidence for multi-phase mineralogies, including both magnetite 

and hematite. These hybrid mineralogies are attributed to high 

temperature deuteric oxidation of early crystallized magnetite grains 

during the eruption and cooling history of relatively thin ash flows. 

The lack of deuteric oxidation in the welded tuff member of the Canelo 

Hills volcanics possibly reflects primary differences in magma 

chemistry, or alternatively is a simple function of thickness. If 

deuteric oxidation occurs during post-eruption cooling then the great 

thickness of ash flow in the welded tuff member may have acted as 

insulation from oxidizing conditions. 

Paleomagnetic Results 

Based on the unco~plicated p~ demagnetization behavior and the 

similarity between AF and thermal cleaning, a blanket demagnetization 

program consisting of 1 to 4 AF steps was prescribed for all 

remaining samples. This included samples from the Collins Canyon 
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Table 5. Paleomagnetic Data: Parker Canyon Section 

Locality: 31.450 Nt 249.550 E 

Lover Section 

SITE N DEC INC ALPBA95 It J(A/m) 
(0) (0) (0) 

CH050 8 357.9 29.5 3.0 352.5 9.6E-3 
2.9 35.9 

CH05l 6 2.3 31.8 3.1 469.1 1.7E-2 
358.7 33.9 

CH052 6 3.5 37.5 2.9 529.8 5.7E-3 
359.0 39.7 

CH053 8 6.1 32.5 3.0 340.8 1.lE-2 
5.2 22.6 

Upper Section 

CH054 8 18.5 29.2 3.2 309.3 1.4E-1 
20.7 22.7 

CH055 6 21.5 27.9 2.9 535.9 2.1E-1 
33.6 38.7 

CH056 5 22.2 25.7 4.5 296.5 2.5E-1 
22.2 25.7 

CH057 8 23.5 29.1 2.0 776.6 4.6E-l 
26.8 40.2 

CH058 4 21.6 34.8 9.0 105.8 4.9E-2 
31.9 31.5 

CH059 4 27.2 30.2 7.7 142.1 1.2E-1 
34.5 28.7 

CH060 5 25.2 28.4 4 .. 4 305.0 1.2E-l 
32.1 25.1 

CH061 6 14.0 30.2 2.9 542.5 1.8E-1 
16.1 19.1 

CH062 8 22.7 24.9 1.7 1027.2 1.4E-1 
31.5 22.4 

CH063 8 18.6 30.0 2.2 657.7 1.lE-1 
23.3 37.2 

Structurally uncorrected direction followed by corrected direction for 

each site in this and following tables. 
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Table 5. (continued) 

SECTION ~ DA~ 

N DEC INC ALPHA95 It 
(0) (0) (0) 

lower section 
uncorrected 4 2.4 32.9 5.1 329.6 

corrected 4 1.6 33.1 8.9 108.2 

upper section 
uncorrected 10 21.5 29.1 2.5 . 363.0 

corrected 10 27.1 29.3 5.6 75.6 

Hean of VGP' s 

N LATo(N) LONGO(E) ALPHA95 k 
lower section 
uncorrected 4 76.3 59.7 4.5 420.9 

upper section 
uncorrected 10 64.8 13.6 2.4 415.1 
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Table 6. Pa1~omagnetic Datal Collins Canyon Section 

LocalitYI 31.40 N, 249.50 E 

SITE N DEC INC ALPHA95 k J(A/m) 
(0) (0) (0) 

CH150 4 13.7 13.8 12.4 56.1 3.2E-2 
11.8 22.0 

CH151 5 3.3 10.1 4.1 347.8 8.7E-3 
0.6 14.1 

CH152 6 358.2 16.3 4.8 193.7 7.7E-3 
349.7 33.9 

CH153 6 1.0 17.4 5.1 172.4 1.3E-2 
352.6 29.1 

CH154 6 10.5 10.2 5.4 154.6 2.4E-2 
4.9 30.3 

CHI55 6 0.2 17.4 4.1 262.2 4.5E-2 
350.7 35.8 

CH156 6 22.3 23.4 6.2 118.3 2.6E-2 
9.1 37.3 

CH157 6 24.1 24.5 4.7 207.4 4.4E-2 
6.5 40.1 

CH158 6 27.9 21.1 7.5 80.4 3.6E-2 
17.6 30.5 

SECTION !mAN 

N DEC INC ALPHA95 It 
(0) (0) (0) 

uncorrected 9 11.0 17 .4 7.7 46.1 

corrected 9 2.7 30.7 7.5 48.1 

Melm of VGPo 
N LAorDem) LONGo6~) ALPBA9S It 

corrected 9 75.2 59.7 6.8 58.1 
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Table 7. Paleomagnetic Data: Cane10 Pass Section 

Locality: 31.50 N, 249.50 E 

SITE N DEC INC ALPHA95 k J(A/m) 
(0) (0) (0) 

CH064 8 0.7 32.8 4.9 130.1 1.6E-2 
356.2 18.5 

CH066 8 7.5 34.5 3.9 200.1 2.8E-2 
359.0 23.0 

CH067 5 26.1 33.7 4.6 273.6 4.9E-2 
14.0 25.4 

CH068 6 350.6 40.3 5.6 145.1 B.7E-2 
348.0 19.8 

CH069 5 354.7 3B.9 5.4 19B.9 9.2E-2 
351.3 18.B 

SECTION MEANS 

N DEC INC ALPHA95 k 
(0) (0) (0) 

uncorrected 5 4.2 36.7 11.2 48.0 

corrected 5 357.5 21.3 9.3 68.6 

Mean of VGPs 

N LArro([:z) LONGo 00 ALPBA95 It 

corrected 5 69.6 76.3 9.5 65.6 

excluding 
site CH067 4 68.2 86.B 5.7 259.0 
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Fig. 29. Equal Area Projection of 28 Stable Site Mean Directions from 
All Four Sections in the Canelo Hills Volcanics. 

Solid circles plot in the lower hemisphere. 
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section which were collected after completion of the pilot 

demagnetization experiments but whose NRM directions and intensities 

suggested similar rock magnetic properties. All samples with 

anomalous NRM directions and intensities were individually monitored 

during blanket demagnetiztion to assure adequate cleaning. 

Vector demagnetization diagrams were used to evaluate the 

stability of each sample and, along with statistical parameters of 

Fisher (1953), to facilitate the selection of optimum demagnetization 

levels for calculation of site mean averages. More sophisticated 

techniques of directional analysis such as line fitting were 

unnecessary because of the unambiguous isolation of the primary 

magnetization direction. Equal area plots of cleaned sample 

directions from two representative sites are shown in figures 23 and 

26. 

Site mean directions at all three sections are very well 

determined, with alpha95's generally less than 100 and commonly less 

than 50. Of the original 30 sites, 2 were excluded from the final 

data set because of unstable magnetization or poor grouping of sample 

directions resulting from severe lightning-strike IRM (alpha95>200). 

Fisher statists for the remaining 28 sites are listed in tables 5-7, 

and all site mean directions are shown in figure 29. All stable sites 

within the welded tuff member of the Canelo Hills volcanics exhibit 

normal polarity with NNW to NNE declinations and moderate positive 

inclinations. 
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Parker Canyon Section - Results 

Site mean directions from the Parker Canyon section can be 

segregated into two subsets on the basis of directional clustering. 

These groups reflect the previously discussed structural/stratigraphic 

division of the Parker Canyon section into lower and upper sequences 

separated by a fault of uncertain displacement. The cleaned mean 

directions for sites CH050-CH053 in the lower section group very 

closely and are distinctly different from the cluster of site mean 

directions from the upper Parker Canyon section (Fig. 30b). In either 

tilt corrected or uncorrected direction space, the mean directions for 

the two Parker Canyon sections are distinct at the 95% confidence 

level with the upper section directions being more easterly and 

somewhat shallower. 

Both subsets of site mean directions, whether treated 

separately or together, cluster significantly better before structural 

correction than after. The mean directions are not significantly 

different before and after applying tilt correction, but the Fisher 

(1953) precision parameter k increases from 108.2 to 329.6 for the 

lower subset and from 75.6 to 363.0 for the upper (Table 5, Fig. 31). 

Structural attitudes tdthin the 10lier sequence tvere shalloli <,~100) 

with inconsistent strikes. In the upper sequence they lV'ere somet-1hat 

steeper (00 - 210), again with inconsistent strikes. 

This apparent failure of the modified fold test is not 

interpreted as post-folding remagnetization. Because of the simple 

demagnetization behavior and the consistency of the Parker Canyon 

directions with those from Collins Canyon and Canelo Pass, I believe 
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Fig. 30. Equal Area Projections of Site Mean Directions for the Three 
Stratigraphic Sections in the Welded Tuff Member. 

(a) Canelo Pass, (b) Parker Canyon, and (c) Collins Canyon. Data in 
(b) are structurally uncorrected and illustrate the separation of 
lower and upper Parker Canyon sections. 
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Fig. 31. Equal Area Projection of Structurally Corrected (H) and 
Uncorrected (G) Mean Directions from the Upper Parker Canyon Section 
with Associated 95% Confidence Circles. 
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that the scattered structural attitudes measured in Parker Canyon 

reflect primary orientation and variability within flattened pumice 

lapilli. Pumice fragments inclined by as much as 200 apparently 

reflect flattening developed during welding subparallel to 

paleohorizontal. 

In later calculations, uncorrected site mean data are used 

from both lower and upper Parker Canyon sections. The extremely high 

k values calculated for the two Parker Canyon data sets are 

interpreted to reflect inadequate averaging of secular variation 

within each of these sections. Either a single or perhaps two cooling 

units were sampled within this 160 meter thick section of welded tuff. 

The distinctly different mean directions suggest that two separate 

cooling units are represented. However, the uncertainty in 

stratigraphic relationship means that this directional difference may 

also simply reflect differential cooling rates within a single, very 

thick cooling unit. 

The entire thickness of welded· tuff exposed in the upper 

Parker Canyon section (120 meters) is interpreted as a single cooling 

unit on the basis of paleomagnetic site mean clustering. The upper 

sequence includes a flow breccia between sites CH060 and CH059. 

However, this apparently does not separate cooling units as the mean 

direction from site CH059 above the flow breccia is located within the 

very tight cluster of site mean directions from below. 
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Collins Canyon Section - Results 

Nine stable sites from the Collins Canyon section yield a 

structurally corrected mean direction of Dec.=2.7°, Inc.=30.7 0 , k=48, 

alpha9S=7.S o (Fig. 30c). The dispersion of site mean directions is 

somewhat greater than one might expect for a single cooling unit. 

However, tt-10 mechanisms capable of increasing scatter are suggested. 

Firstly, the Collins Canyon section is intermediate in terms of 

stratigraphic position within the welded tuff member and is the 

thickest single section sampled. As such it may have taken somewhat 

longer to cool, allowing some amount of secular variation to be 

recorded during a stratified cooling history. Alternatively, the 

apparent dispersion may in part be artificially induced by improper 

tilt corrections. The Collins Canyon section exhibits a general 

southwest homoclinal tilt such that the mean direction changes 

significantly during st"ructural correction, but the precision 

parameter does not (46.1 to 48.1). However, as for the Parker Canyon 

section, the dispersion of structural attitudes based on pumice 

orientations is relatively high, suggesting that each attitude may 

include a true structural component and an artificial component 

reflecting primary variability developed during welding. 

lVhether these or perhaps other mechanisms are responsible for 

the disperSion of site mean directions within the Collins Canyon 

section, I believe that the entire 340 meters of welded tuff at this 

locality represents a single cooling unit that cooled relatively 

quickly with respect to the time scale of paleosecular variation. The 

pole position calculated from this section (Table 6) is therefore 
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considered a virtual geomagnetic pole; it is indistinguishable at the 

95% confidence level from poles calculated fothe lower Parker Canyon 

and Canelo Pass sections (Fig. 33). 

Canelo Pass Section - Results 

Five of six sites in the Canelo Pass section yield stable, 

well determined paleomagnetic directions (Fig. 30a). Four of these 

cluster very tightly with NNW declinations and inclinations of 

approximately 200 • A single site (CH067), although intermediate in 

stratigraphic position (Fig. 22), is displaced from this cluster 

toward directions more common in the Parker Canyon and Collins Canyon 

sections. Site CH067 cannot be rejected on the basis of 

demagnetization properties; however, its anomalous site mean direction 

decreases the section mean VGP precision parameter from 259 to 67. 

Rocko in the Canelo Pass section strike NE and· dip gent ly to 

the northwest. Measured structural attitudes are significantly less 

dispersed at this locality and the Fisher precision parameter for site 

mean directions increases from 48.0 to 68.6 after structural 

correction. This may reflect a higher initial consistency between 

flattened pumice lapilli associated with a stratigraphically higher 

position within the welded tuff member where the effects of pre-ash 

flow topography, differential compaction, and secondary flow were not 

as important. 



Discussion 

Paleomagnetic results from the welded tuff member of the 

Canelo Hills volcanics are enigmatic. Within any individual 

stratigraphic section, site mean directions cluster tightly and 

provide no compelling evidence for more than a single cooling unit. 

However, when all 28 cleaned site mean directions are plotted as in 

figure 29, their distribution is clearly non-circular with 

decHnaUonR spanning approximately 400 and inclinations approximately 

25 0 • Furthermore, site mean directions are crudely ordered within 

this "streak" according to stratigraphic position. The lowest sites 

(upper Parker Canyon section) have NNE declinations and inclinations 

near 300 while the highest sites (Canelo Pass) show NNW declinations 

and inclinations near 200 • Not surprisingly, the mean direction 

calculated from this skewed distribution is discordant at the 95% 

confidence level with respect to the predicted direction based on 

correlative cratonic reference poles. Observed declinations range 

from about 3480 to 270 whereas expected values should be distributed 

about an azimuth of 3400 • Using the statistical parameters associated 

with the Corral Canyon data, I find that approximately 50% of the 

Canelo Hills volcanics directions fall more than two angular standard 

deviations away from the expected mean. 

Skewed site mean directions map into a highly streaked, non

circular distribution of site mean VGPs (Fig. 32). These VGPs lie 

approximately along a great circle that passes through the expected 

170-175 Ma paleomagnetic reference pole, and all fall to the clockwise 

side of this pole. The stratigraphically lowest sites (upper Parker 
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Fig. 32. Stereographic North Polar Projection Showing Distribution of 
Site Mean VGPs for All 28 Stable Sites from All Sections, and 
Formation Mean Pole with A95 Confidence Circle. 



Canyon) exhibit VGPs located between 0 and 300 E longitude whereas 

those from the stratigraphically highest sites (Canelo Pass) cluster 

between about 70 and 1000 E longitude. Stratigraphically intermediate 

sites from the Collins Canyon and lower Parker Canyon sections yield 

VGPs located between about 30 and 90 0 E. Section mean VGPs on the 

other hand segregate statistically into two groups (Fig. 33). Poles 

from the lower Parker Canyon, Collins Canyon and Canelo Pass sections 

are mutually indistinguishable at the 95% confidence level but are 

discordant with respect to both the upper Parker Canyon section pole. 

The formation mean pole for the welded tuff member of the 

Canelo Hills volcanics is located at 72.5N, 4l.SE, alpha95=4.2°, 

k=42.7. As shown in figure 34, its position is clearly discordant 

with respect to reliable Late Triassic through Early Cretaceous 

cratonic reference poles. It is interesting to note that although 

site mean VGPs are clearly non-Fisherian, the blindly calculated 

Fisher statistics associated with the formation mean appear at face 

value to reflec~ a well determined, believable paleomagnetic pole 

(i.e. alpha9S=4.2°, k=42.7). Furthermore, the sense of discordance is 

not unlike many results from the western Cordillera which are commonly 

attributed to tectonic rotation. 

Discordant paleomagnetic poles are commonly attributed to 

either remagnetization, tectonic rotation/translation, or non-dipole 

behavior of the geomagnetic field. [See Beck (1976) for a more 

complete discussion of discordance.] Each of these mechanisms can be 

evaluated with respect to the paleomagnetic results and geologic 
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Fig. 33. Stereographic North Polar Projection Showing Distribution of 
Section Mean VGPs from (A) Canelo Pass Section, (B) Collins Canyon 
Section, (C) Lower Parker Canyon Section, and (D) Upper Parker Canyon 
Section; and Expected Pole Position (Corral Canyon pole, Chapter 1). 
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Table 8. Canelo Hills Volcanics Mean Paleomagnetic Data 

Mean of VGPo 

N LATO(N) LONGO(E) ALPHA95 k 

* Parker Canyon ,Collins 
Canyon, and Canelo Pass 28 72.5 41.5 4.2 42.7 

* uncorrected 

Mean Direction 

DEC INC ALPHA95 k 
(0) (0) (0) 

Same data as above 7.9 29.2 4.3 42.5 



Fig. 34. Stereographic North Polar Projection Showing Reliable 
Jurassic Reference Poles for Cratonic North America and the Formation 
Mean Pole from the Canelo Hills Volcanics (CHV). 

Reference poles used in this figure are discussed in Chapter 3 and 
include W: Wingate Formation (200-206 Ma), K: Kayenta Formation (194-
200 Ma), Newark Trend Group I (195+4 Ma), Newark Trend Group II (179+3 
Ma), CC: Corral Canyon rocks (171+3 Ma), G: Glance Conglomerate (151+2 
Ma), LM: lower Morrison Formation (149 Ma), and UM: upper Morrison 
Formation (145 Ma). 
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Fig. 34. Stereographic North Polar Projection Showing Reliable 
Jurassic Reference Poles for Cratonic North America and the Formation 
Mean Pole from the Canelo Hills Volcanics (CHV). 



setting of the Canelo Hills volcanics. 

Remagnetization is not considered a viable explanation for 

anomalous directions wi thin the Canelo Hills volcanics because the 

formation mean pole does not coincide tdth any post-Middle Jurassic 

cratonic reference pole, nor does the streak of site mean VGPs trend 

toward any younger poles (including both the. present magnetic pole and 

north geographic pole). The great circle defined by site mean VGPs 

crosses the North American apparent polar wander path only at the 

position of the expected Middle Jurassic reference pole •. Also, the 

simple, univectorial decay of sample directions during demagnetization 

argues strongly against multi-component magnetizations. 

A tectonic model involving variable clockwise rotation of 30-

500 and southward translation of approximately 550 km could be 

invoked to explain the observed pole position. However, this model is 

dismissed on the basis of geological arguments in conjunction wi th 

existing paleomagnetic data from southeastern Arizona. Kluth et al. 

(1982) report a reliable paleomagnetic pole from ash flow tuffs in the 

Glance Conglomerate which depositionally overly the welded tuff member 

at Canelo Pass. The consistency of that pole .with other Middle and 

Late Jurassic poles from cratonic North America is evidence against 

significant post-Late Jurassic rotation of the Canelo Hills~ Because 

as much as 20 million years of geologic history may separate er~ption 

of the welded tuff member (170 Ma) and depositional overlap by the 

Glance Conglomerate (150 Ma), one might possibly invision an episode 

of major clockwise rotation in the Late Jurassic and still satisfy the 

younger paleomagnetic constraints. However, there is no evidence for 
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Late Jurassic tectonic activity in southeastern Arizona that would be 

consistent with clockwise rotation. Such rotation is commonly 

associated with regionally distributed right-lateral shear (Beck, 

1976). To the contrary, the Middle to Late Jurassic tectonic history 

of southeastern Arizona was probably dominated by left shear along NW

SE trending faults associated with motion along the Mojave-Sonora 

megashear system (Davis, 1981; Anderson and Silver, 1981). 

The anomalous directions observed within the welded tuff 

member of the Canelo Hills volcanics most likely represent a record 

of non-dipole behavior of the Jurassic geomagnetic field. Non-dipole 

behavior is generally thought to be a short duration feature of the 

geomagnetic field (i.e. < 10,000 years), and commonly results in non

Fisherian VGP distributions. Characteristics of the Canelo Hills 

volcanics paleomagnetic data consistent with such a hypothesis 

include: a single polarity, high ldthin-section It values, failure to 

recognize mUltiple cooling units within any individual section, and 

the non-circular, stratigraphically streaked distribution of site mean 

VGPs (directions). The welded tuff member probably represents only 

two cooling units, each of l-.1hich cooled rapidly with respect to the 

time-frame of non-dipole phenomena including paleosecular variation. 

The apparent stratigraphic zonation of section mean VGPs may reflect 

both differential cooling rates within thick ash flows as well as 

close temporal proximity of the two cooling units. The angular 

difference between the two VGP groups is similar in magnitude to 
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values used by Gromme et al. (1972) to differentiate cooling units in 

Middle Tertiary ash flows of the Great Basin. 

Riehle (1973) has shown that essentially all of the heat lost 

during cooling of a rhyolitic ash flow tuff is through conduction. 

Convective heat transfer associated with escaping gas has a negligible 

effect on ash flow cooling history. Jaeger (1968) provides an 

equation which describes simple conductive cooling of an infinite 

sheet with an upper surface at OOC. Assuming an initial emplacement 

temperature of 7500 C and a thermal diffusivity of 0.005 cm2/sec, the 

duration of cooling through the 5800 -4000 c magnetic blocking 

temperature window can be calculated for the welded tuff member of the 

Canelo Hills volcanics. Maximum values are determined for the 

st~atigraphic position of slowest cooling which for a simple ash flow 

cooling unit occurs at about 215 of the final compacted thickness 

above the base. Model temperature profiles across conductively 

cooling ash flow sheets suggest that cooling time through any given 

thermal windol'1 decreases rapidly away from the maximum. 

Assuming total thicknesses of 500 meters for the upper cooling 

unit and 250 meters for the lower, the estimated cooling durations are 

1,600 years and 400 years respectively. Within the top 100 meters of 

the upper cooling unit, (i.e. approJcimately equivalent to the 

thickness of the Canelo Pass section), the temperature model predicts 

passage through the 5800 -4000 C window in less than 300 years. This 

may explain the low dispersion of site mean directions observed within 

this section. Similarly, the rapid cooling calculated for the lower 
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cooling unit is consistent t-lith the very 10l., dispersion observed in 

the upper Parker Canyon section data. 

Based on the record of Holocene secular variation, one would 

not expect to approximate the axial dipole geomagnetic field in time 

intervals of less than about 104 years. Paleomagnetic data from 

Holocene lake cores (Lund and Banerjee, 1985) show continuous 

declination and inclination swings of as much as 45 0 and 250 

respectively away from expected directions with periodicities on the 

order of 102-103 years. Holocene lava data and archeomagnetic data 

from the western U.S. suggest that the duration of VGP "tracks" that 

encompass angulardisplacements comparable to that observed in the 

Canelo Hills volcanics are also on the order of 102-103 years 

(Champion, 1980; Sternberg, 1983). The total angular dispersion of 

the Canelo Hills volcanics VGP's seems excessive to attribute to 

"normal" secular vcri:!tion~ The formation mean pole is itself about 

300 away from the expected pole position, and the extreme end of the 

VGP sweep is about 45 0 away. The large magnitude of angular 

displacement as well as the streaked nature of the VGP distribution 

lead me to believe that the Canelo Hills volcanics captured either an 

excursion or a reversal of the Jurassic geomagnetic field. 

Similar anomalous VGP distributions have been reported from 

Jurassic and Triassic red beds in the western U.S.. Steiner and 

Helsley (1974b) found a streaked distribution of directions within a 

25-30 meter thick interval of the Early Jurassic Kayenta Formation in 

Utah. After considering scenarios involving basement anomalies and 

improperly cleaned secondary magnetization, these authors concluded 



that the paleomagnetic directions had recorded non-dipole geomagnetic 

field behavior. Highly skewed and stratigraphically distributed 

directions were interpreted to most likely reflect long- or short-term 

secular variation. As with the Canelo Hills volcanics, the anomalous 

VGPs observed by Steiner and Helsley in the Kayenta Formation fall 

along a great circle that passes close to the expected Kayenta pole. 

Stratigraphically streaked directions were also observed in 

zone R4 of the Moenkopi Formation (Helsley and Steiner, 1974) and in 

the Chugwater Group (Van der Voo and Grubbs, 1977). These results 

have both been attributed to geomagnetic field behavior expressed as 

long- or short-term non-dipole fluctuations. In all of the above 

cases where non-dipole field behavior is invoked to explain anomalous 

directions, large declination swings are involved. The declination 

swings in the Moenkopi Formation range over approximately 300 with 

estimated periodicities based on average rates of sediment 

accumulation of 105-106 years (Helsley, 1977). These declination 

swings represent significant anomalies as the mean inclinations 

associated with each of these studies is shallow «300 ). 

Theoretically, the end-member case of a stratigraphically 

streaked VGP distribution is a polarity reversal. Herrero-Bervera and 

Helsley (1983) describe a polarity transition recorded in the Triassic 

Chugwater Group in western Wyoming. Observed VGPs fall along a great 

circle that includes both the north and south Chugwater paleomagnetic 

poles as end points. Furthermore, this VGP path is approximately 900 

away from the sampling locality as has been observed in other polarity 

109 



110 

transition studies (Hoffman and Fuller, 1978). The great circle 

defined by VGPs from the Canelo Hills volcanics is also approximately 

900 away from the study site and includes the expected pole as an end 

point. Paleomagnetic data from the welded tuff member may record a 

portion of a polarity transition or at least a geomagnetic field 

dominated by similar non-dipolar behavior. The duration of a field 

reversal is on the order of 5Xl03 to 104 years (Cox et al., 1975; 

Mankinen and Dalrymple, 1979). If related to a reversal, the 40 0 

track of VGP motion recorded in the Canelo Hills volcanics might be 

expected to represent approximately 103 years. This estimate is 

similar to the calculated duration of total blocking temperature 

cooling for the welded tuff member as discussed above. 

As explained above, the enigmatic paleomagnetic directions 

observed within the Canelo Hills volcanics probably can be attributed 

to non-dipole geomagnetic field phenomena. Whether these directions 

record part of a reversal, an excursion, or "simple" secular 

variation, a non-dipole field configuration probably existed for at 

least 103 years. The distribution of site mean VGPs from four 

stratigraphic sections spanning 600-700 meters of welded tuff suggest 

that only two cooling units are represented. The pole position shown 

in figure 34 and listed in table 8 should be considered a suspicious 

virtual geomagnetic pole rather than a paleomagnetic pole. 

Implications for Jurassic Volcanology in Southeastern Arizona 

Paleomagnetic data from the Canelo Hills volcanics suggest 

that the welded tuff.member represents two ash flow cooling units with 



a total thickness of at least 500-700 meters. Lipman (1984) argues 

that single cooling units with thicknesses in excess of 100-200 meters 

are common only as intra-caldera fill. Based on the extensive 

thickness of welded tuff in the Canelo Hills, Hayes (1970) suggested 

that this was the "vent area" for the Canelo Hills volcanics. 

Applying volcanological facies models developed in younger 

continental arc provinces such as the San Juan volcanic field 

(Lipman, 1984), we can now interpret this "vent area" as the remnant 

of a mid-Jurassic caldera. 

Lipman and Sawyer (in press) have recently discussed the 

Canelo Hills volcanics in view of a caldera-related origin, citing the 

extensive thickness, presence of exotic megabreccia blocks, and 

rheomorphic welded tuff; They suggest that the welded tuff and 

rhyolite flow members are probably fragments of separate Jurassic 

calderas. An alternative model embraces both members of the Canelo 

Hills volcanics within a single caldera fill history. 

The rhyolite flow and welded tuff members are intimately 

associated stratigraphically and interfinger on a large scale at Lone 

Mountain. Rheomorphic welded tuff and exotic ~egabreccia blocks are 

common within the rhyolite flo\>1 member but uncommon in the welded tuff 

member. Lipman (1984) describes megabreccias as common low in caldera 

fill sequences but rare in the upper 1 to 2 km of caldera filling ash 

flow accumulations. Rheomorphic textures in welded ash flow tuffs are 

also more commonly developed low in caldera sequences where early ash 

flows are deposited in caldera margin environments susceptible to 

topographic oversteepening (Hargrove and Sheridan, 1984). The 
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rhyolite flow member likely represents early caldera fill 

accumulations deposited during caldera collapse quickly followed by 

and in part contemporaneous with eruption and intra-caldera ponding of 

the welded tuff member. Stratigraphic relationships in the Canelo 

Pass area (Kluth, 1982) are the result of structural and topographic 

control along a caldera wall (Fig.' 21). The relatively thin 

accumulation of Canelo Hills volcanics near Montezuma Pass and 

possibly correlative ash flows in the Mustang Mountains may represent 

remnant outflow deposits. 

Simple calculations based on the present map distribution of 

the welded tuff member in the Canelo Hills suggests a caldera diameter 

of at least 13-15 km and 40-100 km 3 of intra-caldera fill. These 

values are similar to Middle and Late Tertiary calderas from the 

western U.S. (Lipman, 1984). 
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CHAPTER 3 

NORTH AMERICAN JURASSIC APPARENT POLAR WANDER: 

IMPLICATIONS FOR PLATE MOTION, PALEOGEOGRAPHY AND CORDILLERAN 

TECTONICS 

An apparent polar wander (APW) path is a time sequence of 

paleomagnetic poles that records the paleolatitude and azimuthal 

orientation of a plate within the dipolar geomagnetic field (Irving, 

1977, 1979). Invocation of the axial geocentric dipole hypothesis 

permits sequential palaeogeographies to be constructed within an 

"absolute" reference frame, a realization that was critical to the 

rediscovery and popularization of continental drift. APW paths 

contain information regarding both the direction and velocity of plate 

motion and therefore are fundamental to analyses of plate kinematics, 

terrane displacements, and paleogeography. For this reason, APW paths 

require constant revision and reinterpretation as new paleomagnetic, 

geochronologic, and tectonic data become available. 

Paleomagnetic studies for cratonic North America have been 

overshadowed in recent years by the popularity of using paleomagnetism 

to constrain the motion histories of suspect terranes within the 

western Cordillera (Beck, 1976, 1981; Hillhouse, 1977, Hillhouse and 

Gromme, 1980, Irving et al., 1985, etc.). Unfortunately, our 

understanding of the North American APW path is not so advanced as to 
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,,,arrant this neglect especially for certain time intervals like the 

Jurassic. Reliable estimates of relative latitudinal displacements of 

suspect terranes are ultimately constrained by the accuracy of 

cratonic reference poles yet perusal of recent compilations such as 

Irving and Irving (1982) and Harrison and Lindh (1982) reveals 

intervals of geologic time for which confidence parameters associated 

with reference poles are very large. Such uncertainties translate 

directly into imprecise and potentially inaccurate estimations of the 

paleolatitudinal history of North America. The Jurassic has been a 

particularly blatant example of this problem because of the paucity of 

well dated, reliable paleopoles, coupled with an unusually large 

amount of apparent polar wander. 

The sensitivity of terrane displacement analysis to the 

accuracy of the reference APW path is exemplified by recent work 

concerning the Acadia terrane in the northern Appalachians. Kent and 

Opdyke (1978) and Van der Voo and Scotese (1981) concluded that 

paleomagnetic data from Acadia were discordant and suggested 1500 to 

2000 km of relative latitudinal displacement with respect to the 

craton during the late Paleozoic. Subsequent work has shown that the 

Early Carboniferous reference pole for North America was grossly 

inaccurate due to pervasive Kiaman remagnetization (Irving and Strong, 

1984). Careful demagnetization experiments revealed primary Early 

Carboniferous magnetizations that indicated a more southerly 

paleolatitude for the craton than had been previously recognized. 

This completely obviated the need for relative motion of Acadia. A 
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revised Late Triassic - Early Jurassic APW path presented here also 

predicts more southerly paleolatitudes for the craton requiring 

modification of Cordilleran terrane displacement scenarios. 

The Late Triassic - Jurassic North American APW path also 

records the opening and early plate motion evolution of the central 

Atlantic Ocean basin (Steiner, 1974, 1983). Geometric analysis of the 

path can be directly related to plate reorganization and North 

American absolute motion within the geologically-geophysically 

constrained rift and drift history. The timing of first order changes 

in the shape of the APW path as deduced by paleomagnetic Euler pole 

(PEP) analysis (Gordon et al., 1984) corresponds remarkably well with 

various global and regional plate and intraplate tectonic events 

suggesting causal relationships. 

The first Jurassic paleopoles for North America were published 

some 25 years ago, but, reliable poles based on modern demagnetization 

techniques have only been available for 10-15 years. Most previous 

compilations of Jurassic APW have suffered from 1) a paucity of 

published paleopoles, 2) inadequate data selection criteria resulting 

in the inclusion of unreliable poles, 3) lack of appreciation of the 

accretionary history of the western Cordillera, and 4) inherent 

uncertainty in Jurassic geochronometry. At present there are only 8 

reliable paleopoles with which to analyze Jurassic APW. 

The purpose of this paper is to review Jurassic paleomagnetic 

poles from cratonic North America and to discuss the global and 

regional implications of a revised APW path. Important in this review 

are discussions of data selection and weighting-smoothing schemes, the 
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importance of geologic time scales, and the applicability of PEP 

analysis. The time scale used is that of Harland et al. (1982), which 

is partially reproduced in figure 38. 

Historical Development of the Jurassic APW Path 

The first Mesozoic APW path for North America was published by 

Runcorn (1956) showing an average Triassic pole based on NRM data from 

the Moenkopi Formation and the Springdale Sandstone and a Cretaceous 

pole from the Dakota Sandstone. (Amazingly, the mean Triassic pole 

calculated by Runcorn is indistinguishable from the myriad of more 

recent poles from the Moenkopi Formation based on thousands of 

demagnetization experiments.) Not only was this the first attempt at 

constructing an APW path for North America, but the technique of 

averaging paleopoles according to geologic period used by Runcorn 

persisted for the next 21 years of APW analysis. 

The first Jurassic paleomagnetic results from North America 

were described by Collinson and Runcorn in 1960. Poles from the 

Kayenta and Carmel Formations on the Colorado Plateau were used to 

construct the APW path shown in figure 35. As was common during this 

time, the calculated poles lvere based solely on NRl-l directions. In 

the case of the Kayenta and Carmel data these provided very poor 

estimates of true pole positions. Subsequent work has shown that 

these units have significant Cenozoic or present field secondary 

overprints which have been successfully removed from Kayenta samples 

but not from the Carmel Formation (Steiner and Helsley, 1974a, 

Steiner, 1983). The Mesozoic APW path constructed by Collinson and 
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Fig. 35. First North American APW Path, from Collinson and Runcorn 
(1960). 

Trc: Triassic Chugwater Formation, Trm: Triassic Moenkopi Formation, 
Trn: "Triassic" Newark Group rocks, Jk: Jurassic Kayenta Formation, 
Jc: Jurassic Carmel Formation. 
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Runcorn (1960) shows a single track of polar motion from Early 

Triassic Chugwater and Moenkopi Formation poles through a "Late 

Triassic Newark Formation" pole to the Jurassic Carmel and Kayenta 

poles, the average of which was indistinguishable from the geographic 

north pole. 

Irving (1964) concluded that there were no reliable Jurassic 

paleopoles for North America and pointed out that the Kayenta and 

Carmel Formation results of Collinson and Runcorn (1960) were biased 

by present field overprint and were not representative of the Jurassic 

paleofield. However, Irving and Park (1972) published a mean Jurassic 

pole which, like the earlier Collinson and Runcorn resu1 twas 

statistically coincident with the geographic pole (Fig. 36). This 

pole was based on an average of poles from the White Mountain Magma 

Series (Opdyke and Wens ink, 1966), the Anticosti Island diabase dike 

(Larochelle, 1971), the Island Intrusions (Symons, 1970) and the 

Kayenta Formation pole of Collinson and Runcorn (1960), all of which 

are herein considered unreliable. 

To test this hypothesis that the Jurassic reference pole was 

close to or coincident with the north geographic pole, Steiner and 

Helsley (1972) collected paleomagnetic da~a from various Jurassic 

sedimentary format:l.one on the Colorado Plateau. Results obtained from 

the Summerville and Kayenta Formations suggested that the Jurassic 

path did not include the geographic pole and that significant APW in 

the Late Jurassic was consistent with models for North American motion 

during the opening of the central Atlantic. 
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Fig. 36. North American APW Path of Irving and Park (1972). 

Triassic (TR), Jurassic (J), and Cretaceous (K) mean poles with 
associated A95 confidence circles. 
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Ironically, we now recognize that much of the early 

paleomagnetic work by DuBois et al. (1957), Opdyke (1961), de Boer 

(1967, 1968), and Beck (1972) on Newark Supergroup and related rocks 

of the northeastern U.S. was applicable to Jurassic APW, however, 

until the late 1970's, these rocks were considered to be Late Triassic 

rather than Early Jurassic. 

McElhinny (1973) included only two paleopoles within his 

Jurassic mean pole, those being the White' Mountain Magma Series pole 

(Opdyke and Wensink, 1966) and the "Appalachian Mesozoic dikes" pole 

of deBoer (1967). The resultant mean Jurassic pole at 76 0 N, l420 E 

lacked an associated confidence oval but was used to define a track of 

APW connecting Triassic and Cretaceous poles exclusive of the north 

geographic pole. 

At about this time, a second generation of Mesozoic 

paleomagnetic data from'Triassic and Jurassic sediments on the 

Colorado Plateau and from the eastern U.S. became available. The work 

of Steiner and Helsley (1974a, 1975), Smith (1976), Steiner (1978), 

and Smith and Noltimier (1979) greatly improved our understanding of 

Jurassic APW and demonstrated unquestionably that the path did not 

pass through the north geographic pole but tracked from Triassic to 

Cretaceous poles along a band of latitude between 60 and 700 N (present 

coordinates) (Steiner, 1975). The second generation of APW paths 

(Irving, 1977, Irving, 1979, Van Alstine, 1979, Harrison and Lindh, 

1982, and Irving and Irving, 1982) have more or less approximated this 

latitudinal track of APW (Fig. 37). However, many of these 



Fig. 37. ''Late Triassic" - Jurassic North American APW Paths. 

a) Irving (1977), b) Irving (1979), c) Harrison and Lindh (1982), ~) 
Irving and Irving (1982). All paths in this figure were constructed 
with a "sliding-window" technique and show mean pole locations with 
A95 confidence circles. Mean ages of selected reference poles are 
shown in millions of years. 
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(from Irving, 1977) (from Irving, 1979) 

(from Irving & nlng, 1982) 

(from Harrison &_ Llndh, 1982) 

Fig. 37. ''Late Triassic" - Jurassic North American APW Paths. 
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compilations include unreliable paleopoles which tend to bias average 

reference poles toward high latitudes. 

Constructing APW Paths: Techniques and Critiques 

As more paleomagnetic data became available for all the major 

continents, the accepted procedure for calculating APW paths changed. 

From 1956 to 1977, the standard technique was to group all 

paleomagnetic poles according to geologic ~eriod and calculate mean 

reference poles of period duration. Van Alstine and ~eBoer (1978) 

suggested a technique for constructing APW paths that included 

demarcation of equal time intervals within which pqles would be 

averaged. They pointed out that using geologic periods is 

unattractive because such periods are both long and of unequal 

duration. This tends to decrease the precision and usefulness of APW 

paths because details are overly smoothed and because rates of APW 

cannot be readily estimated by the relative separation between 

reference poles. A non-overlapping time window of 22 m.y. average 

duration was selected by Van Alstine and de Boer (1978) to accomodate 

the density/age distribution of their selected data set. 

Irving (1977) also used a non-period standard time window 

averaging technique to generate post-Devonian reference poles for 

North America. Unlike Van Alstine and deBoer, Irving used a sliding 

window average of 40 m.y. duration that was incremented at 10 Ma 

steps. Irving (1979) and Irving and Irving (1982) have subsequently 

used the same technique but with a 30 m.y. duration window. Although 

useful for illustrating the first order changes in APW, the sliding 
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window technique masks much of the detailed structure present in the 

raw paleopole data set. Hairpins or cusps (sharp changes in the 

direction of APW) are heavily smoothed and boundaries between episodes 

of rapid and slow APW become blurred. 

Another suggestion made by Van Alstine and deBoer (1978) is 

that APW paths should not be constructed by blindly assigning unit 

weight to all poles of the approporiate age range referenced in some 

compilation. Such compilations (e.g. Irving et al., 1976) commonly 

include VGPs as well as true paleopoles and also commonly include 

results from regions of uncertain or suspect tectonic histories. Both 

of these problems have influenced previously published Late Triassic 

and Jurassic North American references poles (e.g. Briden et al., 

1981). To avoid such biasing, all paleomagnetic data used to 

calculate a reference pole should be critically evaluated and only 

true paleomagnetic poles from the craton should be given equal weight. 

Various weighting schemes have been discussed in recent papers 

including Harrison and Lindh (1982) and Gordon et ale (1984). 

Unfortunately there does not appear to be any satisfactory scheme free 

of subjectivity. Although baSically employing a 30 m.y. sliding 

window, Harrison and Lindh (1982) discuss a modification for 

constructing APW paths based on weightirig individual paleopoles 

according to their "information content". Part of this technique 

involves weighting poles depending on the amount of overlap between 

the age range associated with the pole and the window being 

calculated. Harrison and Lindh (1982) show that age weighting and 

other somewhat more subjective weighting parameters can cause 
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significant differences between alternative APW paths especially 

during intervals with low pole density, rapid APW, and poor age 

control. The Jurassic interval of North American APW has suffered 

from all of these problems. The most important conclusion of Harrison 

and Lindh (1982) is that the fundamental factor producing variation in 

APW paths is selection of an original data base. 

Gordon et al. (1984) have suggested that APW paths can be 

generated by "paleomagnetic Euler pole" (PEP) analysis. Their 

methodology assumes that APW paths are composed of small circle 

segments and that deviation of any pole from a best fit small circle 

reflects inherent inaccuracy of paleomagnetic techniques and not true 

polar motion. Upon calculating the best fit small circle 

approximation to a track of APW, Gordon et al. (1984) collapse the 

data onto a line describing constant angular pole displacement as a 

function of age. Moving back into pole space, they convert the PEP

APW model into a series of time incremented "reference poles" whose 

geometry and age progression are constrained by the original set of 

paleopoles but whose actual positions need not correspond to any of 

the original data. 

PEP analysis is a very useful tool for modeling APW and 

associated plate motion, but synthetic reference poles thus derived 

should not be used as the sole basis for constraining absolute 

paleogeographies. PEP reference poles are based on a forced fit of 

paleopole data to a plate tectonic model. Any inaccuracy in the model 

will generate inaccurate reference poles and information inherent in 
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the original data will be lost. Reference poles for paleotectonic-

paleogeographic calculations should be based on actual paleomagnetic 

data and not on synthetic, model dependent approximations. Neither 

should they be generated with sliding window averaging techniques as 

the unavoidable smoothing may lead to misleading estimates of cratonic 

paleolatitude. A detailed and defensible application of paleomagnetic 

data requires calculation of the most appropriate reference pole 

compatible with the age of the desired reconstruction. 

Although age weighting may be useful in conjunction with the 

sliding window technique of APW path construction, weighting schemes 

in general are usually subjective and do not necessarily yield 

increased accuracy. The most important factor controlling the 

accuracy of, and variability between, APW paths is the reliability of 

the selected data base. A rigorous data selection scheme requires 

that the paleomagnetist c·onsult original publications and reevaluate 

all of the paleomagnetic, geochronologic, geologic parameters in light 

of certain reliability criteria. Use of the terms "reliable" and 

"unreliable" in this paper reflect my judgement as to whether or not a 

particular study meets the designated minimum acceptance criteria. 

Reliability criteria employed in the present analysis include: 

1) Demonstration that a stable, primary component of 

magnetization was isolated through standard alternating field (AF) 

and/or thermal demagnetization techniques (preferrably both), 

2) N > 10 (number of sites'" number of independent geomagnetic 

fie ld readings), 



126 

3) Fisher precision parameter, 20~ k ~150, [Important criteria 

for acceptance of a paleomagnetic pole include assurances that secular 

variation of the geomagnetic field has been averaged and that 

secondary components of magnetization have been removed. These 

criteria are in part evaluated on the basis of observed "k" values 

that reflect the dispersion of directions or VGPs. Models concerning 

paleosecular variation including expected dispersion values have been 

discussed by Cox (1970), McElhinny and Merrill (1975), and Merrill and 

McElhinny (1983). Very high k values (i.e. k)150) often reflect 

failure to average secular variation (except in slowly cooled plutonic 

terrains) whereas very low k values (i.e. k(20) suggest the presence 

of uncleaned secondary components causing greater dispersion than 

expected from paleosecular variation. Another cause of low k values 

is improper tilt correction which can be important in studies of 

mildly deformed volcaniC sequences (Beck and Burr, 1979). The 

limiting values chosen for this analysis are arbitrary and are only 

used in conj unc t ion with other da ta such a sal pha9 5 and 

demagnetization results. No study was rejected solely on the basis of 

an unacceptable It value.] 

4) alpha95 ~ 150, 

5) age known to within ±10 m.y., (assuming the absolute 

preCision of the Harland et ale (1982) time scale), 

6) sufficient discussion of geologic setting such as to 

demonstrate an appropriate understanding of necessary structural 

corrections. 
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Time Scales 

Because APW paths are commonly based on a data set including 

paleopoles from paleontologically dated sedimentary rocks as well as 

radiometrically dated igneous rocks, the choice of a geologic time 

scale can influence spatio-temporal interpretations. Time scales are 

especially critical to the interpretation of Jurassic APW because the 

"absolute" ages associated with Jurassic period, epoch and age 

boundaries have undergone significant revision in the past 20 years. 

For example, the Chinle Formation of Late Triassic (Carnian

Norian) age was assigned an absolute age of 199 Ma by Irving and 

Irving (1982) using a time scale similar to Van Eysinga (1975). The 

Chinle pole was therefore considered nearly correlative with a 195+5 

Ma radiometrically calibrated pole from the Newark Trend igneous rocks 

and both were included in an average 200 Ma reference pole. Using the 

preferred time scale of Harland et ale (1982), the best pick for the 

absolute age of the Chinle is 220-230 Ma or approximately 25-30 m.y. 

older than the Early Jurassic (Pliensbachian) Newark trend rocks. 

Such examples are common l<1ithin compilations of Late Triassic and 

Jurassic reference poles for North America and have led to imprecision 

and inaccuracy. Although the Harland et ala (1982) time scale will 

almost certainly experience revision, the consistency observed between 

predicted ages, radiometric ages and relative pole positions is 

encouraging. The primary conclusions of this analysis would be the 

same had I used the DNAG (1983) time scale (Palmer, 1983). 

As our knowledge of both APW and geologic time scales becomes 

more sophisticated, it is important that any time sequence analyses be 
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Fig. 38. Jurassic Time Scale of Harland et al. (1982) Showing Age 
Distribution of Reliable North American Paleomagnetic Reference Poles. 

Pole abbreviations for this figure and all subsequent figures are: W -
Wingate Formation, K - Kayenta Formation, NTI - Newark Trend Group I, 
NTII - Newark Trend Group II, CC - Corral Canyon, G - Glance 
Conglomerate (Canelo Hills), LM - lower Morrison Formation, UM - upper 
Morrison Formation. 
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Fig. 39. Stereographic North Polar Projection Showing Reliable 
Jurassic Reference Poles for Cratonic North America. 

Symbols and ages as in Fig. 38. Mean pole locations are shown by 
solid circles and associated A95 confidence regions. 



Table 9. North American Jurassic Reference Poles. 

POLB SYMB AGE MA LATCN) LONGO~) A9S mw 

Upper Morrison Formation UM late Tithonian 145 67.6 161.9 3.9 1 

Lower Morrison Formation LM early Tithonian 149 61.4 142.3 4.2 1 

Glance Conglomerate G Rb/Sr 151+2 62.7 131.5 6.3 2 

Corral Canyon Rocks CC Rb/Sr 171+3 61.8 11600 6.2 3 

Newark Trend Group II NTII Ar/Ar 179+3 65.3 103.2 1.4 4 

Newark Trend Group I NTI Ar/Ar 195+4 63.0 83.2 2.3 4 

Kayenta Formation K Pliensbachian 194-200 62.1 70.2 6.3 5 

Wingate Formation W Sinemurian 200-206 59.0 63.0 8.0 6 

SYMB: Symbol on figures, MAl age in million years. References: 1) Steiner and Helsley 

(1975), 2) Kluth et ale (1982), 3) Chapter 1, 4) Smith and Noltimier (1979), 5) 

Helsley and Steiner (1974a), 6) Reeve (1975) viz a viz Gordon et al. (1984)0 

I-' 
UJ 
o 
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accompanied by a statement of the time scale used. Furthermore, as 

interdisciplinary synthesis of global and regional tectonics depends 

largely on recognizing temporal coincidence, it is imperative that all 

relevant data be analyzed with the same time scale. As discussed 

later, part of the apparent paleomagnetic discordancy for certain 

Cordilleran terranes can be traced directly to inaccurate reference 

poles generated with "out-dated" time scales. 

Jurassic Paleomagnetic Poles 

In this section, paleomagnetic poles from Jurassic rocks of 

North America are reviewed. Discussion of reliable poles is given 

first, followed by brief explanations of why certain poles that have 

been used in past compilations were rejected. 

Late Jurassic: 144-163 Ma 

Three paleopoles from Late Jurassic rocks of North America are 

considered reliable. Two poles from the Morrison Formation in 

Colorado and one from the Glance Conglomerate in southeastern Arizona 

record APW during late Kimmeridgian and Tithonian time (Fig. 38). No 

reliable poles are available from Oxfordian or early Kimmeridgian 

rocks. 

Morrison Formation. The youngest reliable Jurassic poles for cra

tonic North America are from the upper and lower Morrison Formation of 

the Colorado Plateau (Fig. 39, Table 9). Steiner and Helsley (1975) 

studied the polarity stratigraphy of a 165 m thick section of Morrison 

sandstone and mudstone near Norwood, Colorado, and Steiner (1980) 
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discussed further results from this same locality. 425 samples 

collected at an average spacing of 30 cm were subjected to progressive 

thermal demagnetization to 6600 C. Approximately 50% of these samples 

retained a large component of Brunhes field overprint even after 

thermal cleaning so that a selected data set of only well behaved 

sample directions was used to calculate pole positions. 

Steiner and Helsley (1975) calculate poles in a variety of 

different ways. Poles for individual polarity zones segregate into 

two stratigraphically distributed clusters; a lower group Rl, R4, and 

N2 and an upper group R5, R6, R7, and N5. Unfortunately neither 

sample directions nor a mean pole based on the Fisher average of 

sample VGPs is presented. Mean directions and pole positions based on 

unit weight given to polarity intervals is unsatisfactory as polarity 

zones can certainly not be considered sites (i.e. independent spot 

readings of the geomagnetic field). The k values calculated for 

polarity zones are similar to those calculated for the formation mean 

with unit weight given to samples. The k values associated with 

formation averages for unit weight given to polarity zones are 

extremely high, reflecting the fact that secular variation was 

averaged within zones. I have converted polarity interval mean 

directions to VGPs for averaging, recognizing these are not true VGPs 

but probably are viable paleomagnetic poles themselves. Thus the 

formation mean poles (upper and lower) can be viewed as averages of 

multiple Morrison poles. Both subsets of poles pass the reversals 

test at 95% confidence. These considerations do not effect the mean 
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pole positions but do effect the associated confidence regions. That 

is, the radius of the confidence circle is probably overestimated. 

Following Steiner and Helsley (1975), the difference in pole 

positions for the upper and lower Morrison Formation is interpreted to 

reflect APW during Morrison deposition. The outcrop expression of 

this apparent temporal separation is unclear but it may reflect a 

hiatus between the Salt Wash and Brushy Basin Members of the Morrison 

Formation at the Norwood locality. 

The biggest problem associated with the Morrison poles is the 

controversial age of this formation. In their original paper, Steiner 

and Helsley (1975) cite the "Portlandian" (i.e. middle Tithonian) 

affinity of the dinosaur fauna and the pre-Purbeckian, post-Oxfordian 

estimation of Imlay (1952). Steiner (1980) again cites Imlay (1952) 

but this time for a mid-late Oxfordian age for the lower part of the 

Morrison near Norwood, Colorado. Although not explicitly stated, the 

main reason for suggesting this older age for the Morrison seems to be 

Steiner's (1980) belief that the observed polarity zonation best 

correlates with magnetic polarity chrons M22-M25. However, this part 

of the magnetic polarity sequence is now considered to be wholly 

Oxfordian in age or approximately 156-163 Ma (Harland et al., 1982). 

The correlation proposed by Steiner is based largely on the dominance 

of reversed polarity observed in the Morrison rather than on detailed 

matching of polarity patterns. 

An alternative age assignment which is more consistent with 

both magnetostratigraphic and paleontologic data is that the Morrison 

Formation is dominantly Tithonian to late Kimmeridgian in age and that 
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the polarity zonation is best correlated with chrons M16 to M19 (Fig. 

40). Fossil mammals from the Brushy Basin Member of the Morrison 

Formation in Colorado and Wyoming have many taxa in common with the 

lower Purbeck Beds (late Tithonian) in England (Clemens et al., 1979), 

and Colbert (1973) has discussed the similarity in dinosaur faunas 

between Morrison, Purbeck, and Tendaguru (Africa) localities. The 

latter occurrence is considered late Kimmeridgian or early Tithonian 

on the basis of ammonites. 

Steiner (1983) shows the age of the ~iorrison Formation as mid 

Oxfordian to mid Tithonian citing Imlay (980), but she also states 

that the uppermost 25 samples from the Norwood locality were actually 

collected from the overlying Burro Canyon Formation which is generally 

considered to be Early Cretaceous in age (Tschudy et a1. 1984). The 

cleaned directions from these 25 samples are indistinguishable ·from 

those of the upper Morrison Formation (Brushy Basin Member), 

suggesting close temporal proximity. Imlay's (1980) belief that the 

Morrison may be as old as middle Oxfordian appears to be based on the 

fact that the underlying Sundance Formation contains fossils only as 

young as early Oxfordian. However, Pipiringos and O'Sullivan (1978) 

recognize a principal unconformity (J5) between the Morrison and 

Sundance Formations which exhibits as much as 46 meters of relief over 

a distance of six kilometers near Escalante, Utah. Thus considerable 

time could separate deposition of the Sundance and Morrison Formations 

at least on a local scale. 



Fig. 40. Revised Magnetostratigraphic Correlation of the Morrison 
Formation. 

Left column is the magnetic polarity time scale of Harland et al. 
(1982) with age assignments as shown on right. A and B are duplicate 
sections of the observed polarity stratigraphy from the Morrison 
Formation (Steiner and Helsley, 1975): A - revised correlation this 
paper, B - correlation of Steiner (1980). 
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Fig. 40. Revised Magnetostratigr~phic Correlation of the Morrison 
Formation. 
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Therefore, on the basis of vertebrate fossils and a revised 

magnetostratigraphic correlation, the Morrison Formation is probably 

late Kimmeridgian through Tithonian in age or approximately 152-144 

Ma. Using the alternative correlation in figure 40, I have assigned 

ab~olute ages of 145 and 149 Ma to the upper and lower Morrison poles 

respectively. These ages are somewhat younger than those assigned by 

Gordon et ale (1984) (147-152 and 152-156 Ma) and still may err in 

being somewhat too old. While Harland et ale (1982) pick the 

Kimmeridgian-Tithonian boundary at 150 Ma, their chronogram for this 

interval is poorly constrained and includes no data for 142-148 Ma. 

This stage/age boundary may therefore be somewhat younger, as 

suggested by Van Hinte (1976), and the Morrison poles may be as young 

as 136-141 Ma. 

Glance Conglomerate. Kluth et ale (1982) report a paleomagnetic 

pole from Late Jurassic ash flow tuffs in southeastern Arizona (Fig. 

39). Although originally considered to be a "lower member" of the 

Canelo Hills Volcanics, these rocks have recently been shown to rest 

depositionally on the "middle and upper" members of this unit and 

furthermore to be indistinguishable from the Glance Conglomerate 

(Kluth, 1982, Vedder, 1984). This pole is referred to here as the 

Glance Conglomerate pole rather than the Canelo Hills pole to avoid 

confusion with recent paleomagnetic data from the Canelo Hills 

volcanics sensu strictu (Chapter 2). 

A stable primary component of magnetization ~as isolated in 15 

sites through AF and thermal cleaning techn-iques (Table 9). Both a 
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positive reversals test and a conglomerate test indicate that the 

isolated remanence is primary. The age of the ash flow tuffs in the 

lower Glance Conglomerate is well constrained by a Rb/Sr isochron date 

of l5l±2 Ma (Kluth et al., 1982). 

Steiner (1983) expresses some reservation regarding the use of 

the Glance Conglomerate (Canelo Hill.s) pole because these rocks are 

"in the tectonically disturbed area, southern basin and range of 

Arizona". She states that "no independent evidence exists to prove a 

lack of rotations subsequent to magnetization". Kluth et al. (1982) 

address this question and point to a number of reasons why vertical 

axis rotation is unlikely. Paleomagnetic sites were distributed in 

two sections with different attitudes and separated by numerous faults 

yet simple structural correction significantly improves clustering. 

Pre-basin and range paleogeographic reconstructions restoring about 

20% crustal extension do not require vertical axis rotation (Coney, 

1978). Various forms of structural orientation data also indicate 

that no significant tectonic rotation took place in southeastern 

Arizona during the Laramide or Basin and Range orogenies. Rehrig and 

Heidrick (1976) found consistent orientations of fractures and dikes 

of Laramide and mid-Tertiary ag~ across southeastern Arizona and into 

the transition zone bordering the Colorado Plateau. In addition, a 

consistent N600 E orientation of steeply dipping foliation is observed 

in exposures of Precambrian Pinal Schist in numerous ranges in 

southeastern Arizona. This consistent orientation of structural grain 

occurs through the transition zone where the classic Colorado Plateau 
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Paleozoic sequence overlies the Precambrian and is again observed in 

the Vishnu schist of the Grand Canyon. 

The available paleomagnetic data from southeastern Arizona 

also speaks strongly against tectonic rotation of the Jurassic 

volcanics. Paleomagnetic poles from Laramide volcanic rocks in the 

same area are concordant with poles of similar age from east of the 

Rocky Mountains in central Montana (Vugteveen et al., 1981). Perhaps 

most importantly, the Corral Canyon pole reported in Chapter 1 from 

the Patagonia Mountains is consistent spatially and temporally with 

the Glance Conglomerate pole even though these two areas are separated 

by a major Laramide structure (Lampshire Canyon-Dove Canyon fault, see 

Kluth, 1982). Similarly, both poles are consistent in terms of age 

and location with both older and younger reliable paleopoles from 

other parts of the craton. 

Middle Jurassic: 163-188 Ma 

Two paleopoles are considered to be reliable indicators of the 

Middle Jurassic paleofield for North America. The 171+3 Ma Corral 

Canyon pole from southeastern Arizona (Chapter 1) and the l79±3 Ma 

Newark Trend Group II pole provide reference poles for Bathonian and 

Bajocian time respectively (Fig. 38). No reliable paleopoles are 

known from Callovian or Aaalenian age rocks in North America. 

Corral Canyon. A paleomagnetic pole from the Corral Canyon rocks 

in the Patagonia Mountains of southeastern Arizona has been discussed 

in Chapter 1 (Fig. 39). This pole was based on 11 sites within welded 

ash flow tuffs and a single site in red mudstone all of which were 
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shown to carry stable primary magnetizations by extensive AF and 

thermal demagnetization. The data satisfy all reliability criteria 

and the age is well constrained isotopically as l7l±3 Ma. The 

Patagonia Mountains pole can be criticized on the same grounds as the 

Glance Conglomerate pole (see above) and the same arguments in defense 

of its tectonic stability can be invoked. 

Newark Trend Group II. A plethora of paleomagnetic results have 

been published from Early and Middle Jurassic igneous rocks of the 

Newark trend intrusive series. Rather than discuss each of these 

poles separately, many of which are VGPs rather than true paleopoles, 

the reader is referred to the comprehensive summary of Smith and 

Noltimier (1979). These workers recognized that VGPs from the Newark 

Trend intrusives cluster into two groups that correspond to temporally 

distinct intrusive episodes. The older (Pliensbachian equivalent) 

Group I or "pre-folding" dikes and sills yield a mean pole position at 

63.0oN, 83.2oE (Fig. 39) based on data from 72 sites with k=56 and 

alpha95=2.3°. The Group II or "post-folding" intrusives yield a pole 

at 65.3 0 N, l03.2oE (Fig. 39) based on 156 sites with k=92 and 

alpha95=1.4°. 

The ages of these two intrusive groups are well constrained by 

39Ar/40Ar and 40K/40Ar radiometric data reported by Sutter and Smith 

(1979). Their work suggests ages of l79±3 lola and 195±4 Ma for the 

Group II and Group I poles respectively. Some controversy exists 

regarding the age range of various extrusive volcanic units within the 

Newark Supergroup sequence and included within the Group I average 
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pole. Although the Wachtung basalts, the Granby tuff and the Holyoke 

basalt yield VGPs interpreted as belonging to the Group I cluster by 

Smith and Noltimier (1979), both fossil fish and fossil pollen from 

surrounding sediments indicate an age of Hettangian to Sinemurian 

(200-213 Ma). Using VGPs from the West Rock, Mt. Carmel, and East 

Rock Intrusives only, Smith and Noltimier report a paleopole located 

at 63.l0N, 82.50E (k=107, alpha95=2.80) which is nearly identical with 

the Group I pole indicating that the inclusion of data from the 

extrusive rocks does not significantly effect the mean. The Wachtung 

basalts have been recently restudied by McIntosh et al. (1985) who 

conclude that the number of flows sampled was probably insufficient to 

average secular variation even though the associated k value was only 

26. Interestingly, the mean pole position calculated for the Wachtung 

basalts is intermediate between the Group I and Group II poles of 

Smith and Noltimier (1979) perhaps suggesting that the older lavas 

were partially or wholly remagnetized during regional heating 

associated with the Early and Middle Jurassic phases of dike and sill 

emplacement. 

It might be questioned whether site poles from the Group I and 

Group II intrusive bodies can be treated as independent VGPs, however, 

the k values (56 and 92) are consistent with dispersion due to secular 

variation. If we treat each Group I igneous unit as a separate site 

then the mean pole position based on N=5 is statistically 

indistinguishable from the N=72 calculation but k increases to 494. 

This was also shown by Beck (1972) for data from sills belonging to 
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Group II and suggests that secular variation is averaged within 

intrusive bodies. 

Comparing 'tdthin-site and between-site dispersion for data 

from the Gettysburg, York Haven, Birdsboro, and Quakertown intrusives, 

Beck (1972) concluded that secular variation was not likely averaged 

within sites and that individual site poles could be considered as 

independent VGPs. Furthermore, Beck showed that the distribution of 

VGPs from these intrusives, which comprise about 50% of Smith and 

Noltimier's Group II data set, have a circular "Fisherian" 

distribution. Therefore, the Group I and Group II Newark Trend poles 

are accepted as quoted by Smith and Noltimier (1979) and the very 

small alpha95s associated with these poles are interpreted to simply 

reflect the large number of sites. The radiometric age of the Group 

II pole is correlative with the Bathonian-Bajocian boundary of Harland 

et al. (1982). 

Other Poles 

Steiner (1978, 1980, 1983) has investigated the paleomagnetism 

of other Middle Jurassic formations in northern Arizona and northern 

Wyoming. These include the Bajocian Gypsum Spring and Piper 

Formations, the Bathonian to early Callovian Carmel and Rierdon 

Formations and the late Callovian to Oxfordian Swift Formation. No 

reliable Jurasoic paleomagnetic poles have been obtained from any of 

these rocks because of ubiquitous and dominant secondary 

magnetizations attributed by Steine~ to post-depositional overprint. 

Steiner (1980) suggests that low NRM intensity and complex multi-



142 

component magnetization also may reflect Jurassic geomagnetic field 

properties of low intensity and/or frequent polarity reversals. 

Paleomagnetic results from late Bathonian equivalent volcanic rocks 

and red mudstones in the Patagonia Mountains, SE Arizona (Chapt. 1), 

do not exhibit anomalous NRM intensities, retain stable primary 

magnetizations, and are dominantly of normal polarity through 650 

meters of section. It seems likely that the complicated 

magnetizations reported for Jurassic sedimentary rocks from the 

western interior U.S. reflect sedimentologic and diagenetic processes 

rather than geomagnetic field behavior. 

Summerville Formation. Nearly all recent analyses of Jurassic APW 

have included a reference pole from the Middle Jurassic Summerville 

Formation published by Steiner (1978) (Fig. 41). In eastern Utah, the 

Summerville consists of approximately 120 meters of thin bedded red 

siltstone and fine grained sandstone and is overlain unconformably by 

the Morrison Formation. The age of the Summerville is considered to 

be middle to early late Callovian by Pipiringos and O'Sullivan (1978) 

and late Callovian by Imlay (1980) or approximately 163-167 Ma. 

The Summerville paleomagnetic results suffer from a strong 

Cenozoic normal polarity overprint although Steiner (1978) concludes 

that much of the section has a reversed polari ty primary component. 

Thermal demagnetization to 630-660oC was considered to have isolated a 

stable primary magnetization, but in only 15 out of 391 samples 

collected. This data set includes 10 normal and 5 reversed polarity 

samples which were selected as "cleanest" because their NRM directions 



143 

Fig. 41. Stereographic North Polar Projection Showing the Location of 
the Summervile Formation Pole Recalculated from Steiner (l978). 

Reliable cratonic reference poles include the Corral Canyon pole and 
and the Glance Conglomerate pole whose radiometric ages bracket the 
stratigraphically estimated age of the Summe.rville Formation. 
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were less than 25 0 divergent from "the expected Jurassic direction" 

and "did not move upon demagnetization". Steiner (1978) argues that 

because this set of normal and reversed directions is antipodal, their 

mean is a "good estimate" of the Summerville direction. Such 

reasoning is obviously circular and as admitted by Steiner, the 

Summerville pole is "approximate at best". Careful examination of 

Steiner's figure Sa reveals that even "selected" samples move away 

from the present dipole field direction during thermal cleaning. 

Because the unambiguous isolation of a stable primary component has 

not been demonstrated, the pole position from the Summerville 

Formation is considered unreliable. 

Twin Creek Formation. McCabe et al. (1982) published a 

paleomagnetic pole from the Middle Jurassic Twin Creek Formation in 

Wyoming (Fig. 42). Seven of 10 sites considered stable by McCabe et 

al. (1982) are located within the Prospect and Darby thrust sheets of 

the Wyoming overthrust belt. Paleomagnetic data from the Chugwater 

Group (Early Triassic) in these same thrust sheets was cited by Grubbs 

and Van der Voo (1976) as evidence for differential tectonic rotation 

of frontal thrusts associated with impingement on basement cored 

uplifts of the foreland. 

McCabe et al. (1982) acknowledge these earlier results but 

argue that because the mean directions observed for 3 sites from the 

Twin Creek on the Gros Ventre foreland block are statistically 

indistinguishable from site directions in the thrust sheets, the 

formation mean pole is representative of cratonic North America. Of 
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Fig. 42. Stereographic North Polar Projection Showing the Twin Creek 
Formation Pole of McCabe et ale (1982) with Reliable North American 
Reference Poles. 

The stratigraphic age of the Twin Creek pole is most closely 
comparable with the radiometrically constrained Corral Canyon and 
Newark Trend Group I poles. 
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these three foreland sites, however, two have It values of less than 15 

and alpha95s greater than 200 leaving only a single site that passes 

the acceptance criteria described above. 

Perhaps more importantly, the Twin Creek experimental 

paleomagnetic results are complex and suggest the presence of 

unremoved secondary magnetization. Vector demagnetization diagrams 

figured by McCabe et al. (1982) do not demonstrate unambiguous 

isolation of a primary component, and the distribution of tectonically 

corrected site mean directions shows significant streaking of 

declination. The nature of this streaking is consistent with a multi

component magnetization involving Late Jurassic overprint of a Middle 

Jurassic primary direction. As shown in figure 42, the Twin Creek 

pole is indistinguishable at the 95% confidence level from either 

lower or upper Morrison Formation poles or from the Glance 

Conglomerate pole, although its predicted age is late Bajocian-early 

Callovian (167-178 Ma) rather than late Kimmeridgian-Tithonian (144-

150 Ma). McCabe et al. (1982) concede that the anomalous easterly 

location of the Twin Creek pole may be the result of post-depositional 

chemical remagnetization. 

Gordon et al. (1984) use the Twin Creek pole to help constrain 

the paleomagnetic Euler pole for their "J-K" APt-T track although they 

recognize its discordance with respect to other Jurassic poles. 

Nevertheless, its inclusion by them is one reason why their PEP model 

,:;f. Jurassic APW differs from the one promoted in this paper. 



147 

Stump Formation. A Jurassic paleomagnetic pole from the Wyoming 

overthrust belt published by Schwartz and Van der Voo (1984) for the 

Oxfordian Stump Formation (Fig. 43) is rejected for reasons similar to 

those discussed above for the Twin Creek Formation. The stated 

purpose of the Stump Formation paleomagnetic investigation was to test 

for tectonic rotation within the Darby and Absaroka thrust sheets, 

suggesting serious potential tectonic problems. Only 7 sites were 

studied, and the between site k value is less than 20. Although the 

Stump magnetization seems to pass a fold test, the overlying Early 

Cretaceous sediments also studied by Schwartz and Van Der Voo (1984) 

show clear evidence for remagnetization during folding. As with the 

Twin Creek Formation results, the calculated pole position is 

indistinguishable at the 95% confidence level from Late Jurassic 

Morrison Formation poles or from an Early-Middle Cretaceous average 

pole. The simplest interpretation of this result is Late Jurassic

Early Cretaceous remagnetization of a primary Oxfordian direction. 

The conclusion of Schwartz and Van der Voo that no tectonic rotation 

was transmitted to the Absaroka thrust is unsupported by their 

paleomagnetic data. 

White Mountain Magma Series. Often used as a reliable 180 Ma 

paleopole for cratonic North America, the White Mountain magma series 

pole of Opdyke and Wens ink (1966) is here considered unacceptable 

(also see Chapter 1). The White Mountain pole is indistinguishable 

from the geographic North pole in contrast to all other reliable Early 

through Middle Jurassic poles which fall along a band of present 
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Fig •. 43. Stereographpic North Polar Projection Showing the Stump 
Formation Pole of Schwartz and Van der Voo (1984), and Reliable North 
American Reference Poleso 
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latitude at 60-65 0 N. The distribution of VGPs from the 12 stable 

sites is markedly streaked ranging from 7l.50 N, 46.0oE to 75.5 0 N, 

l88.5 0 E. In a general sense, this VGP streak mimics the Early 

Jurassic-Early Cretaceous APW path, but is displaced into higher 

latitudes suggesting both a protracted and complex Mesozoic 

magnetization history as well as incorrect structural corrections or 

present field overprints. Furthermore, there are systematic 

directional differences between individual intrusions, as pOinted out 

by Steiner and Helsley (1972). 

The intrusive history of the White Mountains magma series is 

known to be complex with radiometric dates ranging from 235 to 100 Ma 

(Foland and Faul, 1977). K-Ar dates for the intrusions sampled by 

Opdyke and Wensink range from 180 to 118 Ma although no thermal 

demagnetization results were reported by these workers. Five of the 

twelve stable sites were collected from intrusions with K-Ar dates of 

118 and 121 Ma, while only three sites were from the White Mountains 

pluton for which dates of 168-180 Ma have been obtained by Foland and 

Faul (1977). Until a systematic pluton-by-pluton paleomagnetic study 

of the White Mountains magma series incorporating detailed thermal 

demagnetization is conducted, this pole cannot be considered a 

reliable Jurassic reference pole for North America. 

Early Jurassic: 188-213 Ma 

Three reliable paleopoles are known from Early Jurassic rocks 

and one from rocks whose estimated age includes the Triassic-Jurassic 

boundary. The 195+4 Ma Newark Trend Group I pole discussed above, the 
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Kayenta Formation pole, and the Wingate Formation pole record APW 

during Pliensbachian and Sinemurian time (Fig. 38). 

Kayenta Formation. A paleomagnetic pole from the Kayenta 

Formation was reported by Steiner and Helsley (1974) (Fig. 39). At 

that time, the Kayenta was thought to be Upper Triassic, but, Olsen et 

al. (1982) and Imlay (1980) have shown it to be Pliensbachian in age, 

or approximately 194-200 Ma. As discussed in relation to the Morrison 

Formation, the sampling scheme of Steiner and Helsley is not 

especially well suited for paleomagnetic pole position calculation 

because "sites" are represented by single cores closely spaced 

throughout a stratigraphic interval or by polarity intervals. 

Data listed in Table 1 of Steiner and Helsley (1974) does not 

allow a paleomagnetic pole to be calculated from the mean of site 

(=sample) VGPs. Resorting to polarity interval mean poles as VGPs, a 

formation mean pole based on N=7 is located at 62.1 0 N, 70.2 0 E 

(alpha9S=6.3°, k=92.2). The confidence interval on this calculation 

is probably larger than it should be. Alpha9S values for poles cited 

by Steiner and Helsley are 6.8 0 for polarity zones (N=7) and 2.5 0 for 

samples (N=lOS); the weighted standard error confidence parameter used 

by Gordon et ale (1984) is 40 • 

A disturbing feature of the Kayenta data set is the non

circular distribution of polarity-zone VGPs. These poles are elongate 

along the path of Early and Middle Jurassic APW, from about the 

position of the Wingate Formation pole (i.e. Sinemurian) almost to the 

Newark Trend Group II pole (179±3 Ma). Steiner and Helsley (1974) 
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suggested a great circle fit to these poles approximately 900 away 

from the sampling locality which they attributed to possible long-term 

variation of the geomagnetic field. Within-zone directions are not 

obviously streaked (except for zone N2), but there is a clear 

difference between VGPs calculated from normal polarity zones and 

those calculated from reversed zones. A pole calculated from the 4 

reversed zone VGPs at 61.40N, 63.00E (alpha95=S.00, k=357.1) is 

identical to the paleopole from the underlying Wingate Formation. The 

mean pole of the three normal polarity zone VGPs lies further east, 

although it is not statistically distinct (62.3 0 N, 80.l o E, 

alpha95=17 .60 , k=50). These features of the Kayenta Formation 

paleomagnetism are puzzling and deserve further investigation. 

However, I do consider the Kayenta pole of Steiner and Helsley to bea 

reliable Early Jurassic reference. 

Wingate Formation. A pole from the Wingate Formation has been 

discussed by Steiner (1983) and Gordon et al. (1984) based on original 

data in an unpublished thesis by Reeve (1975). Steiner (1983) 

concluded that a reliable paleopole could not be calculated from 

Reeve's data because of extensive present field overprint that was not 

completely removed. Gordon et al (1984) concluded differently and 

calculated a pole position based on 156 samples from 2 localities. 

They describe a small reversed overprint removed by thermal 

demagnetization at 550-6300c. After having reviewed Reeve's thesis I 

am inclined to agree with the conclusion of Gordon et al. (1984), 

however, the locality mean k values reported by Reeve are quite low. 
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The Wingate Formation pole is tentatively included as the earliest 

reliable Jurassic reference for North America (Table 9, Fig. 39). 

Peterson and Pipiringos (1979) and Imlay (1980) both consider the 

Wingate to be Sinemurian in age or approximately 200-206 Ma. 

Manicouagan Impact Structure. The youngest reliable Triassic 

paleopole for North America is from igneous rocks of the Manicoagan 

Impact structure in Quebec, Canada whose radiometric age (215±4 Ma) 

includes the Triassic-Jurassic boundary. This date is based on 

concordant whole rock and mineral separate K/Ar data published by 

Wolfe (1971). A combination of paleomagnetic results based on the 

work of Robertson (1967) and Larochelle and Currie (1967) yields a 

pole position at S8.8 oN, 89.9 0 E (alpha9S=S.80) (Fig. 44). 

Paleomagnetic properties of a variety of rock types were studied with 

both AF and thermal demagnetization. I have averaged VGPs from six 

sites from Robertson (1967) with the five site mean VGPs of Larochelle 

and Currie (1967). 

Other Poles 

Irving and Irving (1982) list 10 equally ,.,eighted poles from 

northeastern North America igneous rocks of supposed Late Triassic and 

Early Jurassic age. All of these poles are now considered to belong 

to either the Group I or Group II Newark Trend poles of Smith and 

Noltimier (1979) or to be unreliable VGPs. The post-folding 

intrusions pole (#49) is essentially the Group II pole of Smith and 

Noltimier (1979) which is the reference cited by Irving and Irving 
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(1982) but they misquote the age as 170 Ma rather than 179 Ma and they 

cite the pole at 68.4N, 98.9E rather than at 65.3N, 103.2E as given by 

Smith and Noltimier. The pre-folding intrusions pole (#53) of Irving 

and Irving is basically identical to the Group I pole of Smith and 

Noltimier. 

The Anticosti Island diabase dike pole (#50) is clearly a VGP 

only, and should not be given equal weighting. Even Larochelle (1971) 

claimed that the mean pole based on 11 cores from 2 sites 

(a1pha95c1.20) was not a valid paleomagnetic pole. The high latitude 

of the Anticosti dike VGP tends to bias the 170, 180, and 190 Ma 

reference poles of the Irving and Irving APW path toward high 

latitudes. 

The so called "Newark Series, New Jersey" pole (#52) of Irving 

and Irving (1982) is attributed to Opdyke (1961) and is apparently 

taken from Table 4 of that paper. This pole is based in part on 5 

sites from the Wachtung basalts and 6 sites from intrusives both of 

which have already been discussed and were included in the Group I 

data set of Smith and Noltimier (1979). The remaining 18 sites 

contributing to the ''Newark Series" pole are uncleaned directions from 

sediments of the Passaic Formation. A recent reinvestigation of the 

paleomagnetism of the Passaic Formation concludes that it carries an 

"unremovable" secondary magnetization of presumed Cenozoic age 

(McIntosh et al., 1985). Site mean directions fail the fold test and 

k values for normal and reverse polarity sites are extremely low (8 & 

6). 
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The "Connecticut Volcanic rocks", "Diabase dikes and sills", 

"Newark Diabase", and "North Mountain Basalt" poles of Irving and 

Irving (1982) also are based on data included by Smith and Noltimier 

(1979) in their Group I and Group II poles. 

Triassic and Cretaceous Poles 

Similar analysis of Triassic and Early Cretaceous 

paleomagnetic poles provides a context of reliable pre- and post

Jurassic APW. These poles are not discussed in detail but are listed 

in Table 10 and shown in figure 44. Early Triassic poles from the 

Chugwater Group, and the Moenkopi and State Bridge Formations 

illustrate the trend of the pre-Jurassic APW track although the only 

reliable Late Triassic poles for North America are the Chinle 

Formation pole of Carnian-Norian age and the previously discussed 

Manicouagan pole. 

The Single Cretaceous pole shown in various figures and Table 

10 is an average Early-Middle Cretaceous pole calculated by Mankinen 

(1978). A~though certain of the eight poles used in this average are 

of questionable reliability, their consistency and tight clustering 

suggest that the mean pole is a good approximation of the paleofield 

during the Cretaceous stillstand ("stillstand" as used here refers to 

an interval of essentially no APW). A somewhat more reliable subset 

of these poles used for PEP analysis by Gordon et al. (1984) yields a 

mean which is indistinguishable from the Mankinen pole at 68oN, 1860E 

(alpha9Sc2.20). The oldest of the reliable poles in this group is the 

Monteregian Hills intrusive pole which has been assigned a mean K/Ar 



Table 10. Triassic and Cretaceous North American reference poles. 

porn snm AGE HA LATOl) LONGOn A9S mw 

Cretaceous Average KA mean 130-85 68.0 186.0 2.2 1 

Manicouagan Structure MI K/Ar 215+5 58.8 89.9 5.8 2 

Chinle Formation C Carnian-Norian 220-230 57.7 79.1 7.0 3 

Moenkopi Formation M Early-Middle 
Triassic 231-248 57.0 100.3 5.3 4 

State Bridge Formation SB Early Triassic 243-248 52.0 107.0 3.0 5 

Red Peak Formation RP Early Triassic 243-248 46.6 113.5 1.9 6 

Red Peak Formation RP Early Triassic 243-248 45.4 115.3 4.1 7 

Referencesz 1) Mankinen (1978), 2) Robertson (1967) and Larochelle and Currie (1967), 3) Reeve 

and Helsley (1972), 4) Baag and Helsley (1974), 5) Christensen (1974) viz a viz Gordon et al. 

(1984), 6) Shive et al. (1984), 7) Herrero-Brevera and Helsley (1983). 

I-' 
VI 
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Fig. 44. Revised Triassic - Early Cretaceous North American APW Path. 

Stereographic north polar projection showing reliable reference poles 
as listed in tables 9 and 10. Symbols for Jurassic poles are given in 
Fig. 38; other poles include: RP - Red Peak Formation, Chugwater Group 
(2 poles), SB - State Bridge Formation, M - Moenkopi Formation, MI -
Manicouagan Impact Structure, C - Chinle Formation, and KA -
Cretaceous average pole of Mankinen (1978). 
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Fig. 44. Revised Triassic-Early Cretaceous North American APW Path. 
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age of l26±6 Ma while the youngest pole is from the Niobrara Formation 

at aproximately 85-90 Ma (Gordon et al., 1984). Recently reported 

fission track and Rb/Sr dates from the Monteregian Hills intrusives 

show two clusters of ages at about 118 Ma and 136 Ma (Eby, 1984). 

Paleomagnetic results from this intrusive series need reevaluation, 

but the new geochronology suggests that the Cretaceous standstill may 

have begun as early as 136 Ma. The lack of significant APW during the 

interval from 1130-85 Ma justifies my use of a single mean pole in 

later PEP analysis of the Late Jurassic APW track. It is important to 

realize that the episode of rapid Late Jurassic APW ended by at least 

l26±6 Ma, and probably somewhat earlier, although there are no 

reliable poles of certain Berriasian age. 



158 

A Revised Jurassic APW Path: PEP Analysis and Implications 

Upon reviewing all of the available published data, 8 

paleomagnetic poles are considered to be reliable Jurassic reference 

poles for cratonic North America (Table 9, Figs. 39, 44). Using the 

time scale of Harland et al. (1982), these poles form a consistent 

chronologic progression that defines a path of APW from the Sinemurian 

through the Tithonian (203-145 Ma). Combined with reliable Late 

Triassic and Early Cretaceous paleopoles, the resulting APW path is 

significantly different from previously published compilations of 

Irving (1977), Van Alstine and deBoer (1978), Briden et al. (1981), 

Irving and Irving (1982), and Harrison and Lindh (1982). These 

differences include a marked cusp in the Early Jurassic, as also 

recognized by Gordon et al. (1984), relatively low latitudes for Late 

Triassic through Late Jurassic reference poles (58-630 N present 

coordinates), and a second cusp in the Late Jurassic. Each of these 

features has significant implications for North American plate motion 

and paleolatitudes, and for Cordilleran paleogeography. 

To illustrate the important characteristics of the revised 

Jurassic APW path, in figure 37 I compare it to the recent and popular 

path of Irving and Irving (1982). It is impo:r.-t.:.,-,t to remember that 

these paths were constructed in fundamentally different ways and with 

quite different geological time scales. Our technique is to generate 

an APW path simply as a time sequence of selected, presumably reliable 

paleopoles. This provides access to the maximum amount of information 

inherent in the raw data. Irving and Irving (1982), on the other 

hand, use a sliding window averaging technique which encourages less 
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rigorous data selection associated with a belief that the first order 

pattern of APW will emerge through the smoothing process. 

As discussed previously, differences in geologic time scales 

can profoundly influence the interpretation of APW especially when a 

sliding window averaging technique is used. Although not cited, the 

time scale used by Irving and Irving (1982) was similar to that of Van 

Eysinga (1975) which places the Triassic-Jurassic boundary at 

approximately 195 Ma and the Jurassic-Cretaceous boundary at 141 Ma. 

The 200 Ma reference pole was therefore constructed as a Late Triassic 

pole at 630 N, 920 E, A95=4°. The correlative pole in terms of absolute 

age in my revised path is the Sinemurian (200-206 Ma) Wingate 

Formation pole located at 590 N, 630 E, A95=8°. Depending on which of 

these 200 Ma poles one chooses, estimated paleolatitudes for North 

America are significantly different. All of the "Late Triassic" and 

Jurassic reference poles in Irving and Irving's compilation predict 

higher paleolatitudes for North America than does my revised APW 

path. The magnitude of this difference is illustrated in figure 45 

which shows the Late Triassic-Early Cretaceous paleolatitude history 

for Houston, Texas. Because of the relative geometries of the APW 

path, these discrepencies are even greater for site locations in the 

western Cordillera and translate into differences in predicted mean 

paleolatitude at San Francisco of approximately 750 km at 200 Ma and 

600 km at 170 Ma. Such differences obviously affect interpretations 

concerning the allochthoneity of Cordilleran suspect terranes. 
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Fig. 45. Paleolatitude Diagram for Houston, Texas. 

This figure illustrates the difference in predicted Jurassic 
paleolatitudes between the revised APW path of this paper and that of 
Irving and Irving (1982). Circles represent data points at which 
paleolatitudes were calculated and vertical bars represent 95% 
confidence limits. 
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Some paleomagnetists (e.g. Symons and Litalien, 1984) still 

use the Irving (1979) reference poles for terrane displacement 

calculations. The main track of this path is shown with the revised 

Jurassic path in figure 46. Again, detailed geometries of these paths 

are quite different with the Irving path predicting significantly 

higher paleolatitudes for cratonic North America. This leads to 

artificially large estimates of northward relative translation of 

exotic terranes along the western Cordillera. 

In conjunction with differences in the absolute positions of 

reference poles, the basic geometries of the paths are dissimilar. 

The moving average technique of Irving has the effect of smoothing 

changes in direction of APW. Because abrupt changes in APW may be 

correlated with important plate reorganizations and intraplate 

tectonic events (e.g. Beck, 1984), this is an important difference. 

Numerous correlations can be hypothesized between the structure 

recognized in the revised APW path and North American tectonics. 

Summarizing, major differences between recent Late Triassic

Jurassic APW paths reflect differences in the original data sets, 

modes of analysis, and geologic time scales. These differences result 

in significantly different path geometries and translate into 

substantial and important differences in paleolatitude estimates for 

cratonic North America. 

Tracks, Cusps, and Paleomagnetic Euler Poles 

As discussed originally by Francheteau and Sclater (1969) and 

more recently by Gordon et a1. (1984), APW paths can be modeled as a 
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Fig. 46. Generalized Jurassic APW Path (triangles) and that of Irving 
(1979) (circles). 

Note the high latitude locations of the Irving· reference poles. 
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series of small circle segments, each of which defines a paleomagnetic 

Euler pole (PEP) in the same way as do hot spot tracks or transform 

faults. The applicability of the PEP methodology is contingent upon 

the notion that large plates tend to rotate about one absolute motion 

pole for long periods of time (i.e. 107-108 years). Arguments in 

favor of plate motion stability include the long, continuous nature of 

fracture zones and the curvilinear nature of hotspot tracks. 

For distances of hundreds of kilometers, fracture patterns in 

the Atlantic Ocean show only small changes in curvature and closely 

approximate small circles about poles of rotation. Similarly, the 

Hawaiian-Emperor hot spot track suggests relatively continuous motion 

of the Pacific plate for periods of at least 4Xl07 years separated by 

episodes of plate reorganization. Detailed analysis of the age 

progression and orientation of hot spot tracks and of the azimuthal 

constancy of fracture zones indicates a secondary level of complexity, 

but the degree to which these features deviate from a PEP constant 

motion model is insignificant in relation to available paleomagnetic 

constraints. 

The generally accepted viel'] of plate motion appeals to 

boundary conditions (i.e. ridges and trenches) as the primary control 

over both direction and velocity (Forsyth and Uyeda, 1975). It 

follows that stable boundary conditions generate plate motions about 

single Euler poles for long intervals of time at constant angular 

velocity. An alternative hypothesis would be that frequently 

changing boundary conditions should preclude constant direction and 

velocity plate motion. PEP analysis of the revised APW path allows us 



164 

to test these two models for the Jurassic-Early Cretaceous history of 

North American motion. 

In relation to paleomagnetic data, Francheteau and Sclater 

(1969) were perhaps the first to view APW paths in light of a 

punctuated equilibrium model for plate motion. Irving and Park (1972) 

similarly recognized that APl-l paths consist of long, arcuate "tracks" 

separated by relatively sharp ''hairpins''. Tracks were interpreted aB 

periods of constant plate motion relative to the magnetic pole and 

hairpins as the record of periodic change in the direction of plate 

motion. Ironically, the concept of hairpins was generally ignored in 

the late 1970s and early 1980s largely due to the technique for 

constructing APW paths that was popularized by Irving (1977). One of 

the consequences of a sliding window average is that abrupt changes in 

APW are so severely smoothed that they become nearly unrecognizeable. 

The recent analysis of Gordon et ala (1984) has revived the concept of 

hairpins, called "cusps", and their recognition is potentially 

important to understanding the nature and implications of North 

American Jurassic APW. 

Paleopole data selected for the present analysis reveal two 

cusps within the Jurassic APW path, an older cusp labeled "Jl" and a 

younger cusp labeled "J2" (Fig. 47). The apex of the Jl cusp is 

presently defined by the Wingate Formation pole and that of the J2 

cusp by the lower Morrison Formation pole. Each of these cusps 

directly reflects a change in the direction and velocity of North 

American plate motion, which in turn may be expressed on a regional 
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Fig. 47. Terminology Applied to the Revised North American Triassic -
Early Cretaceous APW Path. 
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scale by episodes of intraplate deformation. Tracks separated by 

these cusps are labeled Tr-Jl, JI-J2, and J2-K and represent intervals 

of North American plate motion described by single poles of absolute 

rotation. 

Paleopoles from the Colorado Plateau 

Until recently, much of our knowledge of Jurassic APW was 

based on paleomagnetic studies from sedimentary rocks on the Colorado 

Plateau (Steiner, 1983). Plateau derived poles still comprise 50% of 

the present list of reliable data and are critical for understanding 

Early and Late Jurassic features of the APW path. Recently, there has 

been some discussion that the Colorado Plateau may have experienced a 

small clockwise rotation with respect to the rest of the craton in 

post-Jurassic time. Before proceeding with a discussion of Jurassic 

APW PEP analysis, we must first address the question of tectonic 

rotation of the Colorado Plateau. 

Based on regional tectonic arguments, Hamilton (1981) and 

Cordell (1982) suggest that the Colorado Plateau experienced 3-50 of 

clockwise rotation with respect to cratonic rocks east of the Rocky 

Mountains and the Rio Grande Rift during Laramide and Neogene time. 

Gordon et ale (1984) noted that paleopoles f~om rocks on the Colorado 

Plateau are displaced systematically clockwise from equivalent age 

reference poles from other parts of North America. This is especially 

evident with respect to the Triassic poles, and can be interpreted 

either as a small clockwise rotation of the Plateau or as the result 

of systematic errors in age assignments and correlation. Steiner 
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(1984) has suggested that similar discrepencies are present between 

Plateau and non-Plateau poles of Pennsylvanian and Devonian age as 

well, and argues for tectonic rotation. Also noted by Steiner, 

however, is the lack of discordance between Permian poles. 

Bryan and Gordon (1985) quantitatively analyzed the magnitude 

of potential Colorado Plateau rotation using paleomagnetic poles and 

found a clocltt'lise value of 3.8±2.9°. Using this mean value, I have 

recalculated Plateau poles (Table 11 and figure 48). The basic 

morphology of the Triassic-Cretaceous APW path is unaffected by this 

recalculation; the same tracks and cusps are recognizeable regardless 

of whether corrected or uncorrected Plateau poles are used. The Jl 

cusp is somewhat modified because restoration of the Wingate and 

~ayenta Formation poles decreases the "sharpness" of the cusp. 

Although the Sinemurian age Wingate pole still forms the apex of the 

Jl cusp, it is no longer statistically significant from poles whose 

ages range from Carnian-Norian to Pliensbachian. The timing of the Jl 

cusp is therefore not as distinct after correction for Plateau 

rotation and may be viewed as a 25-30 m.y. interval of North American 

plate motion reorganization. 

Because both the Wingate Formation and IO\'1er Morrison 

Formation poles are from rocks on the Plateau, the absolute arc length 

of the Jl-J2 track is unaffected by rotation of the Colorado Plateau. 

The J2 cusp as defined by the lower Morrison pole moves slightly to 

the east and to a lower latitude. The J2-K track becomes arcuate with 

the opposite sense of concavity after rotation correction because two 
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Table 11. Reference Poles from the Colorado Plateau after a 3.80 

clockwise rotation is restored. 

POLE LATOO LONG 00 A95 

Upper Morrison Formation 64.6 164.2 3.9 

Lower Morrison Formation 58.6 146.2 4.2 

Kayenta Formation 61.9 78.1 6.3 

Wingate Formation 59.6 70.4 8.0 

Moenkopi Formation 55.4 106.5 5.3 
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Fig. 48. North American Triassic - Early Cretaceous APW Path with 
Colorado Plateau Poles Corrected for 3.8° Clockwise Rotation. 

Modified poles include UM, LM, K, W, and M. (Compare to figure 44) 
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of the three poles defining this track are from the Morrison Formation 

on the Plateau. 

All of these modifications to the Jurassic APW path effect PEP 

analysis illustrating the sensitivity of the latter technique for 

small data sets. The following discussion addresses PEP parameters 

for two sets of Jurassic pole positions: one with uncorrected Plateau 

poles (UPp) (i.e. no tectonic correction), and one with corrected 

plateau poles (CPp) (i.e. 3.80 clockwise rotation removed). 

PEP Analysis 

The PEP technique employed to analyze the distribution and 

geometry of the 9 reliable Jurassic and Early Cretaceous reference 

poles was facilitated through use of a computer program that allows 

small circles to be fit to a sequence of poles. The technique 

involves an iterative minimization of the arc length from individual 

poles to the small circle plane used to fit the trend of the poles. 

This program calculates the best fit PEP, the latitude of the small 

circle about the PEP, a total residual, coordinates of individual data 

transformed into PEP space, and individual residuals associated with 

each pole. Residual values are simply the angular misfi t of a pole 

with respect to the best fit small circle. 

Individual poles were not weighted according to their 

associated confidence parameters or to a '~tandard erro~' as done by 

Gordon et al (1984). Most A9S's are between 4 and 80 except for the 

two Newark Trend poles (1.4 & 2.30)~ It was not considered desirable 

to weight these latter two poles heavily although the best fit PEP 
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would not be significantly different if a 1/A95 weighting scheme had 

been used. 

In the present analysis, the Early Jurassic-Early Cretaceous 

APW path is fitted with two small circles rather than one, as was done 

by Gordon et al (1984). Because of their interpretation of paleopole 

absolute ages, and because of inclusion of certain poles considered 

here to be unreliable (i.e. Summerville and Twin Creek Formations), 

they were unable to discriminate the two track nature of the Jurassic

Cretaceous APW path. Our defense for a two track fit-is based on 

analysis of the spatial distribution of residuals and by a trend line 

analysis "F" test. 

As shown in figure 49a, the distribution of residuals for a 

single PEP fit to the UPP data set is not random along the track. The 

distribution is symmetrical with positive values at both ends (with 

the exception of W), and negative values within the l16-142 0 E 

longitude window (60-100 0 longitude relative transformed 

coordinates). The largest negative residual for this fit is 

associated with the lower Morrison Formation pole, an observation I 

use to define the J2 APl-l cusp. '!'his systematic distribution implies 

failure of the single PEP model to resolve structure inherent in the 

raw data set. Our single track PEP at 85N, 90E is not significantly 

different from the "B" pole of Gordon et a1. at 84N, lIE. 

The along-tracl( distribution of residuals for the single PEP 

fit of the CPP data set is somewhat less obviously systematic, but 

again the largest negative residual is associat~d with the lower 

Morrison pole and positive residuals are generated for both younger 
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Fig. 49. Residual Distribution for Single PEP Fit (a), and Double PEP 
Fit (b). 

"Small circle longitud~' is the coordinate of a pole transformed into 
PEP space and then standardized BO that the Wingate pole (W) is 
arbitrarily placed at 00 • (Uncorrected Plateau pole data.) 
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(Cretaceous average) and older (Kayenta through Glance) poles (Table 

13). The total residual single PEP fi t for the CPP APW data is even 

larger than for the UPP data (15.0 vs. 13.8). The location of the 

PEP is unchanged by use of the corrected Plateau poles. 

The single PEP residual distribution can be rectified by 

partitioning the data and using mUltiple trend lines. The Jurassic 

APW path is best modeled as two tracks with an intervening cusp (J2) 

now recognized at approximately the 149 Ma lower Morrison pole. The 

distribution of residuals for the two PEP fit is non-systematic 

suggesting that this model better approximates the data distribution 

(Fig. 49b). I have also used a trend line analysis "F" test to 

evaluate the statistical significance in terms of residual 

minimization afforded by the two PEP model over the one PEP model. 

This test is significant at the 95% confidence level. The F test is 

not significant at the 95% confidence level if we increase the degrees 

of freedom further by adding a third segment to the Jl-K APW path. It 

is not clear from visual inspection or from residual distribution 

where a third track would be fitted. The above conclusions are true 

for both UPP and CPP data sets. . 

PEPs for both UPP and CPP data sets are listed in Table 12 and 

13 and shown in figures 50-52. The UPP Jl-J2 PEP falls within the 

North American plate in south-central Quebec While the CPP Jl-J2 PEP 

is located east of Florida. The latter is shown with its contoured 

solution space which represents the distribution of total residual as 



Table 12. Paleomagnetic Euler Pole Datas Uncorrected Plateau Poles 
(UPp) 
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AI J-K ~Single Fit" (Notes all latittudes are oN. longitudes are °E) 

PEP latitude: 85.0. longitudes 90.0, small circle latitudes 66.7, 
total residual: 13.8 

POLE TRANSFORMED RESIDUAL 
LAT LONG 

tv 63.37 328.56 -3.346 
K 66.75 336.33 0.033 

NTI 67.96 351.77 1.243 
NTH 70.14 16.31 3.423 

CC 66.20 30.89 -.0513 
G 66.23 48.94 -0.484 

LM 64.18 60.41 -2.536 
UM 68.65 84.11 1.932 
KA 66.96 107.83 0.247 

Ba 31-32 Track 

PEP latitude: 52.0» longitudes 286.0, small circle latitude: 26.5, 
total residual: 5.1 

POLE TRANSFORMED . RESIDUAL 
LAT LONG 

lv 26.33 156.93 -0.119 
K 27.57 162.01 1.115 

NTI 26.39 168.67 -0.062 
NTH 27.32 178.68 0.870 

CC 24.08 185.16 -2.373 
G 26.45 192.74 -0.003 

LM 27.02 198.55 0.572 

c: 32-Ir Traclt 

PEP latitude: 31.0, longitudes 176.0. small circle latitude: 52.5, 
total residual: 0.09 

POLE TRANSFORMED RESIDUAL 
LAT LONG 

LM 52.52 205.88 0.012 
UM 52.46 188.76 -0.043 
KA 52.54 173.86 0.031 



Table 13. Paleomagnetic Euler Pole Data: Corrected Plateau Poles 
(CPp) 

PEP latitude: 85.0, longitude: 90.0, small circle latitude: 66.1, 
total residual: 15.0 

POLE TRANSFORMED RESIDUAL 
LAT LONG 

W 64.26 336.99 -1.867 
K 66.77 345.74 0.644 

NTI 67.96 351.77 1.830 
NTH 70.14 16.31 4.010 

CC 66.20 30.89 0.074 
G 66.23 48.94 0.103 

LM 61.11 63.66 -5.016 
UM 65.52 84.79 -0.612 
KA 66.96 107.83 0.834 

BI JI-J2 Track 

PEP latitude: 30.0, longitude, 287.0, small circle latitude: 4.4, 
total residual: 4.7 

POLE TRANSFORMED RESIDUAL 
LAT LONG 

W 4.56 162.38 0.141 
K 4.82 166 0 79 0.401 

NTI 4.92 169.40 0.506 
NTII 5.35 178.41 0.931 

CC 2.09 184.24 -2.326 
G 4.75 191.00 0.339 

LM 4.42 199.29 0.008 

ell J2-K Track 

PEP latitude: 43.0, longitude: 22.0, small circle latitude: 21.6, 
total residual: 0.07 

POLE TRANSFORMED RESIUDUAL 
LAT LONG 

LM 21.59 152.39 -0.027 
UM 21.60 163.57 -0.011 . 
KA 21.65 173.62 0.037 
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a function of location within the region of fit. In figures 50-52 I 

show two contoured residual classes as labeled. 

Solution spaces have elliptical shapes with long axes oriented 

perpendicular to the trend of the APW small circle, caused by t~e fact 

that the azimuth of the APW track is better defined than the radius of 

curvature. The general shape of the solution space for my best fits 

is similar to that reported by Gordon et al. (1984). However, because 

I made no assumptions about the predicted statistical description of 

the total residual distribution, I do not convert the contoured 

solution into a 95% confidence field as do Gordon et al. (1984). 

Although the absolute location of the best fit PEPs for the 

Jl-J2 track is quite different between the UPP and CPP cases, both 

poles lie alollg along the same great circle and in fact fall within 

each others optimum solution spaces. This emphasizes the sensitivity 

of PEP analysis to slight changes in curvature of an APW track and 

makes it difficult to use PEPs to ~onstrain location dependent 

parameters such as the linear velocity for any point within the North 

American plate. The best fit CPP PEP (Fig. 50) is unreasonable in 

that it does not describe the North American rotation required to open 

the central Atlantic basin. Given the lack of African APW during the 

Early-Middle Jurassic (Irving and Irving, 1982) and the hot spot model 

of Morgan (1981), any Euler pole for North American absolute motion 

must be located north of Jurassic age Atlantic oceanic crust. The 

shaded region of the PEP solution space in figure SIb, or the UPP PEP 

are better estimates of a kinematically reasonable Jl-J2 track Euler 

pole. Again, this emphasizes the poorly constrained distance of the 
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Fig. 50. CPP J-K Poles with Best Fit Single PEP and Small Circle 
Trend. 

Contoured solution space for total residuals 14.99-17.68 and 17.68-
20.37. 
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Fig. 51. Jl-J2 Track Poles with Best Fit PEPss a) UPP Data, b) CPP Data. 

Contoured solution space for total residuals a) 5.12-6.13, 6.13-7.15 b) 4.65-5.55, 5.55-
6.46. Shaded region of solution space in (b) shows field of kinematically "reasonable" 
Euler poles. 
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PEP from the Jl-J2 track along the relatively well constrained PEP 

grea t circle. 

The effect of Colorado Plateau rotation is even more dramatic 

for the J2-K PEPs. The UPP J2-K PEP (Fig. 52a) is located in the 

north central PacifiC, whereas the CPP PEP (Fig. 52b) is located in 

Yugoslavia. Again, both PEPs fall approximately along a great circle 

perpendicular to the J2-K track but rotB;tion of the lower and upper 

Morrison poles causes the CPP J2-K track to be concave northward as 

opposed to southward for the UPP J2-K track. 

Angular Velocity AnalYSis 

The transformed coordinate data in Tables 12 and 13 can be 

used directly to evaluate the angular progression of poles along each 

of the two Jurassic APW tracks. This is done by plotting the angular 

distance of successive poles (i.e. longitude along best fit circle) 

away from the Wingate Formation pole as a function of age. To the 

extent that angular progression values approximate linear trends, we 

may conclude constant angular plate velocity about a particular PEP. 

This is an expected corollary of PEP plate motion philosophy: i.e. 

plates that experience approximately constant boundary conditions will 

not only rotate about single Euler poles, but should do so with 

constant angular velocities. 

Trend lines to the angular displacement data in figure 53 are 

generated using unconstrained, unweighted linear regression. 

Correlation coefficients of 0.98 and 0.99 for the UPP and CPP JI-J2 

regression lines respectively indicate these data are well described 
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by a linear fit and therefore by the PEP model. The passage of the 

UPP Jl-J2 velocity line through the lower Morrison data point in 

figure 53a is solely a coincidence of the linear regression fit (i.e. 

I did not constrain the line to necessarily include this point). The 

J2-K track was constrained to pass through both Morrison poles 

because: 1) this is the true regression through a data field of N=2, 

and 2) the fit is very poor if we include the oldest reliable Early 

Cretaceous pole (Moteregian Hills l26±6 Ma) on this track (correlation 

coefficient = 0.90). Lacking other Ti thonian-Berriasian age poles, 

the PEP model predicts a transition from J2-K rapid APW to the 

Cretaceous standstill at approximately 140-142 Ma regardless of 

whether UPP or CPP poles are used. The absolute age of this 

transition is, however, very dependent on the time scale we use to 

assign ages to the Morrison poles. If we determine a best fit CPP Jl

J2 line excluding the lower Morrison pole, and then map the lower 

Morrison pole sub tended angle onto this line, an absolute age of 140 

Ma is predicted. While not consistent with the Harland et al (1982) 

time scale, this estimate is consistent with the Van Hinte (1976) time 

scale. 

The slopes of the J1-J2 lines define angular velocities of 

0.7°/m.y. and 0.6°/m.y. for UPP and CPP data sets respectively. The 

J2-K lines, constrained only by the two Morrison Formation angular 

displacements, suggest dramatically higher angular velocities of 

3.4o/m.y. and 2.8o/m.y. during the, Tithonian. These latter values, 

however, are constrained by only two points. I believe that the 
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increased plate velocity indicated by the Morrison poles is real, but 

that the absolute values suggested by PEP angular dioplacement 

analysis are approximate at best. 

Angular velocities associated with each of the PEPs yield 

linear velocities calculated at San Francisco, California of about 5 

cm/year for the UPP JI-J2 pole and for a pole in the shaded region of 

the CPP JI-J2 solution space (Fig~ 51). The UPP J2-K pole yields a 

linear velocity of about 30 cm/year, and the CPP J2-K pole of 50 

cm/year. These latter values can be somewhat reduced by selecting 

PEPs closer to San Francisco, but still within the calculated solution 

space. However, even after selecting alternative pole locations, 

linear velocities seem unreasonably high. Perhaps this reflects 

problems with the age progression of poles along the J2-K track or 

inadequate constraint on the location of J2-K PEPs because of the 

small (N=3) data set. 

My application of the angular velocity diagram differs from 

Gordon et a!. (1984) who do not use linear regression but constrain 

their lines to pass through data pOints corresponding to poles they 

interpret as track endpoints. There is no reason why the position of 

the Wingate pole should be considered any better determined than any 

other pole on the "J-K" track. Neither is there any reason why the 

Monteregian Hills pole should represent the beginning of the 

Cretaceous stillstand. Therefore, the linear regression method is 

probably a better approach to the angular velocity problem. 

Summarizing, the Early Jurassic to Early Cretaceous sequence 

of North American reference poles is well described by PEP analysis. 
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The Jl cusp separates Triassic poles from Jurassic poles with an apex 

which is now defined by the Wingate Formation pole at 200-206 Ma. 

Restoration of a 3.80 clockwise rotation of the Colorado Plateau 

decreases the sharpness of the Jl cusp perhaps suggesting a period of 

plate reorganization in the Late Triassic-Early Jurassic of about 25-

30 mi1lion years duration. An eastl'lard progression of APt-l is recorded 

by poles whose ages range from 203-149 Ma (Jl-J2 track). A second 

cusp (J2) is present~y defined by the lower Morrison pole at about 149 

Ma. Post-J2 APW is constrained only by the two Morrison Formation 

poles and by the mean Cretaceous pole. Analysis of pole progression 

along best fit small circles suggests constant angular velocity during 

the Jl-J2 track of about 0.6-0.70 /m.y.. Angular velocity for the J2-K 

track is poorly constrained but suggests significantly higher North 

American plate velocity during the Tithonian to early Berriasian. 

Whereas the PEP technique is an appealing model for North 

American Jurassic APW, it should not be used to calculate synthetic 

reference poles for paleolatitude reconstructions and regional 

tectonic purposes as l'laS done by Gordon et al (1984). Because these 

authors include certain unreliable poles and fit the entire Jurassic

Early Cretaceous APW path with a single small circle, their synthetic 

reference poles for the 140-170 Ma interval are displaced into 

significantly higher latitudes than either individual reliable 

paleopoles or my two track fit suggest (Fig. 54). This has important 

consequences for estimates of North American paleolatitudes for this 

time interval. 
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Fig. 54. Stereographic North Polar Projection Showing Reliable 
Jurassic Reference Poles (solid circles) and Synthetic Jurassic 
Reference Poles of Gordon et al. (1984). 
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Implications for North American Plate Motion and Tectonics 

As shown above, the Late Triassic- Early Cretaceous APW path 

for North America can be divided into three tracks separated by two 

cusps. Tracks are interpreted as episodes of constant plate motion 

about a single Euler pole, and cusps are interpreted as changes in the 

direction and velocity of plate motion. One of the goals of APW 

analysis is to understand the kinematic history of plate motion in 

relation to global tectonic and intraplate deformational events. It 

is therefore instructive to investigate the potential correlation 

between such events and the Jl and J2 cusps of the Jurassic APW path. 

The following discussion of North American tectonics and Jurassic APW 

are based on the CPP path shown in figure 48. This is considered a 

more conservative and defensible approach because both Jl and J2 cusps 

are defined by Plateau poles. Uncorrected, the Jl cusp is more 

pronounced and one is enticed into more elaborate tectonic scenarios 

than the true uncertainties probably warrant. 

The Jl-J2 APW Track and Opening of the Atlantic Ocean 

Correlations and relationships between the Jurassic APW path 

and the origin and evolution of the central Atlantic Ocean have been 

discussed for over a decade (Steiner, 1975, Dalrymple et al., 1975, 

Smith and Noltimier, 1979). We can now compare the timing of the Jl 

and J2 cusps and the direction of Jl-J2 and J2-K North American motion 

with the Atlantic rift and drift history. 

The Sinemurian Wingate Formation pole is used to define the Jl 

cusp, but at the 95% confidence level it is not distinct from poles 



187 

whose ages range from Carnian (Chinle Formation) to Pliensbachian 

(Kayenta Formation and Newark Group I, 19~4 Ma) (Fig. 48). This Late 

Triassic to Early Jurassic timing of plate reorganization corresponds 

temporally with the initial breakup of Pangea and the separation of 

North America from Africa and South America. The syn-rift phase of 

this event is recorded by various Late Triassic-Early Jurassic red bed 

sedimentary sequences along the North American Atlantic and Gulf 

coasts. 

The Chinle, Wingate, and Kayenta Formations are con:elative 

with rocks in the Newark Supergroup of the Eastern U.S. (Olsen et al., 

1982). These sediments and interbedded lavas, as well as the Eagle 

Mills Formation in the northern Gulf area, were deposited in fault 

bounded basins interpreted as pull-apart structures and half-grabens 

formed during early rifting between North America and Gondwana 

(Manspizer, 1981, Klitgord et al., 1984, Pindell, 1985). The oldest 

rocks in these basins are considered to be Carnian in age (Olsen et 

aI, 1982) indicating that some degree of basin development had begun 

by Late Triassic time. The timing of actual plate separation and 

emplacement of oceanic crust is not well constrained and has been 

estimated at anywhere from Pliensbachian' to Bathonian in age 

(Gradstein and Sheridan, 1983). Klitgord et al. (1984) equate the 

initiation of sea floor spreading with the last major pulse of mafic 

igneous intrusions into the onshore rift basins at l79±3 l1a (Sut ter 

and Smith, 1979). The Jl cusp therefore correlates well with the syn

rift phase of Atlantic spreading history. Both the age range of rift 
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sediments, and the apparent duration of plate motion reorganization as 

recognized by the Jl cusp, suggest a period of crustal stretching of 

at least 25-30 million years. The age of the Wingate Formation pole 

corresponds most closely tdth the appearance of basalt flows within 

the Newark Supergroup and just preceeds the first major pulse of dike 

and sill emplacement (195+4 Ma). 

No significant APW is recorded by 210-180 Ma paleopoles from 

Africa and South America (Irving and Irving, 1982) and the hotspot 

model of Morgan (1981) shows Africa moving slowly westward during the 

Early Jurassic. This requires that the opening of the central 

Atlantic was accommodated primarily by North American absolute motion 

(Steiner, 1983). The NW absolute motion of North America during 

opening of the central Atlantic is recorded by the Jl-J2 and J2-K APW 

tracks. 

Geophysical data from the eastern U.S. margin provide evidence 

for about 300-350 km of North America-Africa separation by crustal 

stretching (assuming symmetry across the Atlantic). The geometry of 

this estimate is based on Watts (1981) with a stretching value of 

beta=3.5 for the region between the hinge line and the edge of 

continental crust and beta=2 from the hinge line to the western edge 

of the Newark Basin. The total North America-Africa separation 

perpendicular to the mid-Atlantic ridge at chron M2l time was 

approximately 1200 km (Pindell, 1985) suggesting that only 25-30% of 

this displacement probably was accomodated by crustal stretching. 

This estimate differs somewhat from similar calculations for the Gulf 

of Mexico which commonly conclude about 400-500 kilometers separation 
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due to crustal stretching between the Yucatan and North America out of 

800 kilometers total plate separation (Pindell, 1985). 

Because Africa moved westward (Morgan, 1981) and North America 

northwestward during the Early to Middle Jurasic, early separation 

between these two plates probably involved some dextral shear along 

\.~e continental margins. The early development of the Newark 

Supergroup basins in fact has been attributed to wrench tectonics and 

growth of pull-apart basin growth within a zone of dextral shear 

(Pindell, 1985). This early phase of central Atlantic rifting was 

complex and previous models have also appealed to left shear 

(Manspeizer, 1981) and both left and right shear (Swanson, 1982). 

Structures within the Newark Basin that have been interpreted as 

wrench tectonic structures, do not apparently deform the 195±4 Ma 

Newark Trend intrusive rocks. This might suggest a transition from 

oblique-extensional shear between Africa and North America to 

orthogonal extension. Voluminous diabase dikes and sills injected at 

approximately 195 Ma has been interpreted as the initial phase of 

extreme crustal stretching (Sutter and Smith, 1979). 

Assuming that the Jl-J2 APW track represents the absolute 

motion of North America during pre-chron M2l opening of the central 

Atlantic, then the angular.velocity diagram in figure 52b predicts an 

age for the oldest oceanic crust of about 185-190 Ma. This' age is 

based on my estimation of 25-30% plate separation at chron M2l time 

due to crustal stretching, which corresponds to an angular 

displacement of 9.2-11.0°. An Early-Middl~ Jurassic (Aalenian) age 
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for initiation of sea floor spreading is within the range of age 

estimates for oldest oceanic irust east of the Atlantic continental 

margin (Gradstein and Sheridan, 1983) and only slightly older than the 

180 Ma estimate of Klitgord et al. (1984). Implicit in this model is 

the fact that North American plate motion angular velocity was the 

same during both rifting and drifting phases. 

Cusp J2. The J2 cusp at about 150 Ma corresponds temporally with 

a major change in orientation of central Atlantic marine magnetic 

anomalies at chron M21 time (i.e. approximately 153 Ma) (Schouten and 

Klitgord, 1982). Associated with this plate reorganization, sea floor 

spreading may have ceased in the Gulf of Mexico leaving the Yucatan 

block and the Gulf basin as part of the northwestward moving North 

American plate. Continued spreading between North America and South 

America occurred along a ridge system through the proto-Caribbean 

south of the Yucatan block (Pindell, 1985). The oldest marine 

magnetic anomalies recognized in the Venezuelan Basin as possible 

remnants of proto-Carribean spreading are approximately 150 million 

years old (Ghosh et al., 1984). Sundvik et al. (1984) suggest a 

primary seafloor spreading origin for the transition from smooth to 

rough oceanic basement between anomaly Ml3 and MIl time. This is 

believed by them to reflect a decrease in the rate of mid-Atlantic 

spreading which may correspond to the transition from the J2-K APW 

track to the Cretaceous stillstand. 

The major change in central Atlantic marine magnetic anomalies 

at chron M21 time, which I correlate with the J2 APW cusp, includes 
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not only their general orientation but also their detailed character. 

Between chron M21 and Mll time, Schouten and Klitgord (1982) note the 

relative absence of anomaly offsets, which implies to them that the 

mid-Atlantic ridge was relatively straight and offset only by a few 

large transform faults. This is consistent with rapid seafloor 

spreading, which I suggest may correlate with rapid North American 

absolute plate motion during J2-K time. The sense of change of North 

American absolute motion at the J2 cusp is consistent with the sense 

of reorientation of central Atlantic magnetic anomalies at 10121 time. 

Whether or not direct relationship of these geometriC phenomena can be 

demonstrated depends on our future ability to constrain the detailed 

absolute motion histories of Africa and South America. 

The revised Jurassic APW path indicates northwest directed 

absolute motion of North America from about 200 Ma to 140 Ma. 

Reasonable locations for the JI-J2 PEP predict northwesterly absolute 

motion vectors, associated with moderate plate velocity. The J2-K PEP 

(CPP) predicts somewhat more northerly directed motion vectors but 

with significantly higher plate velocity. For paleolatitudinal 

diagrams such as figure 45, this combination of plate motion 

parameters translate into rapid northward latitudinal motion for North 

America from cusp J2 to the J2-K track - Cretaceous stillstand 

transition. Angular velocity during the Cretaceous stillstand 

is not resolvable by PEP analYSis but the concordance of stillstand 

poles in conjunction with other geological and geophysical evidence 

indicates that the direction of North American plate motion changed 

from northwest to west at the beginning of the Cretaceous stillstand 
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(Berriasian) • 

Intraplate Deformation in Western North America 

A number of tectono-magmatic events along the western edge of 

North America correspond temporally with the Jl and J2 cusps of the 

Jurassic APW path. In the southern Cordillera, the continental 

magmatic arc active throughout the Early? and Middle Jurassic in 

southeastern Arizona and northern Sonora shuts off at approximately 

150 Ma and sweeps quickly to the continental margin by about: 145 Ma 

(Coney and Reynolds, 1977, Damon et al. 1981). This may reflect a 

change in the angle of subduction of the downgoing Farallon plate 

associated with a change in the relative and/or absolute plate motion 

across the southern Cordilleran trench. This implied reorganization 

corresponds very closely with the age of the J2 cusp and the 

associated change in North American absolute motion. A similar 

westerly arc migration is recognized at about this time in Northern 

California (Saleeby et al., 1982). 

As had been previously discussed by Steiner U978, 1983) and 

Kluth et ale (982), Gordon et al. (984) recognized a subinterval of 

rapid APW in "Middle and Late Jurassic time" documented by the 

Summerville and Morrison Formation poles. The latter authors note a 

possible correlation with the Nevadan Orogeny in the northern Sierra 

Nevada and Klamath Mountains, suggesting that this event may be more 

closely related to North American absolute motion than to relative 

plate motions. I agree in part with this interpretation. However, 
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recognition of the J2 cusp makes the temporal coincidence 

significantly more appealing and the plate kinematic scenario more 

consistent with PEP philosophy. 

The Nevadan Orogeny has been interpreted by Saleeby et ale 

(1982) as an event of crustal shortening associated with collapse of 

an inter-arc basin within which oceanic crust as young as 157 Ma was 

being generated. In their model, approximately E-W directed 

convergence caused thrusting of older Mesozoic arc rocks on the east 

over inter-arc basin rocks on the west, with associated incorporation 

of ophiolites and intrusion of peridotitic to dioritic igneous 

complexes. The timing of the Nevada Orogeny in the northern Sierra 

Nevada and Klamath Mountains is well constrained at about 145-150 Ma. 

The youngest strata effected by Nevadan deformation are Kimmeridgian 

and a Pb/U zircon date from the pre or syn-deformation Bear Mountain 

pluton in the Klamaths is l49±2 Ma (Saleeby et ale 1982). Published 

dates for the lower Coon Mountain intrusive complex which postdates 

the Nevadan cleavage range from 142 to 150 Ma. The apparent age of 

the Nevadan Orogeny therefore correlates very well with the J2 cusp 

and attendant change in North American absolute plate motion. 

Paleomagnetic data interpreted as a ''Nevadan'' remagnetization has been 

obtained from rocks in the northern Sierra Nevada (Bogen et al., 

1985). A paleomagnetic pole calculated from these results is 

indistinguishable at the 95% confidence level from either of the 

Morrison Formation poles. 

Oldow etal. (1984) recognize three major episodes of 

structural deformation in Mesozoic arc rocks of the northern Sierra 
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Nevada and northeastern Oregon. The oldest of these is a Triassic

Jurassic event expressed as isoclinal folds with steep N-NW striking 

axial plane cleavage, steep fold axes and steep lineations. 

Radiometric dates associated with these structures are approximately 

200 Ma (Saleeby, 1981), suggesting temporal correspondence with the Jl 

cusp. The second episode recognized by Oldow et ale is the Late 

Jurassic Nevadan event, which produced a structural fabric coplanar 

with the older event and folding contemporaneous with west to 

southwest vergent thrust or reverse faults. 

One implication of relating tectonic episodes observed in the 

western U.S. to cusps in the Jurassic APW path is that although the 

timing suggests a cause/effect relationship, the change in North 

American absolute plate motion is not reflected by different 

orientations of structures in the Sierran region. As discussed by 

Beck (1983) and Moore and Karig (1980), the axis of shortening in 

zones of oblique subduction represented by structures in the leading 

edge of an upper plate is not necessarily parallel to the vector of 

relative plate motion. Rather, the shortening axis probably reflects 

the normal component of convergence and is constrained by the shape 

and orientation of the plate boundary. In other words, although 

episodes of intraplate deformation may be the result of changes in 

plate motion and therefore correspond to APW cusps, the expression of 

accomodated strain as reflected within regional structural fabric may 

bear no relation to the direction of motion of either plate. 
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Terrane Displacement 

The western Cordillera of North America 1s a collage of 

tectonostratigraphic terranes whose paleogeographic relationships with 

respect to cratonic North America and to each other are uncertain 

during Paleozoic and Mesozoic time (Coney et al., 1980, Coney, 1981). 

Paleomagnetic data from these terranes has proven to be a useful tool 

for quantifying latitudinal displacements and azimuthal rotations 

(Beck, 1976, 1980). Tectonic translation/rotation is measured by 

comparing observed paleomagnetic directions with expected directions 

calculated form cratonic reference poles. For this reason, reliable 

cratonic reference poles are fundamental to accurate estimation of the 

displacement history of suspect terranes within orogenic belts. The 

Late Triassic through Jurassic APW path presented in this paper 

differs significantly from published APW analyses and from various 

reference poles previously calculated for comparison with specific 

paleomagnetic studies of Cordilleran terranes. 

Paleomagnetic data from Late Triassic and Jurassic rocks in a 

number of suspect terranes are discussed in light of the revised APW 

path. Cratonic reference poles have been calculated on a study by 

study basis so as to provide the most appropriate temporal 

correlations (Table 14). In cases l>lhere only two poles are averaged, 

the larger of the two confidence parameters is taken for the average 

pole. This may be a somewhat conservative approach, but recalculation 

of reference poles from individual weighted VGPs do not alter my 

conclusions. In many cases, recalculation o~ concordance/discordance 



Table 14. Cratonic Reference Poles for Concordance/Discordance 
Calculations 

NO. POLE AGE MA LAT(N) LORG(iO A95 

1 Manicouagan + Chinle Late Triassic 220 58.4 84.4 7.0 

2 Chinle Formation Carnian-Norian 220-230 57.7 79.1 7.0 

3 Newark Group I Ar/Ar 195 63.0 83.2 2.3 

4 Wingate + Kayenta + Sinemurian-
Newark Group I Pliensbachian 200 61.6 77 .0 5.4 

5 Wingate Formation Sinemurian 200-206 59.6 70.4 8.0 

6 Kayenta Formation Pliensbachian 194-200 61.9 78.1 6.3 

7 Wingate + Kayenta Sinemurian-
Pliensbachian 200 60.8 74.1 8.0 

(Notel Wingate and Kayenta Formation poles used in this table are corrected for Plateau 
rotation. ) 

...... 
\0 
Q\ 
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values merely modifies the magnitude of apparent displacement, in 

other cases previously discordant results become concordant, and in at 

least one case a previously concordant result becomes discordant. 

Directional concordance/discordance was calculated according 

to the technique of Beck (1980) as modified by Demarest (1983) or by 

converting observed and expected inclination data into 

paleolatitudinal bands. The Beck (1980) technique generates 

"rotation" (R) and "flattening" (F) values each of which is 

accompanied by an uncertainty parameter (AR, A F). R values 

represent the difference between observed and expected declination 

(R)O indicates clockwise rotation) and F values represent the 

difference between observed and expected inclination (F)O indicates 

observed I shallower than expected I, implying poleward translation). 

Important in such calculations and their attendant interpretation is 

the realization that even the best constrained AF values generally 

provide a latitudinal resolution of no better than 500-800 kilometers. 

Cratonic reference poles which include or are based on 

Colorado Plateau poles were calculated with both CPP and UPP data 

sets. Since these data sets are very similar, it makes no difference 

to conclusions of concordance or discordance which is used, and thus 

only corrected plateau pole values are shown in table 15. 

Terrane I 

Stikinia and Quesnellia along with the Cache Creek terrane and 

the Eastern assemblage comprise the inboard-most "super-terrane" of 

the Canadian Cordillera which is tectonically juxtaposed on the east 



TABLE 15. Concordance/Discordance Data - Terrane 1 

ROCK UNIT AGE Ma 
As 9Js Do 10 0(95 Ref. Ox Ix 0(95 

Rt 6R FA 6F (ON) (OE) (0) (0) (0) Pole {oJ (oJ (0) 

Tokio Group carnlan-
225 56.7 234.6 300 44 6 I 342.9 46.1 7.0 -42.9 6 9.0 2.1" 8.1 Asltka Peok Norian 

• " " " " " " " 2 345.7 44.4 7.0 -45.76 9.0 0.4 6 8.4 
Tokio Group 

Sustut Peak " 1\ 56.6 234.5 281 38 7 I 342.8 46.0 7.0 -61.8" 9.3 8.0 6 8.7 

R II " " " II II II 2 345.7 44.3 7.0 -64.76 9.2 6.3* 8.8 

Tokio Gr~~p 
Avera " n 41 6 I 46 7 5'-8 

II " a II II 2 43 7 2 6-8 

H~~ItOn Group 
I kltkwa Fm. Toarcian -190 55.6 234.6 359 55 16 3 345.4 49.9 2.3 13.6"22.5 -5.1 "12.6 

H~Z:nc:l'I ~~u~ late 200-203 55.8 234.4 242 56 18 4 348.0 47.6 5.4 1-106.0*25.9 -8.4*14.5 Sinnmurlan 

" " II " II II II II 5 351.1 44.4 8.0 109.1"26.4 -11.6' 15.7 

n II " II II II II II 7 349.3 46.3 8.0 -107.3"26.3 -9.7' 15.6 

Tolkwo Fm.2 II " 56.5 234.2 294 52 25 4 347.8 48.5 5.4 -53.8'33.3 -3.5' 19.6 

" " " II II 1\ " II 5 350.9 45.3 8.0 -56.9'33.7 -6.7'20.4 

II " " II n " II " 7 349.1 47.2 8.0 -55.1"33.7 -4.8"17.3 
Guichon K/Ar -200 50.5 239.0 28.3 36.3 7.3 4 350.8 40.4 5.4 37.5' 8.5 4.1" 8.2 Botholith 

II • II " " II " II 5 353.9 36.8 8.0 34.7"9.9 0.5 610.9 

q II 1\ " " n " " 6 350.3 40.9 6.3 38.0t9.0 4.6' 8.9 

" n II • II II II " II 7 352.1 38.9 8.0 36.2" 9.9 2.6'10.6 
Copper Mtn. 

Intrusions '''Ar ..... 200 49.3 239.4 25.9 41.2 3.6 4 351.1 38.6 5.4 34.8"5.9 -2.6' 6.7 

II • " II a II II II 5 354.1 35.0 8.0 31.8' 7.7 -6.2610.0 

.. .. II II II II II II 6 350:6 39.2 6.3 35.3" 6.6 -2.0* 7.5 

II II 1\ II " " II II 7 352.4 37.1 ~ 33.5 4 ?7 -4.1'9.6 

>-.s-site lolitude,0s-site longitude, Do-declination observed, lo-inclinotion observed, 0<:95- Fisher statistic, Ref. Pole- Table 14 
Ox- declination expected, Ix- inclination expected, R-rotation, F-flattening, References - AI Monger and Irving (I980), 

8· Symons (I983), CI Symons and Litalien (I984). 
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with Paleozoic miogeoclinal strata. Geological relationships 

discussed by Monger et al. (1982) indicate that the various components 

of Terrane I had become amalgamated by Late Triassic-Early Jurassic 

time. 

Recent paleomagnetic studies from rocks of Stikinia and 

Queanellia have been interpreted as evidence for significant 

latitudinal displacement of these terranes with respect to cratonic 

North America (Monger and Irving, 1980, Symons, 1983, Symons and 

Litalien, 1984). Apparent discordance between observed and expected 

inclinations from Late Triassic and Early Jurassic rocks seemed to 

indicate approximately 1500 kilometers of northward relative motion 

during the late Mesozoic and early Cenozoic. Reconsideration of these 

paleomagnetic data in light of the Harland et al. (1982) time scale 

and my revised list of reliable cratonic reference poles leads to an 

alternative scenario regarding terrane displacement. Most 

importantly, with the revised set of cratonic reference poles (Table 

14) imply that there are no significant inclination anomalies for 

Stikinia and Quesnellia during Late Triassic and Early Jurassic time. 

The tectonic implications of this observation are discussed below. 

Stikinia. Characteristic components of the Stikine terrane 

include Mississippian and Permian volcaniclastic, volcanic, and 

carbonate oedimentary rocks (Coney, 1981). This upper Paleozoic 

submarine volcanic arc assemblage is overlain by Late Triassic through 

Middle Jurassic volcanic rocks, predominantly basaltic and andesitic 

subaerial flows and pillow lavas (Monger et al., 1982). Paleomagnetic 
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data from Stikinia comes from the Takla and Hazelton Group volcanics 

of this latter assemblage (Monger and Irving, 1980). 

The Takla Group volcanics of Stikinia are Carnian-Norian in 

age (Monger and Irving, 1980) or approximately 220-230 Ma. The most 

appropriate reference pole for this study is the Chinle Formation pole 

of Reeve and Helsley (1972) given in table 14. The age of the Chinle 

Formation also is Carnian-Norian, based on correlations to Newark 

Group strata by Olsen et al. (1982). Alternatively we can compare the 

Late Triassic Stikine results with a reference pole based on an 

average of the 215±5 Ma Manicouagan pole and the Chinle Formation 

pole. This average pole (58.30 N, 84.40 E) and the Chinle pole are both 

very different from the Late Triassic reference pole used by Monger 

and Irving (1980) (68 0 N, 930 E). 

Monger and Irving (1980) and Irving et al. (1980) presented 

paleomagnetic data from Takla Group volcanic rocks exposed along the 

eastern side of Stikinia. Samples were collected from 14 sites at two 

localities (Asitka Peak and Sustut Peak - Table 15) within the Savage 

Mountain Formation, a thick sequence of predominantly pillow lavas and 

subaerial basalt flolvs of late Carnian to earliest Norian age. The 

mean direction from the Asitka Peak locality differs by 190 in 

declination and 60 in inclination from the mean at the Sustut Peak 

locality (Table 15). The difference in declination may reflect a 

small amount of relative rotation. The difference in inclination is 

largely due to an obvious outlier in the Sustut Peak data set (Fig'~Jre 

4 of Monger and Irving, 1980). One of the eight sites from this 

locality has a WSW declination and an anomalously shallow inclination, 



Fig. 55. Suspect Terrane Map of North';iestern North America,· Modified. 
from May et ale (1983). 

Terranes include Ac: Alexander (Craig subterrane), Aa: Alexander 
(Admiralty subterrane), An: Alexander (Annette subterrane), C: 
Chugach, W: Wrangellia, S: Stikinia, CCI Cache Creek, QN: Quesnellia, 
YT: Yukon-Tanana, and EA: Eastern l1ssemblages. Paleomagnetic 
localities: 1) Takla Group, Asitka Peak, 2) Takla Group, Sustut Peak, 
3) Hazelton Group, Nilkitkwa Formation, 4) Hazelton Group, Telkwa 
Formation 1, 5) Hazelton Group, Telkwa Formation 2, 6) Guichon 
Batholith, 7) Copper Mountain Intrusions, 8) Hound Island volcanics, 
9) Alaska Range, 10) Wrangell Mountains, 11) Karmutsen volcanics, 
Vancouver Island, 12) "Seven Devils", southeast Oregon. TF: Tintina 
Fault, RMT: Rocky Mountain Trench. 
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F~g. 55. Suspect Terrane Map of Northwestern North America. 
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which produces a low k value (18) and biases the locality mean 

direction towards a shallower inclination. Exclusion of this single 

outlier from the Sustut Peak locality brings the two locality mean 

directions into much closer agreement. Regardless, the mean 

inclinations at both localities are concordant with expected 

directions predicted by either reference pole as is the formation 

average inclination of 41 0 given by Monger and Irving (1980) (Table 

15). The simplest interpretation of these concordant inclinations is 

that within the resolution provided by paleomagnetic data, Terrane I 

was situated at its present latitudinal position with respect to 

cratonic North America during the Late Triassic. 

The mean declinations from the Takla Group volcanics are 

clearly discordant with "R" values of -43 0 to -65 0 • This rotation 

probably reflects relatively local block rotation along the eastern 

side of Stikinia rather than wholesale rotation of the entire Terrane 

I composite. 

The Hazelton Group volcanics of Stikinia are divided into two 

age groups of late Sinemurian and mid Toaracian ages by Monger and 

Irving (1980). The former with an approximate age of 200-203 Ma may 

be compared to reference poles calculated from the Wingate pole, the 

IHngate + Kayenta pole, and the Wingate + Kayenta + Nelvark Trend Group 

I pole. The mid-Toarcian group haa an approximate age of 190 Ma, and 

thus may be compared to the Newark Group I pole. Each of these 

reference poles is very different from the reference poles used for 
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the Hazelton results by Monger and Irving (1980) (i.e. 60 0 -63 0 N vs. 

780 N) • 

Monger and Irving (1980) and Irving et ale (1980) also present 

paleomagnetic data from the late Sinemurian Telkwa Formation and the 

mid Toarcian Nilkitkwa Formation of the Hazelton Group in eastern 

central Stikinia. Four sites at each of two localities were collected 

from subaerial basalt flows and fine grained tuffs of the Telkwa 

Formation. Expected directions and 'concordance/discordance 

calculations based on my reference poles (Table 15) illustrate that, 

irrespective of the reference pole selected, both localities have 

concordant inclinations. While not statistically significant, 

negative flattening values suggest a small amount of post-Early 

Jurassic southward transport of Terrane I, while negative "R" values 

suggest significant counterclockwise rotation. The d~fference in 

declination between the two localities (52 0 ) may indicate internal 

block rotations. However, the presence of counterclockwise rotation 

for both the Takla and lower Hazelton data may reflect a more regional 

event. 

37 cores from 7 sites were studied by Monger and Irving (1980) 

from the Nikitkwa Formation in the Bait Range. Comparison of the 

observed mean direction with an expected direction calculated from the 

Newark Trend Group I pole reveals concordance in both declination and 

inclination. In this case, "R" values are slightly positive (but not 

statistically significant), and again the "F" value is negative and 

very small. The mean inclination given by Monger and Irving (1980) 

(540 ) after rotating and averaging all three localities from the 
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Hazelton Group is concordant and again results in a slightly negative 

"F" value. 

At the 95% confidence level, Terrane I was situated at its 

present latitude relative to North America during the Early Jurassic 

based on paleomagnetic data from the Hazelton Group. Hot-lever, owing 

to the very large alpha95 values for the three studies (16, 18, and 

25 0 ), the latitudinal resolution of the Hazelton data is quite 

limited. 

Quesnellia. Quesnellia is characterized by upper Paleozoic and 

lower Triassic volcanic, volcaniclastic, and carbonate rocks, and like 

Stikinia is interpreted as a submarine volcanic arc assemblage (Coney, 

1981). Quesnellia also contains upper Triassic and lower Jurassic 

volcanic and clastic rocks which are intruded by Late Triassic-Early 

Jurassic quartz dioritic to granitic plutons. An overlap relationship 

involving upper Triassic strata ties Quesnellia to the Eastern 

assemblage, indicating that all four components of Terrane I were 

assembled by this time (Monger et al., 1982). Paleomagnetic data from 

Quesnellia have been reported from two of the early Mesozoic plutonic 

complexes (Guichon Batholith and Copper Mountain Intrusions) (Symons, 

1983, Symons and Litalien, 1984). 

The Guichon Batholith and the Copper Mountain Intrusions of 

Quesnellia are both dated at approximately 198 Ma (Symons, 1983, 

Symmons and Litalien, 1984). Four alternative reference poles are 

used for comparison with these two T.rrane I polesin table 151 1) 

Wingate Formation pole~ 2) Kayenta Formation pole, 3) Wingate + 
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Kayenta pole 4) Wingate + Kayenta + Newark Trend Group I pole, all 

with estimated ages in the range of 194-206 Ma. Listed in table 14, 

these four alternative reference poles are not statistically distinct 

an~ it makes very little difference to concordance/discordance 

calculations which reference pole one chooses. Each of them is, 

however, significantly different from the reference pole (700 N, 940 E) 

chosen by Symons (1983) and Symons and Litalien (1984) for comparison 

with the Guichon and Copper Mountain results. 

Symons (1983) reported new paleomagnetic data from the Guichon 

Batholith in southern British Columbia. This quartz dioritic to 

granodioritic pluton is intruded into Carnian-Norian sedimentary and 

volcanic rocks assigned to the Nikola Group of Quesnellia. The 198+8 

Ma radiometric date discussed by Symons (1971) suggests an approximate 

Pliensbachian correlation. However, he also reports that the 

batholith is overlain unconformably by Hettangian and Sinemurian 

sediments. Therefore, the batholith may be as old as approximately 

215 Ma and the K-Ar date may be too young. 

A mean direction of magnetization based on 49 specimens from 

13 sites in the Guichon Batholith (Symons, 1983) (10 normal, 3 

reversed) is concordant in inclination but discordant in declination 

with respect to all reference directions shown in table 15. 

Approximately 35-380 of clockwise rotation may be related to 

distributed shear "ball-bearing" style tectonics associated with 

dextral stike-slip along the so~thern RMT system. The observed 

inclination for the Guichon Batholith differs by only 0.5 to 4.6 
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degrees from expected 200 Ma inclinations. (Comparison to UPP 

reference data yields concordant flattening values from 1.7 to -2.80 .) 

The same basic results are obtained if we compare the Guichon data 

with older Manicouagan or Manicouagan + Chinle reference poles. 

Symons and Litalien (1984) report new paleomagnetic data from 

the Late Triassic - Early Jurassic Copper Mountain Intrusions of 

southern British Columbia. Like the Guichon Batholith, the Copper 

Mountain granitoids were emplaced into the Late Triassic volcanic and 

sedimentary Nicola Group rocks of Quesnellia. Symons and Litalien 

(1984) suggest an age of 198 Ma but the similarities of the Copper 

Mountain rocks with the Guichon batholith may indicate that they too 

are possibly as old as 215 Ma. Irrespective of the reference pole 

chosen, concordance/discordance results are similar to the Guichon 

values. Positive "R" values indicate approximately 32-35 0 of 

clockwise rotation while "F" values are all concordant although 

slightly negative (Table 15). Once again, one must conclude on the 

basis of concordant inclination from the Copper Mountain Intrusions 

that Terrane I was located at its present latitude relative with to 

cratonic North America during the Early Jurassic. 

In summary, all of the available paleomagnetic data from Late 

Triassic and Early Jurassic rocks of Terrane I have concordant 

inclinations when compared to appropriate, reliable reference 

directions from cratonic North America. This conclusion is in direct 

conflict with the interpretations of Monger and Irving (1980), Symons 

(1983) and Symons and Litalien (1984). These latter workers suggested 

as much as 10-150 of relative latitudinal displacement between Terrane 
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I and North America in late Mesozoic and early Cenozoic time, based on 

what I believe are inaccurate cratonic reference poles. 

Concordant Late Triassic and Jurassic paleomagnetic results 

from Stikinia and Quesnellia seem to be in conflict l-1ith geologicB:l 

and paleomagnetic data from younger rocks in the same terranes. These 

seem to suggest 1000 to 2500 kilometers of post-Middle Cretaceous 

northward translation outboard of the Tintina-Rocky Mountain Trench 

fault system. Gabrielse (1985) argues for at least 750 and probably 

greater than 900 kilometers of Middle Cretaceous to early Cenozoic 

cumulative dextral displacement along the Tintina - Northern Rocky 

Mountain Trench system based on offset facies boundaries within lower 

Paleozoic sedimentary rocks. Another 300 ki lometers has been 

hypothesized along other faults of the Intermontane Belt. 

Paleomagnetic data of Rees et al. (1985) and Irving et al. (1985) have 

been interpreted to indicate as much as 2000-2500 kilometers of post

Middle Cretaceous northward translation of Terrane I. This conclusion 

is based on primary magnetizations observed in Cretaceous batholiths 

of the Coast Plutonic Complex and on secondary magnetizations observed 

in Late Triassic and Jurassic rocks of Stikinia. 

Because late Paleozoic Bud early Me~ozoic fossils from rocks 

in Terrane I indicate North American affinities, the simplest scenario 

that will accomodate all of the paleomagnetic and geologic data is one 

that places Terrane I at roughly its present latitude with respect to 

the craton in the Late Triassic-Early Jurassic followed by southward 

translation until the ?Late Jurassic. Plate motion models of 
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Engebretson (1982) show a change at about 145-150 Ma from SE to NE 

convergence of the Kula plate with respect to North America. Beck 

(1984) suggested that this change in relative plate motion resulted in 

a change from left or south oblique subduction to north oblique 

subduction reflected by the cessation of motion along the Mojave

Sonora Megashear. Unfortunately there are no reliable Middle or Late 

Jurassic paleomagnetic poles from Terrane I to test this south then 

north displacement model. Craton derived detritus in the Bowser Basin 

indicates that Terrane I was juxtaposed with the craton by the Early 

Cretaceous (Eisbacher, 1974, Monger et al., 1978). 

TERRANE II 

Wrangellia. Wrangellia is a well known stratigraphic terrane, 

fragments of which are now recognized from NE Oregon to SE Alaska. It 

is characterized by a Pennsylvanian and Early Permian andesitic arc 

sequence overlain by Middle and/or Late Triassic tholeiitic basalt 

flows and pillow lavas,in turn overlain by Late Triassic platform 

carbonates (Jones et al., 1977). A number of paleomagnetic studies of 

Triassic volcanic rocks from Wrangellia have been interpreted to shol~ 

. latitudinal displacements of up to 3000 kilometers with respect to the 

craton. The magnitude of paleomagnetic discordance from Wrangellia is 

modified by the revised Late Triassic-Jurassic APW. 

Paleomagnetic investigation of Middle-Late Triassic basalts 

from four different regions of Wrangellia all predict approximately 

the same paleolatitude even though these fragments are now distributed 

over 2500 kilometers along the Cordilleran margin. The most 
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appropriate reference pole with which to compare Late Triassic 

Wrangellia results is the Carnian-Norian age Chinle Formation pole. 

(Table 14). Reference poles for Wrangellia studies have consistently 

been chosen at significantly higher latitudes and more easterly 

longitudes: 64oN, 920 E (Hillhouse, 1977), 68oN, 930 E (Yole and Irving, 

1980), 65.30 N, 94.2oE (Hillhouse et al., 1982), and 61.4oN, 92.50 E 

(Hillhouse and Gromme, 1984). These reference poles suffer from 

including both unreliab Ie data and numerous results from rocks now 

known to be of Early Jurassic age. For example the reference pole of 

Hillhouse and Gromme (1984) is calculated from 9 paleopoles, only two 

of which are from Late Triassic rocks. The pole from the Wachtung 

Basalts (Opdyke, 1961) is now known to be unreliable and is Early 

Jurassic in age. Similarly, poles from the Newark Trend intrusive and 

extrusive rocks are known to be Early Jurassic, as is the Kayenta 

Formation pole. On the ot'her hand, the Moenkopi Formation from which 

two poles were used by Hillhouse and Gromme, is Early Triassic and 

significantly older than the l-lrangellia basalts. The reference pole 

of Hillhouse and Gromme therefore includes poles whose ages range from 

245-195 Ma and which fall on both the Tr-Jl and JI-J2 APW tracks of 

the North American APW path. 

I have compared the observed paleolatitudes for Wrangellia 

compiled by Hillhouse and Gromme (1984) with expected paleolatitudes 

based on the Chinle reference pole (Table 16). Inclinations from both 

the northeastern Oregon (Seven Devils and Huntington Arc rocks) and 

the Vancouver Island (Karmutsen Volcanics) are concordant, suggesting 

no significant latitudinal displacement of these fragments since the 



Table 16. Paleolatitude Results from Wrangellia 

LOOALI'fi 

Wrangell Mountains, 
AK (Hillhouse, 1977) 

Alaska Range, AK 
(Hillhouse and 
Gromme, 1984) 

Vancouver Island, 
B.C. (Yole and 
Irving, 1980) 

Southeast Oregon, 
"Seven Devils", 
(Hillhouse et al., 
1982) 

OBSERVED 
PALEOLA~(N) 

7.7-13.1 

10.1-17.7 

15.3-19.3 

13.4-21.6 

* northern hemisphere interpretation 

EXPECTIID 
PALEOLAorO(lO 

27.3-40.8 

29.1-43.4 

15.1-24.5 

9.7-17.9 

** northern hemisphere, south translation 

POLm1ARD DISPLAcmmN'l 
(m) 

2541* 

2387* 

253* 

-429** 

N ..... 
o 
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Late Triassic. Inclinations from the Wrangell Mountains and Alaska 

Range (Nikolai Greenstone) are discordant and suggest approximately 

2300-2500 kilometers of northward latitudinal displacement, consistent 

with their present geographic separation from the southerly fragments 

of Wrangellian stratigraphy. Assuming a northern hemisphere location 

in the Late Triassic, concordance/discordance calculations based on 

the revised reference pole suggest that all of Wrangellia was located 

at the approximate latitude of northern Oregon-southern B.C •• 

Alexander Terrane. One of the more enigmatic paleomagnetic 

results from the western Cordillera has been the Hound Island 

Volcanics pole published by Hillhouse and Gromme (1980). The Hound 

Island Volcanics is part of a submarine volcanic arc assemblage 

consisting of pillow basalts, pillow breccias, andesitic breccia, 

aquagene tuffs and minor limestones assigned to the Admiralty 

subterrane (Hillhouse and Gromme, 1980). As interpreted by Hillhouse 

and Gromme, the Hound Island paleomagnetic pole was concordant with 

respect to a North American Late Triassic reference. However, this 

apparent concordancy is simply an artifact of the reference pole. 

They use a "Late Triassic" cratonic pole at 65.3 0 N, 94.2oE which is 

based entirely on paleopoles from Early Jurassic Newark Trend igneous 

rocks and from the Early Jurassic Kayenta Formation. A more 

appropriate reference pole is either the Chinle Formation pole of 

Carnian-Norian age or and average. Chinle + Manicouagan pole with a 

somewhat younger a~erage age (Table 14). The Hound Island observed 

direction is discordant in both declination and inclination with 
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respect to expected values calculated from either reference pole. 

Rotation values suggest counterclockwise rotation of 110+300 while 

negative flattening values can be interpreted either as evidence for 

southliard translation of the Alexander terrane or extreme northward 

translation from the southern hemisphere. In the Late Triassic, the 

Alexander terrane was located at approximately 47 0 ei ther north or 

south while the expected North American latitude was 27-290 north. 

Summary 

Apparent polar wander paths provide a primary data base with 

which geologists can reconstruct global and regional paleogeographies. 

The detailed geometry of APW paths directly reflects absolute plate 

motion within the geomagnetic field reference frame, and can be 

temporally compared with episodic plate reorganization and intraplate 

deformation. The accuracy of such analysis is dependent on the 

reliability of individual paleopoles. The Jurassic APW path for 

North America discussed in this paper is significantly different from 

previously published paths generat~d with various smoothing 

techniques. The new path generally pr~dicts more southerly 

paleolatitudes for North America than do any of several APW paths now 

in use. Belief in the accuracy of my selected data base allows 

confident recognition of APW cusps in the Early and Late Jurassic (Jl 

and J2). Cusps and intervening tracks are well described by PEP 

modeling and indicate periods of constant velocity of North American 

plate motion from the Sinemurian to early Tithonian and from the early 

Tithonian to the early? Berriasian. The timing of the Jl and J2 cusps 
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corresponds with Atlantic Ocean and lV'estern North America tectonic 

events. Finally, PEP analysis accentuates the spatio-temporal 

relationships of reliable cratonic paleopoles, allowing more 

intelligent selection of reference poles for terrane displacement 

studies. Revised Late Triassic-Early Jurassic reference poles for 

North America indicate different amounts of tectonic transport for 

some western Cordilleran terranes than has been previously proposed. 
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