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ABSTRACT 

Paleomagnetic directions have been obtained from 190 Middle Miocene (I2-20 Ma) 

mafic volcanic flows in 16 mountain ranges in the Mojave-Sonora desert region of 

western Arizona and southeastern California. These flows generally postdate Early 

Miocene tectonic deformation accommodated by low-angle normal faults but predate 

high-angle normal faulting in the region. After detailed magnetic cleaning experiments, 

179 flows yielded characteristic thermal remanent magnetism (TRM) directions. Because 

of the episodic nature of basaltic volcanism in this region, the 179 flows yield only 65 

time-distinct virtual geomagnetic pole~ (VGPs). The angular dispersion of the VGPs is 

consistent with the angular dispersion expected for a data set that has adequately 

averaged geomagnetic secular variation. The paleomagnetic pole calculated from the 65 

cooling unit VGPs is located at 85.5°N, 108.9°E within a 4.4° circle of 95% confidence. 

This pole is statistically indistinguishable (at 95% confidence) from reference poles 

calculated from similar-age rocks in stable North America and from a paleomagnetic 

pole calculated from similar-age rocks in Baja and southern California. 

From the coincidence of paleomagnetic poles from the Mojave-Sonora and adjacent 

areas, we can conclude that: (1) vertical-axis tectonic rotations have not accompanied 

high-angle normal faulting in this region; (2) there has been no latitudinal transport of 

the region since 12-20 Ma; and (3) long-term nondipole components of the Miocene 

geomagnetic field probably were no larger than those of the recent (0-5 Ma) 

geomagnetic field. In contrast, paleomagnetic data of other workers indicate vertical

axis rotations of similar-age rocks in the Transverse Ranges, the Eastern Transverse 

Ranges, and the Mojave Block. We speculate that a major discontinuity in the vicinity 

x 



xi 

of the southeastward projection of the Death Valley Fault Zone separates western 

areas affected by vertical-axis rotations from eastern areas that have not experienced 

such rotations. 



CHAPTER 1 

INTRODUCTION 

Statement of Problem 

The ability to use the magnetism recorded by rocks to detect vertical-axis tec

tonic rotations and latitudinal translations has made paleomagnetism an invaluable tool 

in the Earth sciences. On the first order, paleomagnetic studies have documented the 

past motions of the continents and the major tectonic plates of which they are a part 

relative to the Earth's geographic rotation axis. In recent years, numerous inves

tigators have used paleomagnetism to detect past motions of crustal or lithospheric 

fragments relative to the continent to which they are now attached. Such studies are 

a second-order application of paleomagnetism to tectonic problems but have contributed 

much to our understanding of tectonic processes, mechanisms and paleogeography. 

For example, Beck [1976, 1980], Irving [1979], May et al. [1983], McWilliams [1983] 

and Hillhouse and McWilliams (1987) have reviewed the extensive paleomagnetic evi

dence from studies of this type for clockwise rotations and northward translations of 

crustal fragments along the western margin of the North American Cordillera. The 

detection of large-scale latitudinal translations [e.g., Hillhouse, 1977; Champion et aI., 

1984; Alvarez et aI., 1980; Hillhouse and Gromme, 1984; Hagstrum et aI., 1985; and many 

others] have provided means by which to evaluate the paleogeographies of tec

tonostratigraphic or suspect terranes [Coney et aI., 1980). The detection of vertical

axis rotations unaccompanied by latitudinal translations [e.g., Oregon-Washington Coast 

Range studies, Simpson and Cox, 1977; Magill and Cox, 1981; Magill et aI., 1981; 
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Gromme et al., 1986; and many othersJ has provided means by which to evaluate the 

tectonic evolution of a region and the mechanisms and processes that might contribute 

to that evolution [Bates et aI., J 981; Magill and Cox, 1981; Gromme et al. 1986J. 

This dissertation focuses on such a second-order application of paleomagnetism to 

problems in the Late Cenozoic paleogeography and tectonic evolution of the south

western United States portion of the North American Cordillera. 

Much attention has been given recently to the Miocene tectonic evolution of the 

southwestern United States [e.g., Luyendyk et aI., 1985; Hagstrum et al. 1987; Kammerl

ing and Luyendyk 1979, 1985J (see Figure I). Two features of the existing paleomag

netic data set for this region deserve special attention. The first is the geographic 

distribution and sense of discordant paleomagnetic declinations thought to be indicative 

of tectonic rotation of crustal blocks in the region. The second is the potential exis

tence, geographic distribution and meaning of discordant paleomagnetic inclinations in 

the region. 

Many workers (e.g., Luyendyk et al. [l985J, Kammerling and Luyendyk [1979, 

1985J, Hornafius et al. [1985J) have presented data showing clockwise discordant 

paleomagnetic declinations from Miocene rocks west of the San Andreas fault in the 

Transverse Ranges of southern California. These discordant declinations have been 

interpreted to represent clockwise tectonic rotation of crustal blocks in this region in 

a manner presented by Luyendyk et al. [1980, 1985J. Terres and Luyendyk [1985J have 

shown evidence for clockwise and potential counterclockwise discordant declinations in 

Miocene rocks of the Flstern Transverse Ranges area east of the San Andreas fault. 

These rotations have also been interpreted as indicative of tectonic block rotation and 

integrated into the tectonic model of Luyendyk et al. [l985J. 

Golombck and Brown [l988J observed clockwise discordant paleomagnetic declina

tions interpreted to indicate clockwise block rotation in the Mojave Block (Figure J). 
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Luyendyk et al. [1985] predicted no rotation for this area on the basis of their model. 

Garfunkel [1974] predicted counterclockwise rotation of this portion of the Mojave 

desert on the basis of a kinematic analysis of the region. Burke et aI., [1982] ob

served counterclockwise discordant declinations in the Barstow area consistent with 

Garfunkel's [1974] model. However, owing to their few number of sites, Burke et al. 

[1982] were justifiably hesitant to interpret their data in terms of tectonic rotation. 

Calderone and Butler [1984] observed a marginally statistically significant 

counterclockwise declination discordance in Miocene rocks of southwestern Arizona and 

speculated that this discordance could be interpreted as tectonic rotation of that 

region. We expressed caution, however, that further data would be required to 

substantiate that speculation. Indeed, Veseth et a!. [1982] and Hagstrum et a!. [1987] 

observed no significant declination discordance for the same area. 

Geissman [1986] observed significant counterclockwise discordant decl'nations in 

Miocene rocks of the Lake Mead region of northwest Arizona and southern Nevada, 

interpreting this deflection to be indicative of local tectonic rotations along large 

shear zones such as the Las Vegas shear zone in the Basin and Range. 

The Colorado Plateau is taken to be part of the stable North American craton 

during Miocene time, although Bryan and Gordon [1986] have shown evidence for a 

small (3°-5°) clockwise rotation of this region. We take this to be essentially negligi

ble for our purposes. Kluth et al. [1982] and May and Butler [1986] present evidence 

for little to no post-Jurassic rOLation of southeastern Arizona. Vugteveen et a!. [1980] 

and Barnes and Butler [1980J present paleomagnetic evidence from Late Cretaceous and 

Paleocene rocks in southeastern Arizona indicating no post-Paleocene rotation relative 

to cratonic North America. 

The general pattern that emerges is one of no discordant declinations in Miocene 

rocks of the eastern portion of the southwestern United States, generally clockwise 
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discordant declinations west of the San Andreas fault, and a confusing pattern of 

sparse data in the intervening southern Basin and Range. 

A second feature of the existing paleomagnetic data set for this region is the 

potential existence, distribution and meaning of discordant paleomagnetic inclinations in 

Miocene rocks of the southwestern United States. Luyendyk et al. [1985] examined the 

paleomagnetic inclination data from Miocene rocks in southern California and south

western Arizona and concluded that there is a bias of such data toward shallower 

inclinations than would be expected assuming an axial geocentric dipole model for the 

Miocene geomagnetic field. Morris et al. [1986] concluded that shallow inclinations 

west of the San Andreas fault could be interpreted as actual latitudinal translation of 

th~ Baja Borderland terrane beyond that which is attributable to the San Andreas 

transform. This interpretation has been challenged by Hagstrum et at. [1987], who 

upon reexamination of the inclination data for this region se,e no evidence for such 

latitudinal motion of the Baja Borderland. 

Veseth et al. [1982] observed shallow discordant inclinations in their data from 

western Arizona. Calderone and Butler [1984] observed shallow, but insignificantly so, 

inclinations from the same area. These latter authors attributed the shallowness of 

their observed inclination to a sampling bias toward a single section of volcanic rocks 

that had recorded shallow inclinations but had not averaged the secular variation of 

the Miocene geomagnetic field. 

Paleomagnetic inclinations from Miocene rocks of the Mojave Block [Golombek and 

Brown, J 988] show no discordant inclinations, although similar-age rocks in the nearby 

Tehachapi Mountains have a mean inclination that is highly discordant [Plescia et aI., 

submitted]. 

The above examples therefore indicate that paleomagnetic inclinations from Mio

cene rocks in the southwestern United States are the subject of some controversy. On 
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one hand, the discordance of inclinations may simply be an artifact of a sparse popula

tion of data [Hagstrum et aI., 1987], and there may be, in fact, no inclination anomaly. 

Conversely, a slight inclination discordance in the region may exist in which case an 

interpretation is required. Several mechanisms have been proposed to explain these 

discordant inclinations [Luyendyk et aI., 1985; Pischke et aI., 1986]. The validity of 

such explanations is greatly influenced by the geographic distribution of the rocks from 

which anomalous inclinations are derived. Since most of the data come from southern 

California, data from the southern Basin and Range again playa critical role in fixing 

the geographic distribution of potentially discordant inclinations. 

Clearly, then, two major problems in the existing paleomagnetic data set from 

Miocene rocks of the southwestern United States must be addressed before a satisfac

tory model for the tectonic evolution and paleogeographic reconstruction of the region 

can be formed. The first problem may be posed as the question: What is the geo

graphic distribution of discordant paleomagnetic declinations in the southwestern United 

States? The second problem may be stated as the question: Do discordant paleomag

netic inclinations in the southwest United States exist, and if so, what is their geo

graphic distribution and what do they mean? Both questions require paleomagnetic 

data from the Mojave-Sonora desert region of the southern Basin and Range. This 

project has been undertaken to obtain paleomagnetic data from the southern Basin and 

Range and attempt to answer these questions. This dissertation presents the results of 

that project. 

Method of Study 

We have collected oriented samples from stratified sequences of Miocene extrusive 

volcanic rocks in each of 16 ranges in the southern Basin and Range. Range locations 
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are shown on Figure I and are given in detail in Appendix I. Table I briefly sum

marizes pertinent range information. 

We have exclusively sampled volcanic rocks, as they are typica]]y the most ac

curate recorders of ancient magnetic fields and are both common and we]] exposed in 

the southern Basin and Range. We chose sequences to meet the fo]]owing criteria. 

(I) Structural simplicity: We would like to know that a paleomagnetic direction 

obtained from a particular mountain range is applicable to a structural domain of at 

least the size of that range. For this reason we have sampled essentia]]y flat-lying 

(dipping less than 7°) volcanic sequences that are essentia]]y unfaulted interna]]y. 

Many of the ranges are probably bounded by faults that cut the volcanic sequences. 

(2) Numerous flolVs in stratigraphic succession: It is critical in this kind of pa

leomagnetic study to evaluate whether or not a particular set of volcanic flows has 

been extruded over a time sufficient to average secular variation of the geomagnetic 

field in the process of calculating a mean direction for the range. Unless the flow 

directions appear to have averaged secular variation, their mean direction cannot, by 

itself, be evaluated for paleomagnetic discordance. Flows in stratigraphic succession 

a]]ow us to evaluate the directional independence of one flow from its immediately 

adjacent successors. This also plays a key role in the evaluation of secular variation 

averaging. 

(3) Good exposures and fresh rock: This minimizes noise (due to weathering, 

tilting in the exposure, or other causes) in determining the original magnetic direction. 

(4) Age control from isotopic dating: There have been many different episodes of 

volcanism in the southern Basin and Range. W.) have chosen to restrict our evaluation 

to the Middle Miocene. Thus, age control is essential. In addition, age control aids in 

comparisons of sections between ranges. Furthermore, accurate age determination 

a]]ows possible time variations in paleomagnetic directional discordances to be 



TABLE 1: GENERAL SECTION INFORMATIONl 

Lat Long SAge 
Section (ON) (0E) 2NC/Na (Ma) Lithology 4Sym 

Black Mtns 34.93 245.77 11/88 <18.3 Basalt BM 
Cerbat Mtns. 35.21 245.87 21/168 >18.3 Basalt CM 
Clipper Mtns. 34.75 244.57 9/73 -17.0 Basalt CL 
Colton Hills 34.98 244.57 1/13 15.5 Tuff CH 
Piute Range 35.22 244.97 12/73 14.2 Andesite PI 
Turtle Mtns. 34.30 245.23 10/61 15.9 Basalt TM 
White Hills 35.70 245.80 13/104 8.5 Basalt WH 
Castle Dome 33.00 246.02 21/159 -18.0 Basalt CD 
Del Bac Hills 32.30 249.00 6/49 23.5 Basalt DB 
Gila Bend 33.05 246.87 8/64 -18.0 Basalt GB 
Kofa Mtns. 32.38 246.10 7/51 18.3 Basalt KM 
Growler Mtns. 32.25 247.00 22/172 14.4 Basalt GR 
Little Ajo Mt 32.30 247.25 20/161 15.4 Basalt LA 
Sauceda Mtns. 32.50 247.50 12/96 20.1 Basalt SM 
Plomosa Mtns. 33.50 246.00 9/72 17.2 Basalt PL 
Parker Area 34.16 246.00 8/63 16.1 Basalt PA 

lFor more detailed information regarding location, age and lithology, 
see Appendix I. 

2Nc is the number of distinct flows sampled. Na is the number of 
individually oriented samples taken in that section. 

SAge Ma is abbreviation for millions of years before present. 

4Sym is the designator used in subsequent tables to identify samples 
and sites belonging to a particular section. 

Total: 1,467 samples from 190 sites in 16 ranges. 

8 



9 

investigated. Our sampling scheme was designed to provide as much areal coverage of 

the southern Basin and Range region as possible. In addition, we wished to provide a 

continuous set of data covering the area from the Colorado Plateau/ southeastern Ari

zona to the study areas covered by Luyendyk et a!. [1985], Hagstrum et a!. [1987] and 

Golumbek and Brown [1988]. This was accomplished in the following manner. We first 

collected sites from a transect that extends essentially from Kingman, Arizona, to just 

east of Barstow, California. This area had previously never been sampled for collection 

of Miocene paleomagnetic data. We then collected additional sites from the area pre

viously sampled by Calderone and Butler [1984], essentially a transect from Tucson, 

Arizona, to the Yuma, Arizona, region. This second collection was made to expand the 

previous collection such that a more robust analysis could be made for that region. 

We analyze the paleomagnetic data from the Mojave-Sonora desert region as fol

lows. We first analyze the paleomagnetic directions from each individual mountain 

range, including the data previously presented by Calderone and Butler [1984]. We 

then combine these directions and analyze the data from the entire region. Because of 

the potential directional anomalies in southwest Arizona presented by Calderone and 

Butler [1984] and Veseth et a!. [1982], we then divide the region into a southern tran

sect and a northern transect as described above and analyze the directional data sets 

within each transect separately. This enables us to detect potential differences in the 

paleomagnetic directions that may exist between the regions. 

The basic method of analysis involves standard comparison of paleomagnetic poles 

from our data sets with each other and with a reference pole derived from cratonic 

and/or "stable" North America. Comparisons are made using the standard tests of Beck 

et a!. [1986] and McFadden and Lowes [1981]. Chapter 3 describes our field and labo

ratory techniques. Chapter 4 presents rock magnetic evidence for isolation of the 

primary components of magnetization within our collection sites. Detailed description 
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of our analytical methods is given in Chapter 5. Chapter 6 presents the results from 

individual ranges and Mojave-Sonora region as a whole. In Chapter 7 the results of 

various comparisons using various combinations of data are presented. Finally, Chapter 

8 addresses the significance of these data for the Miocene tectonic development of the 

southwestern United States. 



CHAPTER 2 

GENERAL GEOLOGY 

The southwestern United States portion of the North American Cordillera is com

prised of four physiographic provinces [Stewart, 1978]. These are: (1) the Colorado 

Plateau; (2) the southern Basin and Range; (3) the Transverse Ranges; and (4) the 

Peninsular Ranges (see Figure I). Although the physiographic provinces generally cor

respond to the present geologic provinces, the southern Basin and Range can be fur

ther subdivided into three geologic provinces on the basis of similar present-day geo

logic features. These are the Mojave Block, the Sonoran subprovince of the Basin and 

Range, and the sOllthern Basin and Range [Aldridge and Laughlin, 1983] (see Figure I). 

The Mojave Block is characterized by small mountain ranges in a broad region of 

alluvium-filled basins cut by presently active northwest-trending dextral strike-slip 

faults. The southern Basin and Range (essentially the area east of Tucson and south 

of the Colorado Plateau in Figure 1) shares many of the characteristics of the Great 

Basin in Nevada and the Rio Grande Rift area of New Mexico. That is, the province is 

characterized by high, geomorphologically relatively young, northerly trending mountain 

ranges separated by alluvium-filled basins. The southern Basin and Range, however, 

has enjoyed much less extension than the Great Basin. The region is presently 

seismically active [Zoback and Zoback, 1980] and is, on the average, of higher 

elevation than either the Mojave Block or the Sonoran subprovince of the Basin and 

Range. The latter geologic province is characterized by northwest-trending, geo

morphologically older, low mountain ranges separated by broader alluvium-filled basins. 

11 
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It is seismically inactive and has different in situ stress orientations than either the 

Great Basin or the southern Basin and Range [Aldridge and Laughlin, 1983]. The boun

dary between the Mojave Block and the Sonoran subprovince of the Basin and Range is 

typically drawn arbitrarily at the southern projection of the Death Valley Fault zone 

[Garfunkel, 1974; Burchfiel and Davis, 1981]. 

Several regional tectonic syntheses have been made on this area as part of a 

larger region [Atwater, 1970; Stewart, 1978; Thompson and Burke, 1973; Coney, 1978; 

Burchfiel and Davis; 1981; Dickinson, 1981; and many others]. We focus only on the 

Late Cenozoic general geology of the region. Specific description of the general geol

ogy within the mountain ranges from which volcanic sequences 'were collected is given 

in Appendix 1. 

Pre-Quaternary rocks are exposed almost entirely in the mountain ranges. Al

though variable and complex both within and between ranges, tectonostatigraphic as

semblages [Coney et aI., 1980] can be identified as follows. 

The youngest units commonly exposed in the ranges are typically Middle Miocene 

volcanic and volcanoclastic rocks. The volcanic rocks are typically bllsaltic in com

position with subordinate andesites, dacites and tuffs [Luedke and Smith, 1978; Chris

tiansen and Lipman, 1977; Best et aI., 1980 and many others]. These rocks range in 

age from about 20 Ma to 10 Ma (see Appendix 1). They are typically flat-lying (less 

than 7° dip) and are usually deformed only by apparently high-angle, normal-separation 

faults. These faults commonly trend northwest parallel to the mountain ranges [Spen

cer and Reynolds, 1986; Stewart, 1978]. Alteration of these rocks is generally minimal. 

The basalts that we have sampled for our study usually occur as multiple flows in 

stratigraphic succession separated by volcanic breccia and scoria zones. This basaltic 

assemblage unconformably overlies older silicic volcanic rocks (described below) and/or 

much older (pre-Oligocene) sedimentary and metamorphic rocks. 
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Early Miocene rocks exposed in the Mojave-Sonora subprovince consist predomi

nantly of calc-alkalic extrusive rocks [Coney and Reynolds, 1977; Dickinson, 1981; Best 

et a1., 1980; and many others]. These rocks are commonly tilted and cut by low-angle 

normal faults [Spencer and Reynolds, 1986; Dickinson et aI., 1987; Reynolds et aI., 1986; 

Davis and Hardy, 1981; and many others] and are commonly altered [Wilkins et aI., 

1986]. In some places, the development of mylonite and ductile shear zones also has 

accompanied the deformation to produce metamorphic core complexes [Coney, 1980; 

Davis, 1980; Rehrig, 1982 and many others]. This episode of volcanism and detachment 

faulting is generally thought to have occurred from latest Oligocene to early Middle 

Miocene and appears to have ended prior to the extrusion of the more basaltic volcanic 

rocks. However, it is possible that the two episodes overlap in certain places. Be

cause we are primarily interested in deformation that is associated with the develop

ment of the San Andreas fault and tectonic rotations that may have accompanied the 

latest phases of Basin and Range extension, we have intentionally avoided collecting 

rocks from this earlier assemblage. This selection may make it possible to segregate 

paleomagnetic discordances associated with high-angle faults from those associated with 

low-angle faults. This latter work, though, is left to future investigation. We do not 

address the geology of older assemblages. 

A brief tectonic history of the southwestern United States since the Early 

Miocene is outlined here based on the more comprehensive reviews of Atwater [1970], 

Coney [1978], Dickinson [1981], Engebretson et aI., [1985] and many others. Early 

Miocene plate reconstructions show a marked change in the tectonic regime along the 

western margin of North America. In the area of the southwestern United States, 

subduction of the Farallon plate beneath the North American plate was replaced by 

northwestward transform motion of the Pacific plate along the continental margin. 

Inboard, arc volcanism due to the subduction of the Farallon plate was migrating 



14 

westward and waning [Coney and Reynolds, 1977]. Low-angle faulting and associated 

core complex deformation was probably also occurring, although in the waning stages. 

The change from dominantly subduction to dominantly transform tectonics is ac

companied by a change in volcanism inboard of the continental margin in the Sonoran 

subprovince of the Basin and Range. Dominantly arc-related volcanism gives way to 

dominantly basaltic volcanism [Dickinson, 1981; Christiansen and Lipman, 1972; and 

many others] during the Middle Miocene. Along the continental margin, deformation 

included the development of the San Andreas transform system. Inboard in the Sonor

an subprovince, deformation is characterized by apparently high-angle faulting and 

initial uplift of some of the core-complex ranges [Spencer and Reynolds, 1986; Holt et 

aI., 1986]. Broad uplift of the entire area also occurs at this time. This activity 

seems to occur through the Late Miocene. 

Post-Late Miocene tectonic activity decreases in the Sonoran subprovince of the 

Basin and Range. To the west, the San Andreas system is well established, and faults 

in the Mojave Block probably become active [Garfunkel, 1974; Dokka, 1983]. Extension 

in the northern Basin and Range and in the Rio Grande Rift areas continues, and the 

Garlock Fault is developed [Loomis and Burbank 1988]. The northward motion of Baja 

California opening the Gulf of California also occurs at this time. Basaltic volcanism 

seems confined mostly to the edges of the Colorado Plateau and to the east in the Rio 

Grande Rift. This tectonic regime has persisted to the present time. 

Thus, the post-Oligocene tectonic history of the southwestern United States seems 

related to complex interactions among the Pacific, Farallon, and North American plates. 

Many workers have proposed both kinematic and dynamic models to explain this tec

tonic history [Atwater, 1970; Stewart, 1978; Dickinson, 1981; Luyendyk et aI., 1985; 

Garfunkel, 1974; and many others]. Some of these models explicitly or implicitly pre

dict vertical-axis tectonic rotations in one sense or another, and a few include latitu-



IS 

dinal translations. Paleomagnetic data from the southwestern United States thus play 

an important role in deciphering this complex geological history. 

---------...... -~--,-----



CHAPTER 3 

FIELD AND LABORATORY METHODS 

Six to thirteen individually oriented samples from each of 190 distinct flows in 

the sixteen ranges were collected using standard paleomagnetic coring techniques. 

Prior to drilling, outcrops were surveyed with a magnetic compass to detect areas of 

anomalous geomagnetic declination. The method consisted of holding the magnetic 

compass in a fixed orientation while moving it along the outcrop, noting obvious de

flections of the compass needle. Such deflections are probably caused by rocks of 

anomalously high magnetic intensity imparted by local lightning strikes. Areas where 

compass deflections were noted were avoided in sample pollection. 

Azimuthal orientation for most samples (90%) was determined using both sun and 

magnetic compasses. For those samples where solar orientations were not available, 

the magnetic azimuth was checked using the back-azimuth technique. Sun compass 

readings were converted into true azimuths in the field for direct comparison with 

magnetic azimuths. Such comparison minimized human error and provided an initial 

indicator of potential problems with lightning-induced isothermal remanent magnetism 

(IRM). Sample hade angle (angle of core axis from vertical) was determined using a . 

standard inclinometer. 

Tectonic corrections for each range were determined as follows. In the Cerbat 

Mountains, a fine-grained volcanoclastic sedimentary unit is sandwiched between flows 

CMO 17 and CMO 1 8. The strike and dip of this bed is used as the tectonic correction 

for flows CMOOI -CMOI 7. There is no evidence to indicate that flows 18 through 21 

16 
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have been similarlY tilted. Although a few degrees of dip may be visible in the field, 

this dip may be primary. Consequently, flows CMOI8-CM021 have no tectonic 

correction. 

A similar situation exists in the Black Mountains. A thin, fine-grained vol

canoclastic unit is sandwiched between flows BM007 and BM008. The strike and dip of 

this unit is used as a tectonic correction for flows BMOOI-BM007. Flows BM008-BMOII 

are uncorrected for the same reasons outlined above for the Cerbat Mountains. 

In the Castle Dome Mountains, tectonic corrections were made using the tilt of 

the bedding planes between flows. These were nearly uniform within the section and 

greater than the amount of primary tilt that seemed likely for extrusion of such thin 

basalt flows. Although the flows are only tilted about 10°, and some of this may be 

primary tilt, we have nevertheless corrected the directions for tilt. We will examine 

the implications of this later. 

No tectonic correction is used for the remaining five sections, as no sedimentary 

beds could be found in the sections and no tectonic tilts were evident in the volcanic 

flows. 

In the laboratory, one to five specimens of 2.4-cm length were cut from each of 

the 2.S-cm-diameter core samples. Measurement of the initial natural remanent mag

netism (NRM) of each specimen was made using a Schonstedt SSM-IA spinner mag

netometer. In an effort to identify and segregate components of NRM, two to three 

specimens from each site (flow) were subjected to stepwise progressive alternating field 

(A F) demagnetization tieatment using a Schonstedt GSD-S tumbling specimen AF de

magnetizer. Peak fields ranged from 1.2 milliTesla (mT) to 100 mT. In addition, one 

specimen each from selected sites was subjected to stepwise progressive thermal de

magnetization treatment in a mu-metal shield furnace with field of <10 nanotesla (nT). 

Peak furnace temperatures ranged from 200°C to 600°C. Based on these results 
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(explained more fully in the following two sections), the remaining specimens were 

partially AF demagnetized in two or more peak fields ranging from 10 to 80 mT. 



CHAPTER 4 

ROCK MAGNETIC ANALYSIS 

Observations of initial natural remanent magnetization (NRM) directions, behavior 

during partial alternating field (AF) demagnetization and thermal demagnetization 

treatments allow classification of remanence into three major groups. These groups are 

here designated Type A, Type B and Type C. Type A remanence is essentially a pure 

thermal remanent magnetism (TRM). Type B remanence is a TRM overprinted by a 

weak to moderate lightning-induced isothermal remanent magnetism (IRM). Type C 

remanence is a TRM overprinted by a strong IRM. 

Figure 2a shows the distribution of initial specimen NRM directions of a typical 

Type A site prior to AF demagnetization. The directions show very little dispersion 

and, when reversed in polarity, no coincidence with the present-day axial dipole field 

direction. (The normal polarity Miocene geomagnetic field is very close to the present 

axial dipole field.) Progressive AF demagnetization treatment of Type A specimens 

shows mostly the decay of only a single component of magnetization (see Figure 2b). 

Thermal demagnetization behavior is similar to that of the AF demagnetization (Figure 

2c). Partial AF demagnetization of all specimens from a particular site yields an even 

more tightly clustered set of NRM directions (Figure 2d). We interpret the remanence 

of Type A specimens to be a thermal remanent magnetism (TRM) imparted to the 

specimens at the time of their initial cooling. Little or no secondary component of 

magnetism is present. 

19 
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Initial NRM directions of Type B specimens show moderate to high intrasite 

dispersion (Figure 3a). Initial NRM intensities are typically five to ten times higher 

than those of Type A sites. Progressive AF demagnetization of specimens in these 

sites (Figure 3b) reveals a low to moderate coercivity component (removed using peak 

fields of 10 to 50 mT) and a high coercivity (> I 00 mT) component. The low coercivity 

component is of high intensity and typically has no coherent intrasite direction. This 

component is most likely an IRM imparted by nearby lightning strikes. The intrasite 

dispersion of the high coercivity component is quite low (Figure 3c). Thermal 

demagnetization behavior (Figure 3d) reveals the high coercivity component to be the 

only component of magnetism left in these samples. Consequently, the high coercivity 

component of magnetization is most likely a TRM imparted to the rock at the time of 

extrusion. 

Initial NRM directions of Type C specimens show wide intrasite scatter (Figure 

4a). Initial intensities are also five to ten times higher than those of Type A (in some 

cases even higher). Partial AF demagnetization of such specimens (Figure 4b) shows 

evidence for two or more components of magnetization of similar coercivity spectra. 

Consequently, intrasite dispersion of NRM directions did not decrease significantly 

during the AF treatments (Figure 4c). Thermal demagnetization was not attempted on 

such specimens but would not likely produce superior results. Sites in the Del Bac 

Hills and Gila Bend area contained only Type C specimens. Additionally, several sites 

in the remaining ranges contained only such specimens. 

We believe Type C remanence is composed of one or more IRMs imparted by very 

near, direct or multiple lightning strikes. Most of these sites are atop high ridges 

likely to be more exposed to such occurrences. Although an original TRM probably 

accompanies the IRM, it is not easily isolated solely by AF demagnetization techniques 

in peak fields of less than 100 mT. Although principal component analytical techniques 
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as described by Kirschvink [1980], Halls [1976] and Hoffman and Day [1978] might be 

used to extract the original TRM directions from these specimens, their small number 

relative to the size of the rest of the sample collection seemed to render such methods 

inexpedient except in the Del Bac Hills, the Gila Bend area and the Kofa Mountains. 

In the former cases, we have simply eliminated these specimens from further considera

tion. In the latter three ranges we have applied principal component analysis 

[Kirschvink, 1980] in an attempt to obtain at least some paleomagnetic directional 

information. The method is described in the next section. 

Figure 5 reveals that the high coercivity components of Types A and B remanen

ces usually have blocking temperatures which do not exceed 600°C. This observation, 

combined with the behavior during AF demagnetization, indicates that magnetite is 

probably the principal carrier of the remanence in these rocks. 

In summary, out of 1,806 specimens from 1,467 samples taken from 190 sites, 

specimens from 1,243 samples from 179 sites exhibit a stable TRM direction which 

estimates the direction of the geomagnetic field at the time of original cooling of the 

flows. 
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CHAPTER 5 

ANAL YTICAL METHODS 

Much work has been done in recent years on the analytical methods used in pa

leomagnetic studies. Almost every aspect of analysis (from determination of charac

teristic NRM direction to calculation and evaluation of the various types of poles) has 

received new and more rigorous attention in the literature. With this in mind, we feel 

obligated to describe below the methods we have used to determine: (I) best estimate 

of characteristic NRM direction; (2) site mean directions and virtual geomagnetic poles 

(VGPs); (3) directional independence of adjacent flow directions/VGPs; and (4) whether 

or not a particular set of data adequately averages the secular variation (SV) of the 

geomagnetic field. 

Determination of Specimen, Site and Range Mean Directions/VGPs 

Several methods of computing the characteristic direction of magnetic remanence 

in a single specimen are available. Commonly, the peak AF field that produces mini

mum intrasite dispersion of directions is used to indicate isolation of the characteristic 

component of magnetization [Symons and Stupavsky, J 974]. In recent years, more 

rigorous methods of principal component analysis have been used to determine the 

characteristic direction [Halls, 1976; Kirschvink, 1980; Hoffman and Day, 1978]. Such 

methods include the least-squares fit of a line to the final univectorial trajectory of 

the demagnetization curve either using the origin of the coordinate system as a point 

on the trajectory or forcing the line to pass through this origin [Kirschvink, 1980]. 

26 
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For several sites, we have determined the specimen direction in the following 

three ways (see Table 2): (1) using the specimen NRM directions at the demagnetiza

tion step which minimizes intrasite dispersion; (2) estimating specimen NRM direction 

from the best-fit line to the final univectorial portion of the demagnetization trajec

tory (origin not included); and (3) the same method as (2) but forcing this line to be 

anchored to the origin. Site mean directions and standard Fisher [1953] statistics 

calculated using the specimen NRM directions (given unit weight) for each method are 

also shown in Table 2. Comparison of specimen NRM and site mean NRM directions 

calculated using each of the methods show essentially no difference in direction and 

insignificant difference in dispersion. In these magnetically uncomplicated rocks, it 

does not seem to matter which method is used to determine characteristic NRM direc

tion. In short, if you can't get good directions out of Miocene volcanics, you can't 

piss down! Consequently, we have elected to use the more economical method of using 

specimen NRM directions at the demagnetization step, which minimizes intrasite disper

sion to determine the characteristic NRM direction. 

As previously mentioned, however, sites in the Kofa, Gila Bend and Del Bac Hills 

areas contained specimens from which a meaningful characteristic component of mag

netization could not be isolated. Demagnetization trajectories of these specimens tend 

to lie along great circle arcs. In these cases we have essentially used the method of 

Halls [1976] and Kirschvink [1980] to determine poles to the planes defined by the 

best-fit great circle path to the trajectory of NRM direction during demagnetization. 

Within each site, these poles for multiple specimens should lie along a great circle 

whose pole is the best estimate of the characteristic NRM direction for that site. 

There is some error associated with this method. Often great circles were very short 

in length and thus not weI: defined. Consequently, we are less confident in the 

directions obtained in this manner. We discuss the implications of these errors later. 
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TABLE 2: COMPARISON OF METHODS USED TO DETERMINE SPECIMEN AND 
SITE MEAN DIRECTIONS 

Part 1: Methods Used to Determine Specimen Direction 

Method 1 Method 2 Method 3 

Inc Dec Inc Dec Inc Dec 
Specimen (0) (0) CO) (0) (0) (0) 

BM003B -78.8 188.4 -79.0 188.0 -79.2 187.8 
BM005F2 -71.4 189.7 -71.9 189.3 -72.2 186.8 
CM006D2 -30.8 170.5 -31.0 169.8 -31.3 169.6 
CMOI0A2 59.4 006.5 53.5 012.2 53.6 010.9 
WH004D2 70.1 352.6 70.2 352.0 70.4 352.1 
WH004G2 74.6 002.0 74.0 006.6 73.6 008.9 

Part 2: Methods Used to Determine Site Mean Direction 

Method 1 Method 2 Method 3 

Inc Dec ~95 Inc Dec ~95 Inc Dec ~95 
Site (0) (0) (0) k (0) CO) (0) k (0) (0) (0) k 

BM003 -73.8 192.7 8.6 50.3 -74.2 190.6 9.4 42.2 -72.9 190.2 10.9 38.5 
BM005 -78.4 193.0 4.2 176.0 -78.2 191.6 4.6 148.9 -77.8 191.1 4.8 136.5 
CM006 -33.7 171.6 2.9 446.9 -34.1 172.7 5.5 122.2 -33.7 172.8 4.8 161.4 
CMOIO 52.6 002.3 3.2 303.3 53.4 005.7 1.9 989.9 52.9 004.7 1.8 983.5 
WH004 70.2 358.9 4.0 191.9 69.7 359.9 5.6 143.1 69.1 359.8 5.1 173.7 

Method I-Specimen direction is that taken from demagnetization level . that yields 
minimum dispersion for that site. Site mean direction is the average of all such 
specimen directions at that demagnetization level. 

Method 2-Specimen direction is determined using a least-squares fit of the last linear 
segment of that specimen's demagnetization curve. Site mean direction is mean of all 
specimens directions determined by this method. 

Method 3-specimen direction is same as for method 2, but last linear segment is forced 
to pass through the origjn. Site mean is similar to that for method 2, but specimen 
directions are those determined using method 3. 

Inc and Dec are the magnetic inclination and declination, respectively. 

Q95 and k are the confidence angle and estimate of dispersion parameter, respectively 
(after Fisher [1953]). 
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A mean direction and attendant Fisher [1953] statistics were calculated for each 

flow using specimen directions as determined above. These mean directions are listed 

by range in Table 3 and plotted in Figures 6 and 7. Virtual geomagnetic poles calcu

lated from each site mean direction are also listed in Table 3 and plotted in Figure 7. 

Treating each site mean direction/VGP as a unit vector, a mean direction/pole and its 

attendant Fisher [1953] statistics were calculated for each range. These are listed in 

Table 7. 

Directional Independence Tests 

Within each range we have observed groups of flows within which the paleomag

netic directions are indistinguishable from one another. Such groups are most probably 

the result of episodic volcanism in which several flows were extruded in rapid succes

sion. A mean direction calculated for the range may thus be biased in the direction of 

rapidly extruded flows. Furthermore, the confidence limits derived from such a se

quence will overestimate the precision by which the mean direction is known because 

of the inflated number of presumed independent directions. Although it is relatively 

easy in most cases to visually identify such groups of flows, we sought a more objec

tive method. 

Watson [1956], McWilliams [1984] and McFadden and Lowes [1981] have devised 

statistical tests to determine whether or not two mean directions could have been 

drawn from populations which share the same true mean direction. The test of 

McFadden and Lowes [1981] is more broadly applicable in that it does not require the 

two directional distributions to have the same dispersion. However, all of these tests 

will essentially produce the same result when applied to our data. 

The application of the test involves comparing the mean directions of 

stratigraphically adjacent flows to determine whether or not the mean directions are 
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TABLE 3: SITE MEAN DIRECTIONS, VGPS AND STATISTICS 

Inc Dec a9S Lat Long dm d 
Unit n (0) (0) (0) (0) (0) (O~ CU k R N 

BMOOI 47.34 32.93 3.4 61.39 339.54 4.43 2.87 I 264.51 7.97 8 
BM003 -73.28 J92.72 8.6 -64.51 81.05 15.39 13.77 2 50.27 6.88 7 
BM004 -74.48 200.90 3.7 -60.74 86.52 6.67 6.05 2 227.98 7.97 8 
BM005 -78.46 192.98 4.2 -56.32 74.58 7.91 7.47 2 176.03 7.96 8 
BM006 -76.20 194.27 2.7 -59.80 78.25 4.97 4.60 2 504.33 6.99 7 
BM007 -80.83 186.62 3.2 -52.66 69.12 6.16 5.94 2 357.67 6.98 7 
BM008 -54.79 189.54 2.0 -82.19 150.15 2.78 1.96 3 798.61 7.99 8 
BM009 -53.82 194.19 4.7 -78.32 154.48 6.63 4.64 3 137.39 7.95 8 
BMOI0 -57.38 189.55 4.0 -81.73 131.17 5.88 4.30 3 190.60 7.96 8 
BMOll 42.33 4.96 3.8 78.70 42.06 4.73 2.91 4 304.57 5.98 6 
CHOOI -56.00 198.45 1.9 -74.97 143.23 2.71 1.95 1 531.12 11.98 12 
CLOOI 45.19 286.75 2.3 27.89 169.16 2.92 1.85 1 501.62 8.98 9 
CL002 85.04 315.15 3.2 41.40 235.31 6.26 6.19 2 307.76 7.98 8 
CL003 88.24 66.67 5.1 36.08 248.57 10.18 10.17 2 173.61 5.97 6 
CL004 56.69 23.16 6.2 71.15 320.15 9.05 6.56 3 79.61 7.91 8 
CL005 78.09 322.61 8.6 51.16 222.47 16.21 15.27 4 61.52 5.92 6 
CL006 76.59 350.19 4.3 59.66 236.22 7.93 7.36 4 169.12 7.96 8 
CL007 83.45 308.01 3.7 41.97 230.85 7.25 7.11 5 268.09 6.98 7 
CL008 63.33 37.14 2.7 60.03 303.52 4.25 3.36 6 424.07 7.98 8 
CL009 48.88 34.19 6.7 60.81 334.76 8.79 5.80 7 102.23 5.95 6 
CM002 -30.75 175.00 2.3 -70.83 260.61 2.61 1.46 1 819.58 5.99 6 
CM003 -34.36 173.01 3.1 -72.53 268.43 3.53 2.02 1 324.16 7.98 8 
CM004 -36.10 174.61 3.5 -74.09 264.66 4.03 2.34 1 374.96 5.99 6 
CM005 -32.77 174.31 5.0 -71.91 263.57 5.66 3.21 1 106.83 8.93 9 
CM006 -33.75 J 71.66 2.9 -71.70 271.87 3.26 1.86 1 446.92 6.99 7 
CM007 -32.72 168.64 3.7 -69.88 278.92 4.19 2.37 I 224.82 7.97 8 
CM008 -32.97 178.89 5.6 -72.73 249.44 6.36 3.61 2 98.37 7.93 8 
CMOI0 52.69 2.34 3.2 87.26 20.30 4.39 3.03 3 30~.34 7.98 8 
CM011 49.84 18.33 5.0 73.98 347.24 6.73 4.49 4 144.00 6.96 7 
CM012 55.80 5.46 5.4 85.43 319.96 7.77 5.57 5 105.37 7.93 8 
CM013 59.81 17.89 4.9 74.90 309.30 7.33 5.53 5 130.79 7.95 8 
CM014 66.87 20.98 3.8 69.05 286.44 6.23 5.J5 6 217.38 7.97 8 
CMOl5 60.08 15.03 5.2 76.86 305.30 7.90 5.98 6 113.57 7.94 8 
CM016 59.36 23.61 6.6 70.74 313.91 9.90 7.42 6 103.98 5.95 6 
CM017 54.34 16.88 4.4 76.19 332.38 6.24 4.39 6 298.96 4.99 5 
CM018 49.31 340.96 6.1 73.23 143.79 8.10 5.37 7 83.16 7.92 8 
CM019 40.34 350.90 4.3 75.46 101.28 5.23 3.16 8 240.16 5.98 6 
CM020 43.76 5.00 9.7 79.46 40.42 12.05 7.53 9 91.57 3.97 4 
CM021 58.44 15.37 1.9 77.16 313.49 2.86 2.12 10 822.00 7.99 8 
PIOOI -48.19 176.47 5.0 -83.30 272.43 6.49 4.25 I 239.53 4.98 5 
PI002 -56.24 173.74 5.5 -84.69 354.27 7.92 5.71 1 149.50 5.97 6 
PI003 -55.34 166.54 5.2 -79.03 342.41 7.47 5.32 1 164.13 5.97 6 

(Continued on next page) 
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TABLE 3-Contlnued 

Inc Dec t:k96 Lat Long dm d 
Unit (0) (0) (0) (0) (0) (0) (O~ CU k R N 

PI004 -46.66 133.25 12.6 -49.87 337.93 16.24 10.45 2 37.75 4.89 5 
PI005 -37.22 124.21 7.1 -39.36 334.00 8.29 4.87 2 90.93 5.95 6 
PI006 46.01 10.61 5.2 78.03 12.94 6.65 4.25 3 166.90 5.97 6 
PI007 48.09 9.84 4.3 79.69 8.47 5.65 3.70 3 241.36 5.98 6 
PI008 47.34 7.04 7.7 81.00 21.43 9.94 6.45 3 77.42 5.94 6 
PI009 46.91 4.89 3.3 81.78 33.27 4.20 2.71 3 424.63 5.99 6 
PIOI0 44.43 4.34 4.4 80.16 41.52 5.55 3.49 3 231.63 5.98 6 
PIOll 40.84 6.79 3.9 76.77 36.68 4.70 2.85 3 390.73 4.99 5 
PI012 54.81 5.19 9.1 85.77 331.81 12.91 9.13 4 71.39 4.94 5 
TMOOI 46.09 4.23 4.8 82.24 36.18 6.17 3.95 1 157.74 6.96 7 
TM002 46.25 355.73 7.0 82.35 94.94 8.97 5.75 1 92.61 5.95 6 
TM003 44.72 359.67 3.7 82.04 67.35 4.71 2.97 1 420.23 4.99 5 
TM004 45.02 6.60 1.7 80.42 27.11 2.12 1.34 1 2079.99 5.00 5 
TM005 47.00 3.74 2.6 83.11 36.60 3.31 2.14 1 686.06 5.99 6 
TM006 43.77 358.52 4.2 81.20 74.00 5.29 3.31 1 250.80 5.98 6 
TM007 48.03 356.76 3.7 84.09 93.93 4.82 3.15 1 331.52 5.98 6 
TM008 38.21 .66 6.3 77.17 62.46 7.45 4.41 2 114.50 5.96 6 
TM009 40.51 358.29 4.2 78.73 73.32 5.04 3.05 2 337.49 4.99 5 
TMOIO 38.60 6.03 1.7 76.38 40.74 2.01 1.20 3 1563.64 6.00 6 
WHOOI 69.44 347.64 5.2 70.54 223.13 8.82 7.54 I 137.57 6.96 7 
WH002 66.74 8.91 5.0 74.91 268.63 8.23 6.79 I 124.51 7.94 8 
WH003 71.48 358.60 5.3 69.49 243.57 9.34 8.18 1 129.27 6.95 7 
WH004 70.20 358.91 4.0 71.43 243.80 6.92 5.97 1 191.89 7.96 8 
WH005 68.53 J J .34 5.2 71.98 268.95 8.82 7.45 1 165.58 5.97 6 
WH006 71.25 8.32 3.9 69.09 258.96 6.85 5.98 1 238.20 6.97 7 
WH007 64.40 357.36 3.7 79.30 235.93 5.94 4.75 2 327.48 5.98 6 
WH009 70.18 348.47 4.5 69.82 225.99 7.75 6.69 2 152.72 7.95 8 
WHOI0 69.01 4.99 6.5 72.83 256.14 10.99 9.34 2 74.31 7.91 8 
WHOll 65.15 8.77 4.4 76.78 272.73 7.05 5.70 2 162.24 7.96 8 
WH012 65.37 1.44 3.4 78.16 250.54 5.48 4.44 2 320.45 6.98 7 
WH013 64.65 5.02 8.4 78.52 263.41 13.42 10.78 2 65.27 5.92 6 
CDOOI 48.66 332.62 4.8 66.43 155.12 6.30 4.15 1 369.43 3.99 4 
CD002 53.70 2.76 1.7 87.39 306.83 2.42 1.69 2 1953.11 5.00 5 
CD003 51.23 357.20 5.3 87.39 131.94 7.15 4.85 2 162.39 5.97 6 
CD004 48.19 359.78 6.2 86.20 68.97 8.15 5.34 2 392.93 2.99 3 
CD005 50.49 3.22 6.1 86.75 8.08 8.14 5.47 2 160.63 4.98 5 
CD006 51.00 355.91 3.4 86.30 136.37 4.66 :U5 2 378.32 5.99 6 
CD007 57.56 1.50 9.5 84.67 258.80 13.99 10.25 2 93.58 3.97 4 
CDOOS 54.98 1.99 2.7 87.00 278.61 3.78 2.68 2 2141.04 3.00 3 
CD009 58.23 356.33 4.7 83.38 220.42 6.95 5.14 2 203.74 5.98 6 
CDOI0 56.19 .26 5.4 86.25 249.26 7.71 5.55 2 128.00 6.95 7 

(Continued on next page) 
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TABLE 3-Continued 

Inc Dec agS Lat Long d m d 
Unit (0) (0) (0) (0) (0) (0) (O~ CU k R N 

CDOII 58.49 11.88 8.3 78.59 299.75 12.36 9.17 2 122.37 3.98 4 
CDOl2 53.45 I J .99 3.9 79.95 326.99 5.41 3.77 2 241.84 6.98 7 
CDOl3 56.64 4.73 2.6 84.28 287.30 3.79 2.75 2 448.60 7.98 8 
CDOl4 53.66 6.53 6.0 84.43 321.72 8.33 5.82 2 87.00 7.92 8 
CDOl5 47.04 .42 5.5 85.22 61.58 7.16 4.63 2 147.25 5.97 6 
CDOl6 50.94 .68 5.4 88.52 43.04 7.31 4.94 2 201.15 4.98 5 
CDOl7 49.13 358.80 5.5 86.85 85.32 7.27 4.81 2 121.76 6.95 7 
CDOl8 56.72 1.99 3.6 85.40 266.18 5.23 3.79 2 237.08 7.97 8 
CDOl9 63.02 12.35 3.5 75.04 282.27 5.53 4.35 3 295.67 6.98 7 
DB002 -28.90 172.40 -1.0 -71.80 273.00 -1.00 -1.00 1 -1.00 -1.00 17 
DB003 -33.90 162.90 -1.0 -69.40 301.40 -1.00 -1.00 I -1.00 -1.00 13 
DB004 -24.50 174.40 -1.0 -69.90 265.00 -1.00 -1.00 I -1.00 -1.00 13 
DB006 -30.60 170.90 -1.0 -72.20 278.70 -1.00 -1.00 I -1.00 -1.00 13 
GBOOI -25.50 191.50 -1.0 -67.70 216.10 -1.00 -1.00 I -1.00 -1.00 10 
GB002 -26.90 190.20 -1.0 -69.00 218.20 -1.00 -1.00 I -1.00 -1.00 2 
GB003 -30.40 196.20 -1.0 -67.80 201.80 -1.00 -1.00 I -1.00 -1.00 2 
GB004 -25.60 200.60 -1.0 -62.90 198.20 -1.00 -1.00 I -1.00 -1.00 3 
GB005 -24.90 193.00 -1.0 -66.80 213.10 -1.00 -1.00 I -1.00 -1.00 8 
GB006 -33.70 195.00 -1.0 -70.10 200.60 -1.00 -1.00 1 -1.00 -1.00 12 
GB007 -17.50 226.70 -1.0 -40.80 175.30 -1.00 -1.00 2 -1.00 -1.00 II 
GB008 -22.60 219.20 -1.0 -48.30 178.30 -1.00 -1.00 2 -1.00 -1.00 23 
GROOI 60.71 342.01 4.9 72.90 195.37 7.46 5.69 1 188.97 5.97 6 
GR002 58.33 342.65 4.4 74.43 187.31 6.52 4.82 I 302.34 4.99 5 
GR003 59.33 346.88 3.3 76.88 197.16 4.97 3.73 I 279.88 7.97 8 
GR004 60.01 345.33 4.6 75.47 197.30 6.93 5.24 I 146.91 7.95 8 
GR005 56.98 337.84 2.2 71.15 179.32 3.25 2.36 2 731.01 6.99 7 
GR006 50.72 357.61 5.9 87.78 133.82 7.99 5.38 3 104.64 6.94 7 
GR007 46.99 347.12 3.4 78.14 139.95 4.39 2.84 3 316.01 6.98 7 
GR008 57.93 342.32 2.7 74.33 185.49 3.97 2.92 4 806.41 5.00 5 
GROto 54.24 357.99 5.6 87.04 213.16 7.81 5.49 5 146.31 5.97 6 
GROll 54.96 348.42 4.0 79.89 178.38 5.73 4.06 5 188.74 7.96 8 
GROl2 53.38 355.36 5.7 85.79 180.70 7.97 5.55 5 111.84 6.95 7 
GROl5 -42.17 187.25 4.1 -79.94 205.85 5.07 3.11 6 181.59 7.96 8 
GROl6 -30.10 188.37 4.0 -72.30 219.63 4.39 2.44 7 287.79 5.98 6 
GROl7 -35.70 184.77 4.3 -76.89 226.80 5.01 2.90 7 196.30 6.97 7 
GROl8 -37.84 188.70 5.5 -76.60 209.51 6.45 3.81 7 123.06 6.95 7 
GROl9 -36.84 J88.10 4.9 -76.32 213.12 5.69 3.33 7 155.21 6.96 7 
GR020 -39.27 188.30 3.1 -77.65 208.34 3.65 2.18 8 329.45 7.98 8 
GR021 -35.78 161.11 3.9 -69.07 305.50 4.53 2.63 8 295.36 5.98 6 
GR022 -38.91 160.72 1.3 -70.09 311.07 1.55 .92 8 1816.84 8.00 8 
GR023 -35.24 161.60 3.2 -69.19 303.88 3.75 2.17 8 291.64 7.98 8 

(Continued on next page) 



33 

TABLE 3-Contlnued 

Inc Dec °96 Lat Long dm d 
Unit (0) (0) (0) (0) (0) (0) CO~ CU k R N 

GR024 -40.67 166.81 6.3 -75.34 302.91 7.66 4.64 8 77.62 7.91 8 
KMOOI 49.20 13.20 7.2 78.50 344.10 9.50 6.30 1 71.20 6.92 7 
KM002 51.83 11.23 3.1 80.52 332.61 4.29 2.93 1 455.41 5.99 6 
KM003 50.76 15.38 9.3 76.93 335.79 12.51 8.44 1 43.26 6.86 7 
KM004 -23.40 193.60 6.3 -66.30 211.30 6.70 3.60 2 114.30 5.95 6 
KM005 -36.60 204.80 -1.0 -64.00 178.50 -1.00 -1.00 2 -1.00 -1.00 7 
KM006 -32.00 193.20 -1.0 -70.80 204.50 -1.00 -1.00 2 -1.00 -1.00 12 
KM007 -20.00 202.90 -1.0 -59.50 197.20 -1.00 -1.00 2 -1.00 -1.00 9 
LAOOI 29.35 348.20 5.1 70.25 102.87 5.67 3.13 1 117.59 7.94 8 
LA002 34.62 344.76 5.9 70.96 116.84 6.77 3.89 1 89.30 7.92 8 
LA003 27.34 3.16 5.0 71.96 57.32 5.49 2.99 2 231.71 4.98 5 
LA004 28.11 346.67 4.2 68.83 105.34 4.64 2.54 3 171.93 7.96 8 
LA005 31.78 351.33 3.6 73.00 96.74 4.04 2.27 3 348.48 5.99 6 
LA006 28.58 355.64 3.8 72.48 81.35 4.16 2.28 3 314.58 5.98 6 
LA007 29.77 350.84 2.6 71.67 96.36 2.87 1.59 3 395.05 8.98 9 
LA008 29.55 354.42 3.0 72.76 85.66 3.31 1.83 3 343.87 7.98 8 
LA009 24.41 352.63 3.1 69.35 88.01 3.37 1.81 4 368.72 6.98 7 
LAOI0 30.57 356.31 3.0 73.81 80.04 3.31 1.84 5 956.71 4.00 4 
LAOll 35.47 347.99 3.9 73.36 110.47 4.54 2.63 6 380.84 4.99 5 
LA012 37.11 341.03 6.2 69.50 127.53 7.30 4.28 6 116.84 5.96 6 
LA013 33.45 344.85 6.2 70.44 115.10 7.04 4.00 6 154.18 4.97 5 
LA014 37.35 346.37 5.4 73.34 117.38 6.37 3.75 6 199.98 4.98 5 
LA015 24.10 346.21 6.9 66.60 103.10 7.37 3.94 6 95.53 5.95 6 
LA016 29.69 348.36 7.0 70.50 102.80 7.73 4.28 6 93.04 5.95 6 
LA017 34.51 345.63 3.3 71.45 114.81 3.75 2.15 6 550.69 4.99 5 
LA019 34.32 349.17 1.4 73.40 105.73 1.60 0.92 6 1579.44 8.00 8 
LA020 37.25 348.17 5.4 74.41 112.73 6.39 3.75 6 104.48 7.93 8 
LA021 32.01 352.02 5.3 73.41 94.91 5.96 3.35 6 130.96 6.95 7 
PAOOI 38.76 349.66 3.1 76.21 110.17 3.66 2.18 I 475.64 5.99 6 
PA002 39.59 355.50 5.2 79.51 89.33 6.19 3.71 I 137.55 6.96 7 
PA003 43.25 352.81 3.8 80.60 109.79 4.67 2.90 I 318.08 5.98 6 
PA004 41.04 341.62 1.9 71.63 132.41 2.27 1.38 2 1048.14 6.99 7 
PA005 45.55 355.29 5.6 83.42 105.52 7.17 4.56 3 97.56 7.93 8 
PA006 41.06 346.38 5.3 75.21 123.60 6.47 3.93 3 109.49 7.94 8 
PA007 25.55 324.51 4.5 52.57 134.14 4.90 2.64 4 149.69 7.95 8 
PLOOI -44.38 142.19 8.3 -56.55 333.38 10.42 6.55 1 45.57 7.85 8 
PLOO2 -49.30 149.47 5.1 -63.95 337.07 6.82 4.52 1 138.59 6.96 7 
PLOO3 -48.76 151.55 3.1 -65.55 334.82 4.03 2.66 1 328.20 7.98 8 
PL004 -47.09 149.83 2.9 -63.68 332.73 3.69 2.39 1 447.60 6.99 7 
PL005 -54.05 152.99 3.0 -67.66 346.39 4.26 2.98 2 396.53 6.98 7 
PL006 -43.94 149.59 4.7 -62.55 327.66 5.84 3.65 3 207.19 5.98 6 

(Continued on next page) 
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TABLE 3-Contlnued 

Inc Dec cx96 Lat Long dm d 
Unit (0) (0) (0) (0) (0) (0) (O~ eu k R N 

PL007 -52.72 147.22 4.2 -62.75 344.78 5.77 3.98 4 209.40 6.97 7 
PL008 -47.76 146.12 5.3 -60.77 336.20 6.93 4.52 4 129.75 6.95 7 
PL009 -53.16 151.28 3.3 -66.16 344.58 4.57 3.17 4 283.80 7.98 8 
SMOOI 42.18 342.59 1.5 72.70 133.92 1.82 1.12 I 1671.70 7.00 7 
SM002 -53.80 158.51 4.1 -72.00 349.26 5.68 3.97 2 186.78 7.96 8 
SM003 -51.14 152.07 4.1 -66.42 343.42 5.53 3.75 2 184.70 7.96 8 
SM004 -53.96 151.65 6.4 -66.35 350.16 8.93 6.26 2 76.41 7.91 8 
SM005 -54.54 151.64 6.9 -66.37 351.60 9.76 6.88 2 123.42 4.97 5 
SM006 -49.94 154.82 2.0 -68.54 339.55 2.62 1.75 2 795.80 7.99 8 
SM007 -47.96 158.64 2.6 -71.35 332.37 3.33 2.18 2 471.89 7.99 8 
SM008 -25.01 150.43 4.1 -56.77 308.76 4.45 2.39 3 213.49 6.97 7 
SM009 -27.82 153.19 3.1 -59.87 307.82 3.36 1.84 3 385.66 6.98 7 
SMOII -20.80 154.00 3.7 -57.67 301.13 3.84 2.02 4 230.29 7.97 8 
SMOl2 -17.78 151.88 6.8 -55.16 302.06 7.01 3.64 4 128.88 4.97 5 

Inc and Dec are the inclination and declination. 

Lat and Long are the latitude (ON) and longitude (OE) at the VGP. 

cx96 is the circle of 95% confidence. 

k and R are the statistical parameters of Fisher [1953]. 

N is the number of specimens or demagnetization paths upon which the site mean 
direction is calculated. 

Note: When k, R, cx96' dm and dp are negative, the site mean is calculated on the 
basis of demagnetization paths as described in the text. 

eu is the cooling unit to which each flow belongs in each range. 



35 

• 

270 1-I--I-IH--I-+-<0--!---+-I--I--I-4-1-190 270 H--I-H-++--H---H++-I--I-l90 

• lour huhlMrt A UpPlr hllllPhtrt • lovtr hllilphtrt A UlPlr hulUhtrt 

270 H--I-H-++--H---H-I-+-I-H 90 270 H--HH-++-<0--!---+-I--I--I-4-1-190 

150 
IBO 

• lovlr ftllUpherl A Upplr hllllPhlri • lour hllluhtri A UpPlr hllllPhtrt 

Figure 6. Equal area projections of cleaned site mean directions for each mountain 
range. Note clusters of flow directions in ranges such as the Black or Sauceda Moun
tains. These clusters correspond to flows that were probably extruded rapidly with 
respect to the secular variation of the geomagnetic field. 
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Figure 6. Equal area projections of site mean directions within each range (cont.). 
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Figure 6. Equal area projections of site mean directions within each range (cont.). 
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Figure 6. Equal area projections of site mean directions within each range (cont.). 
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o a 

Figure 7. a) Equal area projection of all site mean directions in the Mojave-Sonora 
Desert region. b) Northern hemisphere polar projection of all site mean VGPs for the 
Mojave-Sonora Desert region. Triangles in the polar projection are the antipodes of 
southern hemisphere VGPs. 
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statisticalIy indistinguishable at the 99% confidence level. This method segregates 

groups of flows having a common mean direction from one another and from individual 

flows having unique mean directions. We use the term "cooling unit" to describe (I) 

each group of stratigraphicalIy contiguous flows within which the flow mean directions 

are statisticalIy indistinguishable; and (2) single flows with NRM directions 

distinguishable from stratigraphicalIy adjacent flows. If a group of II flows qualifies as 

a cooling unit, we calculate a cooling unit mean direction and corresponding VGP using 

the II-flow mean directions and VGPs as unit vectors. Directionally distinct individual 

flows simply retain their flow mean direction and VGP when given cooling unit status. 

The cooling unit mean directions for all ranges are listed in Table 4 and plotted in 

Figure 8. Treating each cooling unit as a unit vector, we have recalculated a mean 

direction and pole for each range (see Table 5 and Figure 9). 

In all cases, the range mean directions and poles (see Figure 10) calculated using 

the total site mean data set and those calculated using the cooling unit data set are 

indistinguishable at all confidence levels greater than 50% using the test of McFadden 

and Lowes [1981]. Thus, we are not "creating" directions in this process. The 

statistics for the cooling unit data, however, probably better reflect the precision with 

which the mean directions and poles are known. 

In short, for each range we have a data set of site mean directions/VGPs (Table 

3, Figures 6 and 7) and a data set of cooling unit directions/VGPs (Table 4, Figure 8). 

Mean directions/poles are calculated for each range using site mean directions/VGPs 

(Table 7) and cooling unit directions/VGPs (Table 5 and Figure 9). 

Testing for Averaging of Secular Variation 

In most applications of paleomagnetism to the solution of tectonic and/or struc

tural problems, it is necessary to evaluate whether or not a data set of paleomagnetic 
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TABLE 4: COOLING UNIT MEAN DIRECTIONS, VGPS AND STATISTICS 

Inc Oec Q95 Lat Long dm d 
Unit (0) (0) e) (0) (0) (0) (0) k R N 

BMOOI 47.34 32.93 3.4 61.39 339.54 4.43 2.87 264.51 7.97 8 
BM002 -76.70 194.10 3.1 -59.10 77.40 5.70 5.30 624.01 4.99 5 
BM003 -55.30 191.20 3.7 -80.90 146.90 5.20 3.70 1141.15 3.00 3 
BM004 42.33 4.96 3.8 78.70 42.06 4.73 2.91 304.57 5.98 6 
CHOOI -56.00 198.45 1.9 -74.97 143.23 2.71 1.95 531.12 11.98 12 
CLOOI 45.19 286.75 2.3 27.89 169.16 2.92 1.85 501.62 8.98 9 
CL002 87.70 336.00 12.8 38.90 242.20 25.50 25.40 385.20 2.00 2 
CL004 56.69 23.16 6.2 71.15 320.15 9.05 6.56 79.61 7.91 8 
CL005 77.70 337.20 13.5 55.60 228.60 25.30 23.70 345.69 2.00 2 
CL007 83.45 308.01 3.7 41.97 230.85 7.25 7.11 268.09 6.98 7 
CL008 63.33 37.14 2.7 60.03 303.52 4.25 3.36 424.07 7.98 8 
CL009 48.88 34.19 6.7 60.81 334.76 8.79 5.80 102.23 5.95 6 
CMOOI -33.40 172.90 2.2 -71.90 268.10 2.50 1.40 898.21 5.99 6 
CM002 -32.97 178.89 5.6 -72.73 249.44 6.36 3.61 98.37 7.93 8 
CM003 52.69 2.34 3.2 87.26 20.30 4.39 3.03 303.34 7.98 8 
CM004 49.84 18.33 5.0 73.98 347.24 6.73 4.49 144.00 6.96 7 
CM005 58.00 11.30 16.9 80.30 311.90 24.90 .18.30 220.17 2.00 2 
CM006 60.20 19.00 6.3 74.00 308.50 9.50 7.20 216.88 3.99 4 
CM007 49.31 340.96 6.1 73.23 143.79 8.10 5.37 83.16 7.92 8 
CM008 40.34 350.90 4.3 75.46 101.28 5.23 3.16 240.16 5.98 6 
CM009 43.76 5.00 9.7 79.46 40.42 12.05 7.53 91.57 3.97 4 
CMOI0 58.44 15.37 1.9 77.16 313.49 2.86 2.12 822.00 7.99 8 
PIOOI -53.30 172.50 8.2 -83.70 324.80 11.40 7.90 227.41 2.99 3 
PI002 -42.03 128.39 -1.0 -44.49 335.70 -1.00 -1.00 -1.00 1.99 2 
PI003 45.63 7.22 . 2.6 79.80 25.82 3.36 2.14 646.75 5.99 6 
PI004 54.81 5.19 9.1 85.77 331.60 12.91 9.13 71.39 4.94 5 
TMOOI 45.90 .80 2.4 83.00 59.70 3.10 2.00 634.32 6.99 7 
TM002 39.40 359.50 6.4 78.00 67.50 7.70 4.60 1519.40 2.00 2 
TM003 38.60 6.03 1.7 76.38 40.74 2.01 1.20 1563.64 6.00 6 
WHOOI 69.80 2.50 3.0 72.00 250.60 5.10 4.40 503.52 5.99 6 
WH002 66.60 1.30 3.1 76.60 249.60 5.10 4.20 474.40 5.99 6 
COOOI 48.66 332.62 4.8 66.43 155.12 6.30 4.15 369.43 3.99 4 
COO02 53.50 2.00 2.0 88.00 303.90 2.80 1.90 321.71 16.95 17 
COO03 63.02 12.35 3.5 75.04 282.27 5.53 4.35 295.67 6.98 7 
OBOOI -29.50 170.30 6.6 -71.30 279.40 7.30 4.10 192.48 3.98 4 
GBOOI -27.90 194.40 4.0 -67.60 207.80 4.40 2.40 281.99 5.98 6 
GB002 -20.10 223.00 19.1 -44.50 176.70 20.00 10.50 173.80 1.99 2 
GROOl 59.60 344.00 1.7 75.30 192.60 2.60 2.00 2780.14 4.00 4 
GR002 56.98 337.84 2.2 71.15 179.32 3.25 2.36 731.01 6.99 7 
GR003 49.00 352.20 17.2 82.90 139.00 22.70 15.00 213.98 2.00 2 
GR004 57.93 342.32 2.7 74.33 185.49 3.97 2.92 806.41 5.00 5 

(Continued on next page) 
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TABLE 4-Continued 

Inc Dec Qg5 Lat Long dm d 
Unit (0) (0) (0) (0) n (0) (O~ k R N 

GR005 54.30 354.00 4.5 84.40 184.70 6.40 4.50 738.89 3.00 3 
GR006 -42.17 187.25 4.1 -79.94 205.85 5.07 3.11 181.59 7.96 8 
GR007 -36.00 187.60 3.6 -76.00 215.90 4.10 2.40 464.40 4.99 5 
GR008 -37.70 162.50 3.9 -70.90 306.00 4.60 2.70 564.80 3.99 4 
KMOOI 50.60 13.30 2.8 78.70 337.80 3.80 2.60 1898.30 3.00 3 
KM002 -28.10 198.60 10.6 -65.70 197.70 11.60 6.40 75.92 3.96 4 
LAOOI 32.00 346.50 13.2 70.70 109.60 14.10 8.30 362.12 2.00 2 
LA002 27.34 3.16 5.0 71.96 57.32 5.49 2.99 231.71 4.98 5 
LA003 29.60 351.80 3.2 71.90 93.60 3.50 2.00 577.05 4.99 5 
LA004 24.41 352.63 3.1 69.35 88.01 3.37 1.81 368.72 6.98 7 
LA005 30.57 356.31 3.0 73.81 80.04 3.31 1.84 956.71 4.00 4 
LA006 33.60 347.00 2.9 71.80 110.30 3.20 1.80 287.96 9.97 10 
PAOOI 40.59 352.50 5.0 78.90 103.60 6.00 3.71 611.35 3.00 3 
PA002 41.04 341.62 1.9 71.63 132.41 2.27 1.38 1048.14 6.99 7 
PA003 43.40 350.70 17.3 79.30 118.20 21.50 13.40 211.60 2.00 2 
PA004 25.55 324.51 4.5 52.57 134.14 4.90 2.64 149.69 7.95 8 
PLOOI -47.40 148.10 4.1 -62.40 334.38 5.30 3.50 504.28 3.99 4 
PL002 -54.05 152.99 3.0 -67.66 346.39 4.26 2.98 396.53 6.98 7 
PL003 -43.94 149.59 4.7 -62.55 327.66 5.84 3.65 207.19 5.98 6 
PL004 -51.20 148.10 5.2 -63.20 341.50 7.10 4.80 553.63 3.00 3 
SMOOI 42.18 342.59 1.5 72.70 133.92 1.82 1.12 1671.70 7.00 7 
SM002 -51.90 154.60 2.8 -68.70 344.50 3.80 2.60 587.80 5.99 6 
SM003 -26.40 151.80 8.2 -58.30 308.30 8.80 4.8 0 937.90 2.00 2 
SM004 -19.30 152.90 7.9 -56.30 301.50 8.20 4.30 1000.91 2.00 2 

Parameters are as in Table 3. 

N = number of flows used to calculate cooling unit mean direction, or if only 
one flow is used, the number of specimens in that flow. 

---- -_______ --_· ___ -- •• 0_ •• ___ --_ ••• _ •• _. ___ ••• __ , •• _ ••• __ •••••• _ •• 
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Figure 8. a) Equal area projection of all cooling unit directions in the Mojave-Sonora 
Desert region. b) Northern hemisphere polar projection of cooling unit mean VGPs. 
Triangles in the polar projection are antipodes of southern hemisphere VGPs. 
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TABLE 5: RANGE MEAN DIRECTIONS, VGPS AND STATISTICS 

Inc Dec £x96 Lat Long dm d 
Unit (0) (0) (0) (0) (0) (0) (0) k R N 

BMOOI 55.90 16.00 19.5 76.90 324.60 28.00 20.10 23.15 3.87 4 
CHOOI 56.00 18.45 74.97 323.23 1.00 1 
CLOOI 72.80 359.80 19.1 66.60 244.30 34.00 30.20 10.95 6.45 7 
CMOOI 47.30 1.00 8.3 83.20 58.50 10.80 7.00 39.49 8.80 9 
PIOOI 51.60 347.40 22.4 79.10 142.90 30.50 20.80 17.80 3.83 4 
TMOOI 41.30 2.20 7.3 79.30 54.50 8.90 5.40 286.06 2.99 3 
WHOOI 68.20 1.90 7.0 74.30 250.10 11.90 10.00 1258.42 2.00 2 
LAOOI 29.70 353.00 5.3 72.40 90.10 5.80 3.20 163.54 5.97 6 
SMOOI 35.00 335.20 17.6 64.20 132.90 20.30 11.70 28.15 3.89 4 
PLOOI 49.20 329.60 5.3 64.00 156.70 7.00 4.60 304.38 3.99 4 
PAOOI 38.20 341.50 15.2 69.40 122.80 18.00 10.60' . 37.64 3.92 4 
GROOI 49.80 352.10 8.4 83.10 145.00 11.20 7.50 44.40 7.84 8 
DBOOI 29.50 350.30 6.6 71.30 99.40 7.30 4.10 192.50 3.98 4 
GBOOI 24.70 29.10 63.1 56.70 7.10 67.70 36.30 17.84 1.94 2 
KMOOI 39.40 16.40 52.0 72.30 6.80 62.20 37.20 25.22 1.96 2 
CDOOI 56.20 353.50 21.3 83.40 193.20 30.80 22.20 34.40 2.94 3 

Parameters are as in Table 3. 

N = number of cooling units in each range. 

-----------------•.... _--- -."------_. __ .. -------.- ... _--



o 

*It 

** * 
* ~ '1\10 

a 

270 H-I--t--I--I-+-+----f----t--t-t-H--t-H 90 

1BO 

45 

Figure 9. a) Equal area projection of range mean directions. Polarity of directions 
and VGPs reflects the dominant polarity within each range. b) Northern hemisphere 
polar projection of range mean VGPs. Triangles are antipodes of southern hemisphere 
VGPs. 



"I 
I 

Figure 10. Comparison of site, cooling unit and range mean poles. Star is the mean pole of the site mean VGPs. Triangle 
is the mean pole of the cooling unit VGPs. The diamond is the mean pole of the range mean VGPs. Each pole is centered 
in its circle of 95% confidence. A 
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directions or VGPs adequately average the secular variation (SV) of the geomagnetic 

field. A mean pole calculated from such a data set can then be asserted to ap

proximate the position of the rotation axis with respect to the region from which the 

data were obtained (the axial geocentric dipole hypothesis). 

Traditionally, paleomagnetists have evaluated whether secular variation has been 

averaged in their data by comparing the angular dispersion of their data to the angular 

dispersion which would be produced by some model of a time-varying geomagnetic field. 

If each site mean direction/VGP is thought to represent an instantaneous direction of 

the geomagnetic field, then in order to claim that a particular data set has averaged 

out geomagnetic secular variation, the dispersion of the data set is required to fall 

within some range of predicted dispersion. If the angular dispersion of the data is less 

than. that predicted by our model for geomagnetic secular variation, it is inferred that 

the data have not sampled a sufficient time interval to have adequately averaged out 

the secular variation. If more dispersion exists in the data than SV models predict, 

then some source of dispersion other than secular variation is suggested by the data. 

In either case, an invocation of the axial geocentric dipole hypothesis may not be ap

propriate for the data set. 

In principle, testing a study for the averaging of secular variation seems relative

ly straightforward. In practice, however, the process is quite complex. The first 

assumption that must be dealt with is that each individual site mean direction or VGP 

represents a recording of an "instantaneous" direction of the geomagnetic field. In 

slowly cooled plutonic or metamorphic rocks, chemically or post-depositionally mag

netized sedimentary rocks, this assumption may be invalid. Furthermore, the measure 

of angular dispersion used in inference testing is dependant on the choice of probabili

ty distribution one used to fit the data. Fisher's [1953] distribution and statistics have 

been used in paleomagnetic studies for over 30 years. It is thus critically important to 
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know whether or not both the geomagnetic field data and our data set are Fisherian. 

Cox [1970] has pointed out that the distribution of YGPs for the last few million years 

is Fisherian or nearly so, whereas the distribution of directions is not. We therefore 

might expect the distribution of our VGP data to be Fisherian and the distribution of 

our directional data to be more elliptical (owing to the idea that a circular distribution 

in pole space projects to an ellipse in direction space). It is thus very important to 

consider the distribution of VGPs in the testing process. 

Additionally, standard models of geomagnetic secular variation generally do not 

account for or include the directions which may be produced by geomagnetic polarity 

transition or field excursion. Yet it is possible, although less probable, for a typical 

set of rocks to record one or more such directions. Such events may produce "out

liers" in an otherwise Fisherian data set. Watson [1967] has shown that the presence 

of a few such outliers in a large data set will little affect the mean direction/pole but 

may greatly influence the measure of angular dispersion. Thus, outliers must either be 

identified and eliminated, or a measure of angular dispersion less sensitive to outliers 

must be used for statistical inference testing. 

Finally, we must chose some model for the angular dispersion of the geomagnetic 

field. This is perhaps the most difficult aspect to address. VGP measurements from 

historical, archaeomagnetic and paleomagnetic measurements for the last 5 m.y. cer

tainly provide one estimate of the secular variation of the geomagnetic field. Unfor

tunately, if the dispersion of the geomagnetic field changes with time as has been 

suggested by McFadden and McElhinny [1984], then the dispersion as measured for the 

last 5 m.y. is of limited use. Other models of secular variation suffer from the same 

shortcoming. Additionally, in both pole space and direction space, the dispersion varies 

as a function of paleolatitude [Cox, 1970]. This variation must also be taken into 

account. 
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With these considerations in mind, we have employed the following method to 

evaluate averaging of secular variation in each of our data sets. All parts of the 

method have been derived elsewhere [Lewis and Fisher, 1982; McFadden, 1980a, 1980b; 

McFadden and McElhinny, 1984; and Fisher, 1982]. We repeat their presentations here 

for clarity. 

First we evaluate each d~ta set in both pc..le space (using individual VGPs) and 

direction space (using individual directions) in normal, reversed and combined polarities 

(antipodes of reversed polarity directions/VGPs merged with normal polarity direc-

tion/VGPs) for fit to a Fisher distribution. That is, we examine whether or not the 

directions or VGPs are distributed equally azimuthally about their mean and fit the 

radial density function described by Fisher [1953]. This is done in two different ways. 

The first technique employs the graphical techniques of Lewis and Fisher [1982]. The 

second method uses McFadden's [l980a] X2 test. 

Lewis and Fisher [1982] note that three ordered-value plots may be used to visu-

ally estimate whether or not a particular data set is Fisherian. The first plot is Cj 

versus Ej n where , 

CI = 1 - cos (Ji and EI,n = exp «i - 0.5)/11) (I) 

where (Ji is the angular distance between the ;th data point and the mean direction and 

n is the number of points (i.e., the number of site mean or cooling unit mean direc-

tions/VGPs). Cj is ordered such that c1 < Cj < cn' For a Fisherian data set this plot 

should be linear, the slope of the line estimating the inverse of Fisher's 

kf = (II - 1)/(n - r), where r is the length of the resultant vector given by Fisher 

[1953]. The second plot is dl/21r versus UI,n' where dj is the azimuth of the ;th direc

tion from the mean direction and UI,n is the uniform distribution given by 
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U j,n = (i - 0.5)/n (2) 

where n is the number of directions/VGPs and d1 < d j < dn• This is also linear for a 

Fisher distribution. This plot gives a good estimate of the azimuthal distribution of 

directions/VGPs. The line should have a slope of 45°. For the above two plots, we 

have calculated Cj and d j by transforming the data such that the mean direction or 

pole is transformed to the center of a stereonet. The transformation is given by: 

sin O( cos ~( = sin OJ cos "0 cos (~l - "f) - cos OJ sin "0 

sin O( sin ~( = sin OJ sin (~j - "f) 

cos O( = sin OJ sin "0 cos (~i - "f) + cos OJ cos "0 

(3) 

After this transformation, d j is read directly as ~(. Thirdly, a plot of Ij versus Qj,n is 

made, where 

(4) 

and Qj,n is the (i - 0.5)/11 quantile of the normal (0, I) distribution. 0" and ~" are 

found first by adding 90° to the original inclinations and subtracting the original 

declinations from 360°, then by transforming these new directions using: 

sin 0(' cos ~i' = sin OJ sin "0 cos (~j - "f) + cos OJ cos "0 

sin 0(' sin IfJr = -sin OJ sin (~j - "f) 

cos 0(' = sin OJ cos "0 cos (~j - "f) - cos OJ sin "0 

(5) 

The transformed declination is scaled between -71' and 71'. This plot should also be lin-

ear for a Fisher distribution. Thus, the three plots yield an immediate visual estimate 

of the conformity of the data to a Fisher distribution. If cl versus Ej,n and/or Ij 

versus Qj n is nonlinear, the radial density of directions/VGPs is probably not 
I 
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Fisherian. If dl versus Ul,n is not linear with 450 slope, then the directions are not 

distributed azimuthally about the mean. 

A second unique property of the ordered-value plots is that they graphically 

expose points that are "out of line" [Lewis and Fisher, 1982] with respect to an other-

wise linear data set. These points may be considered outliers to an otherwise Fisher-

ian distribution. Figure II shows an example of the three ordered-value plots as 

applied to one of our data sets. Figures Ila, band c use all of the data, whereas 

Figures lId, e, and f show the same data with outliers removed. In this case we have 

shown the data with and without outliers for example purposes. The decision of 

whether to actually remove outliers in this manner is discussed further below. 

A second method of determining the fit of a data set of directions/VGPs to a 

Fisher distribution is given by McFadden [1980a]. The method consists of two X2 tests: 

one tests whether or not the directions/VGPs are distributed azimuthally about the 

mean direction/pole, and the second tests whether or not the radial density of direc-

tions/VGPs is distributed according to Fisher [1953]. Again the data are transformed 

such that the mean direction/pole lies in the center of a stereonet by equation 3. For 

the first test (azimuthal symmetry), the observed X2 is found first by dividing 3600 of 

possible directional azimuths arbitrarily by 6 (mostly because this is the number Watson 

and Irving [1957] used). For a Fisher distribution we expect an equal number of direc-

tions to be found in each of the six sectors. Thus, for a given number of direc-

tions/VGPs, n, we expect a frequency, Ie = n/6 points in each sector. The azimuthal 

X2 for the data is given by 

n 

X2 = L «(fa - le)/ Ie) (6) 
1=1 

where 10 is the observed frequency. This may be compared to a critical X2 chosen 

from standard tables to determine the probability of whether or not a set of 
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Figure 11. An example of ordered-value plots as described by Lewis and Fisher [1982]. 
a), b) and c) are the three plots required for one set of directions or VGPs. Data in 
plot b) should be linear with a slope of 45° for an azimuthally distributed data set. 
Gaps in this plot represent azimuths not represented by the data. Slopes shallower 
than 45° are azimuths that are over-represented by the data. a) and c) should be 
linear with slopes of 11k! and l/kl/2, respectively, for a Fisher-distributed data set. 
a) and c) reveal the presence of "outliers" to an otherwise linear data set. Elimination 
of these outliers (shown by arrows) produces plots d), e) and f). Note the improved 
linearity in d) and f). It should be noted that the actual number of outliers chosen 
has little effect on the mean direction. The number of outliers is used to determine 
kw' Small variation of the number of outliers (x in Equation 12) produces only small 
changes in kw' Thus, visual inspection of ordered-value plots for outlying points seems 
to be satisfactory. 
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directions/VGPs is distributed azimuthally about the mean direction/pole. If we choose 

0.99 probability, then at two degrees of freedom [McFadden, 1980a], the critical X2 = 

9.77. The critical X2 is the value that a set of azimuthally distributed directions will 

not exceed at probability 0.99. If the observed X2 exceeds the critical X2, then we 

must reject the hypothesis that the directional data set is distributed azimuthally about 

the mean and accept the alternate hypothesis that it is not. 

The radial density test as given by McFadden [1980a] is used as follows. We 

cannot arbitrarily assign concentric radial bands of, say 5°, about the mean direction 

as ":as done by Watson and Irving [1957] because the probability of finding a direction 

at some distance from the mean is dependant on the angular dispersion of directions. 

Consequently, we calculate the angular standard deviation of the data as 

n 

S = L ei/n [l < i < n] (7) 
i=l 

where ei is as in equation 3. We divide s by 6 to yield six concentric bands of width, 

s/6. The number of data points expected to fall within each band is given by McFad-

den [I 980a] as 

(8) 

where PI is the inside radius of the ring, P2 is outside radius and kh is the maximum 

likelihood estimator of K and is given as 

kh = n/(n - r) (9) 

where n is the number of directions and r is the length of the resultant vector. The 

radial X2 for the data is then given as in equation 6. Again, two degrees of freedom 



S4 

are permitted [McFadden, 1980a], so that the probability of an observed X2 for a 

Fisher distribution exceeding 9.77 is only 0.01. 

Having evaluated our distribution for conformity to a Fisher distribution and 

determined potential outliers to an otherwise Fisherian distribution, we proceed to 

testing the data set for averaging of geomagnetic secular variation. We essentially 

employ the method of McFadden [1980b] for such a test, although several of this test's 

parameters are discussed in detail. 

McFadden [1980b] proposes two one-tailed tests to answer the two basic questions 

regarding averaging of secular variation. The first question may be stated, "Can the 

set of directions/VGPs have been drawn from a sample population of directions/VGPs 

whose dispersion is equal to that for a true population of directions/VGPs?", or alter

natively, "Has the set of directions/VGPs been drawn from a sample population of 

directions/VGPs whose dispersion is less than that of the true population of direc

tions/VGPs?" This leads to the formulation of the following null and alternate hypo

theses: 

Null hypothesis: Ks = K 

Alternate: Ks:f. K; Ks > K 

where Ke is the precision parameter of the sample population of directions/VGPs and K 

is the precision parameter of the true population of directions/VGPs. The second 

question may be stated, "Can the sample set of directions/VGPs have been drawn from 

a sample population of directions/VGPs whose dispersion is equal to that of the true 

population of directions/ VGPs?", or alternatively, "Has the set of directions/VGPs been 

drawn from a sample population whose dispersion is greater than that of the true 

population of directions/VGPs?" This sets up the following null and alternate 

hypotheses: 



Null hypothesis: Ka = K 

Alternate: Ka '" K; Ka < K 

55 

The first test allows us to infer whether or not our data span enough time to 

adequately average secular variation. The second test allows us to infer whether or 

not some source of dispersion other than secular variation may exist in our data. 

McFadden [1980b] gives both an F-test and a X2 test approach to the problem. We 

apply only the X2 test. McFadden's [1980b] equations are: 

kl = (2K(1I - I »/(X2(2(1I - I»; a) 

ku = (2K(1I - I »/(X2(2(1I - I»; f - a) (10) 

where K is the precision parameter of the true population of directions/YGPs, a is the 

probability level, and II is the number of directions/YGPs in the data set. 

We must now test some estimate, say ke' of the angular dispersion of our data 

against kl and ku' If ke < kl' then we must reject Ka = K and accept Ka < K at 

probability = a and infer that another source of dispersion other than secular variation 

exists in our data. If ke > ku, then we must reject Ka = K and accept Ko > K at 

probability = a and infer that our data has not adequately sampled the secular variation 

of the geomagnetic field. 

There are two major concerns in using these formulae. The first is quantifying 

K, the Fisher precision parameter of the true geomagnetic field distribution. The 

second concern is quantifying ke' the estimate of dispersion in our data set. The 

latter concern is discussed first. 

McFadden [l980b] advocates use of Fisher's [1953] estimate, kr = (n - 1)/(11 - r), 

where n is the number of directions and r is as in previous uses. This estimate, how-
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ever, is very sensitive to the presence of outliers in the data set as pointed out by 

Watson [1967]. Fisher [1982] has developed two other estimates to overcome this prob

lem. The first he calls a robust estimator given by 

[I < i < 11] (11) 

where Cj is as given in equation I and Ii = (1/11) - 2;/(112(11 + 1). The second is called 

a winsorized estimate and is given by 

(12) 

where x is the number of outlying points as determined using the ordered-value plots 

as described earlier and the summation goes from; = I to (n - x - I). 

Although less sensitive to the presence of outliers than kr, both kr and kw are 

still, nonetheless, affected by them. Thus, one may wish to consider using kr or kr 

after outliers have been removed from the data. In our actual analysis of the data, we 

present kr, kr' and kw for each data set both with and without outlying points re

moved. The choice of ke seems somewhat dependent on the data set, but is ultimately 

subjective. 

The second concern of the McFadden [1980b] inference test is the value of K, the 

precision parameter of the true geomagnetic field dispersion. In short, we do not 

know this value and must make an effort to estimate it. Additionally, K will be dif

ferent depending on whether we choose to analyze our data in pole space or direction 

space. Furthermore, in either space, Cox [1970] has shown that K is dependent on the 

paleolatitude of the sampling site. 

Cox [1970] and many others have shown that for a set of global directional and 

YGP data for the last few million years that the distribution of YGPs is Fisherian or 

nearly so, but the directions are not. This suggests that for studies of rocks formed 
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in the last few million years, at least, inference testing should be done for data sets 

of VGPs rather than for sets of directions. Thus initially, we seek K and its latitudi

nal dependence for the true population of VGPs. 

McFadden and McElhinny [1984] have reviewed and presented various models for 

the angular dispersion and latitudinal dependence of the population of VGPs as well as 

actual VGP data for various time windows. We have chosen to use the actual latitudi

nal dependence of, and the angular dispersion of, the VGPs for the last 5 m.y. for our 

analysis. This choice assumes that the latitudinal dependence of the angular dispersion 

of VGPs has not changed with time. Although McFadden and McElhinny [1984] present 

evidence to the contrary, (i.e., that secular variation has changed in the past), the 

data documenting such change becomes less convincing with increasing age. In short, 

we feel that there is insufficient knowledge of past secular variation changes to be 

reasonably certain that such changes are real. This may introduce some, probably 

small, error in our inference testing for rocks older than 5 m.y. Unfortunately, we 

have nothing else to use. We consider the implications of this, however, in our actual 

analysis of data. 

Consequently, K in VGP space as a function of paleolatitude is obtained from 

Table 6 of McFadden and McElhinny [1984]. This data is given as angular standard 

deviations, however, so we convert it to K using the relation 

(13) 

where s is the angular standard deviation [McFadden, 1980a]. The converted values are 

given in our Table 6. For hypothesis testing of kJo we use the lower value Kl in place 

of K in equation 10. Likewise, for hypothesis testing of ku, we use the upper value 

Ku in place of K in equation 10. 



TABLE 6: ANGULAR DISPERSION AND KAPPA FOR VGPS 
FOR THE LAST 5 M.Y. 

Latitude 
e) S) K) S K Su Ku 

o - 15 12.2 37.09 12.7 40.68 13.3 44.81 
15 - 25 12.9 33.47 13.4 36.54 14.0 39.42 
25 - 30 14.4 25.95 15.1 28.77 15.9 31.64 
30 - 40 14.5 25.62 15.5 27.31 16.6 31.20 
40 - 50 15.6 20.25 16.7 23.53 18.0 26.96 
50 - 60 17.7 15.61 19.0 18.17 20.5 20.94 
60 - 90 18.6 15.61 19.5 17.25 20.5 18.96 

S = the mean dispersion of VGPs [after McFadden and McEI~inny, 
1984]. 

S) and Su are the lower and upper 95% confidence limits on S. 

K = the Kappa associated with S by equation 13. 

K) and Ku are the lower and upper 95% confidence limits on K. 
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Although Cox [1970) found that the distribution of VGPs for the last 5 m.y. is 

more Fisherian than that for directions, it is possible for a data set of directions to be 

Fisherian while their corresponding VGPs are not. It would seem inappropriate to use 

K as calculated for pole space in equation 10 if the direction space data were Fisher

ian. It would thus be useful to know the latitudinal dependence of and dispersion of 

the true population of geomagnetic field directions. Few such analyses have been 

attempted, however, probably owing to the idea that directions are not "supposed" to 

be Fisherian. Brock [1971) did do such an analysis and we use his equation 

K = 18.1 (I + 3sin2 (>'» (14) 

where>. is the paleolatitude of the location. to determine K as a function of paleolati

tude in direction space as suggested by McFadden [1980b). As no uncertainty values 

surrounding this K are given. we have not made any distinction for K in equation 10 

for inference testing. 

It should be noted at this point that a Fisherian distribution in direction space 

may be an indication that some of the dispersion may not be due to secular variation. 

If VGPs are generally Fisher-distributed. then the distribution of their corresponding 

directions should be elliptical with the long axis aligned parallel to a paleomeridian 

connecting the sample location to the paleopole. A circular distribution of directions 

transforms to an elliptical distribution of VGPs elongated perpendicular to the paleo

meridian. Although we present data in both pole and direction space. we favor secular 

variation analysis and inference testing of pole space data. 

In calculating statistics which estimate parameters of a true population from a 

small sample size. it is important to know how many "samples" are required to yield a 

meaningful estimate. McFadden [I980a) and Fisher [1982) have presented theoretical 

validity ranges on many statistics such as kr• kr • and kh• Based on these results. we 
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feel that testing a data set whose number of directions/VGPs is less than five may be 

inappropriate on theoretical grounds alone. From our empirical observations, we fur

thermore believe that performing McFadden's [l980b] inference tests may yield mislead

ing results when the number of directions/VGPs in the data set is less than 10. Figure 

12 shows the statistics k) and ku as a function of N for an expected kappa value of 

30. The envelope begins to increase dramatically (as it must to maintain 95% con

fidence) with a smaller number of samples. However, the passage of McFadden's 

[1980b] inference tests may, in this case, be more dependant on N than on the actual 

dispersion of the data. We consequently believe N < 10 is insufficient for secular 

variation inference testing. 

In summary, we adopt the following criteria for secular variation averaging tests. 

We require (I) N> 10, (2) a Fisherian distribution of cooling unit VGPs, (3) dispersion 

of the VGPs should pass both McFadden's [l980b] inference tests. If outliers are 

present in an otherwise Fisher distribution, kr or kw is preferred over kc as the best 

estimate of kappa for the data set. If outliers are removed, kc or kr are generally 

preferred over kw for inference testing. We use the 95% confidence level in all of our 

applications of McFadden's [l980b] tests. Site mean VGPs are not well suited for 

secular variation testing either, as they violate the requirement that each VGP records 

an independent position of the geomagnetic field. We prefer analysis of VGPs over 

directions, as many workers [Cox, 1970; McFadden and McElhinny, 1984] have presented 

evidence that the VGPs should be Fisher distributed. If the distribution of VGPs is 

not Fisherian, then sources of dispersion other than secular variation may be present, 

or secular variation may not actually be adequately sampled. Finally, we assume that 

secular variation in the Miocene is not significantly different from that for the last 5 

m.y. 
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Figure 12. The test statistics ku and kl of McFadden [1980b] (see Equation (0) as a 
function of 11 for a true geomagnetic field K of 30 and a probability level, a = O.OS. 
Decreasing 11 results in a dramatic increase of ku' 
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We realize, however, that these criteria may not be universally acceptable. 

Consequently, we tabulate data and statistics for site mean and cooling unit mean 

directions and VGPs. We prefer analysis and discussion based only on cooling unit 

VGPs, however, for the reasons outlined above. We have performed the secular 

variation testing analysis on various data sets (explained in the following chapter) and 

show the results in Tables 7-12 . 



CHAPTER 6 

PALEOMAGNETIC ANALYSIS 

Within the stringent criteria we have adopted for tests of secular variation 

averaging, none of the individual ranges are particularly suited for testing. This is 

because the number of individual cooling units is usually less than ten and often less 

than five. This fact, in itself, suggests that volcanic extrusion in any given range is 

generally too episodic to afford an adequate averaging of the geomagnetic field. 

Unfortunately, this implies that we cannot use results from individual ranges to 

determine their tectonic motion with respect to each other or to the North American 

craton. In order to extract any tectonic information out of these paleomagnetic 

directions, we must combine results from the various ranges and analyze the region as 

a whole. We describe this procedure later. 

However, we temporarily digress from our secular variation testing criteria and 

discuss the results of such tests within each range using site mean directions/VGPs. 

We do this to illustrate that the inability of paleomagnetic directions/VGPs within each 

range to average secular variation is not strictly due to our imposed requirement that 

the number of cooling units must be greater than 10. 

We have made ordered-value plots and have performed SV analysis both with and 

without outlying points removed for all levels of analysis. We omit showing any 

ordered-value plots or tabulating any data with outliers removed for the within-range 

analyses because of space consideration. Since we are reasonably confident that accep

table site mean directions/VGPs determined for each flow in the 16 ranges represent 
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the direction of the magnetic field at the time of extrusion, we proceed to analyzing 

the data for secular variation averaging. We begin with a range-by-range analysis of 

site mean directions/VGPs and cooling unit directions/VGPs. 

Black Mountains 

It is unlikely that the site mean directions of the Black Mountains adequately 

average secular variation. First, the distributions of reversed and combined polarity 

sites are non-Fisherian with 99% confidence (Table 7). Since the number of normal 

polarity sites is only two, a meaningful reversals test cannot be performed. Site mean 

VGPs are "more Fisherian" than are the mean directions, although not robustly so. 

That is, the combined set of VGPs (normal polarity + reverse polarity) may be accepted 

as Fisherian at the 99% confidence level but may be rejected at the 95% level. The 

VGPs are not well distributed about the mean pole. Thus, although all of the disper

sion estimators, ke' in Table 7 pass both of McFadden's [I980b] one-tailed tests, it is 

inappropriate to claim that the mean pole is a paleomagnetic pole. Additionally, this 

analysis has not taken directional independence into account, as all sites are given unit 

weight. We have seen that the secular variation inference tests require directional 

independence. The flow directions in the Black Mountains are not independent (see 

Table 3). 

Reduction of the data yields only four distinct cooling units. We feel that this 

number is insufficient to yield a paleomagnetic pole in either direction or pole space. 

In summary, we jnterpret the mean pole for the Black Mountains in both Tables 5 and 

7 to represent a virtual geomagnetic pole. The mean VGP given in Table 5 (cooling 

unit analysis) probably best estimates the mean direction/pole and the precision with 

which that mean is known. 
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TABLE 7: MEAN DIRECITON/poLE DATA FOR EACH RANGE 

Range Mean Directions and Statisti~ 

1m Dm 
Range (0) CO) N R kJ kr kh kr kw ku 

Black Mtns (N) 45.7 18.3 2 1.97 9.8 31.8 63.6 127.3 95.5 570.6 
Black Mtns (R) -68.7 192.4 8 7.86 30.6 50.7 57.9 69.3 59.8 110.5 
Black Mtns (C) 64.2 14.3 10 9.70 28.7 30.2 33.5 38.8 35.7 88.5 
Cerbat Mtns (N) 54.9 8.0 12 11.81 23.6 56.9 62.0 70.8 67.2 65.0 
Cerbat Mtns (R) -33.4 173.7 7 6.99 13.3 673.9 786.2 983.1 787.8 53.7 
Cerbat Mtns (C) 47.1 1.4 19 18.42 21.4 31.2 32.9 353 32.9 30.5 
Clipper Mtns 75.2 357.0 9 8.41 36.8 13.6 15.3 18.3 19.1 121.7 
Piute Range (N) 46.9 7.0 7 6.98 17.5 316.8 369.6 472.9 907.1 69.2 
Piute Range (R) -50.9 152.6 5 4.81 17.0 20.6 25.7 34.5 30.8 96.8 
Piute Range (C) 49.8 353.7 12 11.56 20.8 25.2 27.5 31.7 63.3 57.5 
Turtle Mtns 43.9 1.1 10 9.97 17.6 327.2 363.6 419.6 383.8 54.2 
White Hills 68.2 1.9 12 11.97 33.2 435.5 475.0 531.4 514.6 91.5 

(Continued on next page) 
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TABLE 7-COntinued 

Range Mean Directions and Statistics 

1m Dm Ct 9S 
Range (0) (0) N R kl kr kh kr kw ku (0) s x: ~ 

Castle Dome Mtns 53.9 0.7 19 18.88 25.1 150.2 158.5 173.2 216.7 35.7 2.7 6.6 37.3 8.4 
Del Bac Hills -29.5 170.3 4 3.98 10.5 192.5 256.6 395.1 320.8 80.9 6.6 5.8 4.2 2.0 
Gila Bend Mtns -26.5 201.8 8 7.81 12.5 36.7 41.9 51.5 76.8 45.3 9.3 13.4 1.0 5.5 
Growler Mtns (N) 56.0 348.0 11 10.95 23.7 202.4 222.6 254.2 237.4 68.5 3.2 5.7 2.5 4.8 
Growler Mtns (R) -37.9 177.6 10 9.84 15.7 55.3 61.4 70.0 61.6 48.4 6.6 10.9 4.9 10.4 
Growler Mtns (C) 47.5 353.4 21 20.50 21.9 39.9 41.8 44.6 44.6 30.7 5.1 12.9 3.9 10.7 
Kofa Mtns (W) 50.6 13.3 3 3.00 13.8 1898.3 2847.5 4490.8 3419.5 184.5 2.8 1.9 3.5 3.0 
Kofa Mtns (R) -28.1 198.6 4 3.96 10.3 75.9 101.2 143.4 109.1 79.4 10.9 9.3 2.1 2.0 
Kofa Mtns (C) 37.8 16.7 7 6.82 14.4 34.1 39.7 48.7 44.8 57.8 10.5 13.9 1.9 5.9 
LittleAjo 31.6 349.8 20 19.90 16.2 190.4 200.4 216.5 224.4 22.9 2.4 5.9 3.5 13.6 
Parker Area 39.8 345.9 7 6.89 14.9 55.3 64.5 83.7 165.5 59.9 8.2 10.9 17.3 4.1 
Plomosa Mtns -49.1 148.8 9 8.98 19.2 357.7 402.3 477.9 433.9 63.6 2.7 4.3 1.8 3.7 
Sauceda Mtns (N) 42.2 342.6 1 1.00 
Sauceda Mtns (R) -40.4 153.5 10 9.67 16.5 27.6 30.7 35.2 33.7 50.6 9.4 15.5 5.1 21.2 
Saudeda Mtns (C) 40.6 334.3 11 10.67 16.9 30.0 33.1 37.6 36.1 48.7 8.5 14.8 2.6 17.9 

(Continued on next page) 
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TABLE 7-COntinued 

Range Mean Poles and Statistic; 

Lat Long U9S 

Range (0) (0) N R kl kr kh kr kw ku (0) s ~ Xi 

Black Mtns (N) 72.2 356.4 2 1.95 8.6 20.5 40.9 81.9 61.5 614.4 58.3 7.9 2.3 4.0 
Black Mtns (R) -69.0 86.5 8 7.74 9.2 26.9 30.8 36.8 31.4 44.6 10.9 15.6 3.4 5.5 
Black Mtns (C) 72.6 278.6 10 9.52 12.6 18.6 20.6 23.8 20.8 51.7 11.5 18.9 4.9 8.0 
Cerbat Mtns (N) 82.8 326.9 12 11.70 16.6 39.1 47.6 48.7 46.2 55.8 7.0 13.0 3.1 5.0 
Cerbat Mtns (R) -72.1 265.6 7 6.99 19.1 642.8 747.9 951.8 1824.6 90.5 2.4 3.2 7.3 2.4 
Cerbat Mtns (C) 84.0 43.9 19 18.40 18.3 29.1 30.6 32.9 31.3 31.8 6.3 15.1 1.5 1.5 
Clipper Mtns 59.7 241.9 9 7.77 9.5 6.5 7.3 8.7 8.7 38.1 21.9 32.5 1.3 3.7 
Piute Range (N) 80.8 22.5 7 6.98 14.8 362.1 422.4 5313 567.6 72.6 3.2 4.2 1.1 2.4 
Piute Range (R) ,68.2 334.1 5 4.70 13.2 13.6 17.0 22.5 20.4 91.4 21.5 22.2 0.7 10.6 
Piute Range (C) 83.4 114.7 12 11.30 16.6 16.6 18.1 20.9 45.8 55.8 11.0 20.2 8.7 8.0 
Turtle Mtns 81.4 58.9 10 9.97 16.2 334.8 372.0 427.1 359.5 60.7 2.6 4.4 2.7 0.8 
White Hills 74.1 249.9 12 11.90 10.0 177.5 193.6 217.3 209.8 37.4 3.3 6.0 3.8 1.0 

(Continued on next page) 
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Lat Long 
Range (0) CO) N R 

Castle Dome Mtns 88.1 271.0 19 18.82 
Del Bac Hills -71.3 279.7 4 3.99 
Gila Bend Mtns -62.7 195.9 8 7.80 
Growler Mtns (N) 79.0 183.8 11 10.93 
Growler Mtns (R) -78.9 258.7 10 9.79 
Growler Mtns (C) 83.2 135.2 21 20.48 
Kofa Mtns (N) 78.7 337.7 3 3.00 
Kofa Mtns (R) -65.6 197.2 4 3.97 
Kofa Mtns (C) 72.0 7.0 7 6.90 
LittleAjo 72.2 101.2 20 19.91 
Parker Area 74.7 121.3 7 6.89 
Plomosa Mtns -63.4 337.1 9 8.98 
Sauceda Mtns (N) 72.7 133.9 1 1.00 
Sauceda Mtns (R) -65.5 324.9 10 9.83 
Sauceda Mtns (C) 66.2 144.2 11 10.82 

TABLE 7-COotinued 

Range Mean Poles and Statistics 

kl k f kb kr kw ku 

18.1 97.4 102.8 112.7 156.6 31.4 
15.9 225.4 300.6 467.2 458.1 144.2 
21.9 35.5 40.5 49.9 74.6 95.5 
163 139.2 153.1 1743 160.2 57.2 
20.8 42.5 47.2 53.9 47.4 75.6 
18.6 38.2 40.1 42.8 41.4 31.8 
10.8 1437.8 2156.8 3474.8 2382.1 175.5 
15.9 115.8 154.4 214.2 184.1 144.2 
19.1 58.1 67.8 . 81.9 723 90.5 
23.8 222.0 233.7 253.0 280.7 39.6 
19.1 53.4 623 80.5 149.1 90.5 
15.6 352.3 396.2 471.4 451.5 62.7 

20.8 52.5 58.4 66.7 64.2 75.5 
21.3 55.4 60.9 68.9 66.4 72.3 

(Continued on next page) 
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TABLE 7-Explanation 

1m and Dm are the mean inclination and declination, respectively. 
Lat and Long are the mean pole latitude and longitude, respectively. 
N is the number of flows used in calculating the mean direction/pole. 
R is the length of the resultant vector [Fisher, 1953]. 
kl is the lower test statistic of McFadden [1980b] (see text for discussion). 
kr is the Fisher [1953] estimate of kappa for the data set. 
kh is the maximum likelihood estimate of kappa for the data [McFadden, 1980a]. 
kr is the robust estimator of kappa [Fisher, 1982]. 
kw is a winsorized estimated of kappa [Fisher, 1982]. 
ku is the upper test statistic of McFadden [1980b] (see text). 
a9S is the radius of the circle of 95% confidence about the mean [Fisher, 1953]. 
s is the angular standard deviation, as in equation 7. 
X; and ~ are the observed chi-square values for the radial density and azimuthal symmetry of the data, respectively. 
Critical chi-square for 99% confidence is 9.77; 95% = 5.99; 90% = 4.61; 75% = 2.77; 50% = 1.39. 
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Cerbat Mountains 

Several features of the Cerbat Mountains site mean direction set suggest inade

quate time averaging of the geomagnetic field. The Fisherian (at> 75% confidence) set 

of reverse polarity directions has been drawn from a population whose dispersion is 

very much less than expected using McFadden's [1980bJ test (Table 7). The normal 

polarity directions are marginally (only at 99% confidence) Fisherian and pass McFad

den's [l980bJ test only if the Fisher kf is used. If kr or kw estimates are used, the 

test implies insufficient secular variation averaging during normal polarity (i.e., the 

dispersion is too low). This illustrates a useful aspect of using different estimators for 

the precision parameter of the data. The fact that McFadden's [1980bJ test is passed 

using the Fisher k f and failed using the robust and winsorized estimators indicates that 

most of the dispersion in the. data comes from one or two outlying directions. The 

combined data are grossly non-Fisherian at 99% confidence, and not surprisingly, the 

data do not pass the reversals test at 95% confidence using the test of McFadden and 

Lowes [1981J. 

A somewhat different picture emerges when the site mean VGPs are analyzed. 

The reverse polarity VGPs show too little dispersion to infer adequate averaging of 

secular variation. The normal polarity VGPs are Fisherian at 95% confidence and pass 

both McFadden's [1980bJ one-tailed tests. Thus, we have no reason to reject the hy

pothesis that the normal polarity VGPs adequately average secular variation at 95% 

confidence. However, the data again fail the reversals test using McFadden and Lowes 

[1981 J test at the 95% confidence level. The combined polarity data is Fisherian at 

confidence levels >75% probably owing to the fact that the elliptical distribution in 

direction space becomes more circular in pole space. Additionally, the combined set of 

VGPs also appears to adequately average the secular variation using kf but not using 

kr • We are thus hesitant to claim that the combined set of VGPs from the Cerbat 
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Mountains yields a paleomagnetic pole, as the data do not pass the reversals test. 

This failure is most likely the result of inadequate averaging of secular variation, al

though bias in the data due to groups of flows that record the same geomagnetic field 

may have some effect as well. 

Because we are confident of our magnetic cleaning techniques, we feel that the 

failure of the data to pass the reversals test is not the result of incomplete removal of 

secondary magnetic components. It is clear that the reverse polarity VGPs do not 

have enough dispersion to have averaged the secular variation of the geomagnetic field 

while the field was in reverse polarity. It is thus to be expected that the mean re

verse polarity VGP may not be antiparallel to the mean normal pole. The reversal test 

of the cooling unit data may not be meaningful as the number of reverse polarity flows 

reduces to only two cooling units. Since we cannot perform the reversals test using 

the cooling unit data, we cannot easily distinguish between inadequate secular variation 

averaging and bias due to oversampling the same field direction by a group of flows. 

However, it is clear that the site mean directions/VGPs have not averaged secular 

variation while the field was in reverse polarity. We are thus inclined to attribute the 

failure of the reversals test to inadequate averaging of secular variation. 

The 19 flow mean directions reduce to nine cooling unit directions/VGPs. The 

combined polarity cooling units directions are Fisherian and pass both McFadden's 

[1980b] one-tailed tests for secular variation averaging (see Table 8). The combined 

polarity cooling unit VGPs are distributed more "Fisherianly" than are the directions 

and also pass the secular variation averaging tests. We are reluctant, however, to 

assign paleomagnetic pole status to the mean pole of the Cerbat Mountains cooling 

units because of the failure of the data to robustly pass the reversals test in site mean 

analysis. 
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TABLE 8: CERBAT MOUNfAINS MEAN COOLING UNIT DIRECIIONS/poLES AND 5rATISTICS 

Direction Space 

1m Dm CL 9S 
(0) (0) N R k( kf kb kr kw ku (0) ~ ~ 

Outliers present 47.3 1.0 9 8.8 18.5 39.5 44.4 51.8 45.9 61.2 8.3 2.4 5.0 
Outliers removed 45.5 359.4 8 7.9 17.3 44.9 51.4 60.8 57.8 62.4 8.4 6.6 5.5 

Pole Space 

Lat Long CL9S 
(0) (0) N R k( k f kb kr kw ku (") ~~ 

Outliers present 87.3 48.6 9 8.7 15.6 29.6 33.3 38.9 35.8 62.7 9.6 2.9 1.0 
Outliers removed 84.8 37.4 8 7.8 15.1 35.3 40.3 48.4 45.4 66.5 9.5 0.7 1.0 

Parameters are as in Table 7. 

-.J 
N 
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Clipper Mountains 

It is unlikely that either site mean directions or YGPs in the Clipper Mountains 

adequately average secular variation. The distribution of directions are Fisherian only 

at 99% confidence, not at 95%. The YGPs are Fisherian at greater than 90% con

fidence. For all sample kappa estimates, ke' the dispersion of both directions and 

YGPs is too high to be accounted for by secular variation alone. The extra source of 

dispersion is most likely the result of partially recording an excursion or polarity tran

sition of the geomagnetic field. Several site mean YGPs fall near the present latitude 

and longitude of the Clipper Mountains. Dismissing large tectonic transport of the 

range, it is fairly improbable for an ordinary Miocene geomagnetic field to have pro

duced such YGPs except during times of excursion or polarity transition. Care was 

taken to collect samples from the massive portions of the flows, so it is also unlikely 

that these anomalous YGPs are the result of sampling flow rubble that may have tum

bled in its own or subsequent flow. Whether or not all the directions/YGPs in the 

Clipper Mountains record a magnetic excursion is unknown, and we deal with this 

problem later. The nine flow mean directions reduce to seven cooling units (see Table 

3). The distribution and secular variation analysis is similar to that for the flow data. 

That is, the cooling units in either direction or pole space are too dispersed to be 

accounted for by secular variation alone. In short, we do not believe that the direc

tions/YGPs from the Clipper Mountains yield a paleomagnetic pole. 

Colton Hills 

Only one flow was sampled in this range, and this was the Hole-in-the-Wall tuff 

of McCurry [1982]. Since a single flow direction cannot be evaluated for secular 

variation averaging, we have omitted it from the listings in Table 7. 
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Plute Range 

It is unlikely that the mean directions/YGPs adequately average secular variation 

in the Piute Range. The normal polarity distribution of directions is Fisherian at >75% 

confidence but has too little dispersion to have adequately averaged secular variation. 

The reversed polarity directions, although dispersed enough, are grossly non-Fisherian. 

The combined set of directions is not robustly Fisherian, although both of McFadden's 

[I980b] tests are passed using any estimate of ke except the winsorized estimator kw, 

again suggesting that much of the dispersion is due to the presence of a few outliers. 

Indeed, inspection of Figure 6 confirms this suggestion. The result is similar for the 

data set of site mean YGPs. Additionally, the reversals test fails at the 99% level. As 

in the case of the Cerbat Mountains, ~e do not believe this failure is the result of 

unremoved components of secondary magnetization. In this case also, we believe that 

the failure is a result of inadequate averaging of secular variation. The lack of dis

persion in the normal polarity directions/YGPs infers that the flows did not record 

enough time while the geomagnetic field was of normal polarity to have averaged secu

lar variation. 

The 12 site mean directions reduce to only four cooling units (see Table 3). We 

believe this number is insufficient to evaluate secular variation in the cooling unit data 

set. In summary, we do not believe that the directions/YGPs in the Piute Range yield 

a paleomagnetic pole. 

Growler Mountains 

Site mean directions/YGPs in the Growler Mountains also do not yield a 

paleomagnetic pole. The Fisherian set of normal polarity directions is not dispersed 

enough to claim adequate secular variation averaging using any k estimator. Reversed 

polarity directions are grossly non-Fisherian in azimuthal distribution and not dispersed 
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enough to account for secular variation. Not surprisingly. the normal polarity 

directions and antipodes of the reverse polarity directions are different at >99% 

confidence. The combined directions are still not dispersed enough to claim secular 

variation averaging and are still non-Fisherian at >99% confidence. The situation is 

similar for the set of site mean VGPs. 

Reduction of the directions to cooling units yields three reverse polarity and five 

normal polarity cooling units. The small number of reverse polarity cooling units in

validates secular variation testing within that polarity. The five normal polarity unit 

directions again are not dispersed enough to claim secular variation averaging. The 

combined data are non-Fisherian at >97% confidence, and again the data fail the rever

sals test, although they pass both McFadden's [I980b] inference tests. The analysis is 

similar for VGPs. Consequently, we believe that the Growler Mountains paleomagnetic 

data yield a mean VGP at best. 

Kofa Mountains 

Site mean directions/VGPs do not likely average secular variation in the Kofa 

Mountains. The three normal polarity flow directions are Fisherian but are not nearly 

dispersed enough to have averaged secular variation. The same is true for the four 

reverse polarity directions. The normal and reverse polarity directions are not an

tiparallel at >99% confidence. Thus, although the combined polarity directions pass 

both McFadden's [I980b] inference tests, the mean direction/pole is not likely a paleo

magnetic pole. Analysis of the site mean VGPs is similar. 

Reduction of the flow mean directions yields only two cooling unit directions, 

which cannot be meaningfully tested for secular variation averaging. Thus, the mean 

pole for the Kora Mountains is still a VGP. 
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Sauceda Mountains 

It is unlikely that flow mean directions/VGPs in the Sauceda Mountains adequately 

average the secular variation of the geomagnetic field. Only one normal polarity flow 

direction is observed, making any reversals test inappropriate. The ten reverse polarity 

flows are grossly non-Fisherian in their azimuthal distribution, rendering the secular 

variation inference tests of McFadden [1980b] potentially inappropriate. Thus, although 

the estimators of the precision parameter of the data fall within the limits predicted 

for a set of directions that adequately averages geomagnetic secular variation, it is 

inappropriate to consider the mean pole from the Sauceda Mountains a paleomagnetic 

pole. The analysis is similar for the site mean VGPs. 

Reduction of the flow mean directions to cooling units yields only four distinct 

dire~tions, rendering secular variation analysis meaningless for this data set. 

Consequently, we consider the mean pole of the Sauceda Mountains a VGP. 

Other Ranges 

In the Turtle Mountains, White Hitts, Castle Dome Mountains, Del Bac Hills, Gila 

Bend area, Little Ajo Mountains, Parker area, and Plomosa Mountains, in either direc

tion space or in pole space, there is not nearly enough dispersion to claim that the 

site mean directions/VGPs adequately average the secular variation of the geomagnetic 

field. Reduction to cooling units yields (see Table 3) an insufficient number within 

each range for secular variation hypothesis testing. Additionally, each of these sec

tions contain only one polarity. It is thus unlikely that any of these ranges yields a 

paleomagnetic pole. 

Discussion of Range Results 

Within each range, either or both the dispersion and distribution of direc

tions/VGPs are insufficient to claim that geomagnetic secular variation will be 
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adequately averaged out in the process of calculating a mean direction/pole. 

Therefore, we cannot use the results from any individual range to draw conclusions 

regarding their tectonic motion. Consequently, we have merged the direction/VGP data 

into a single set and analyze the region as if it were a single tectonic domain. 

Unfortunately, possible differences in tectonic motion between ranges will be 

undetectable in this analysis. This limit of resolution, however, is a function of the 

episodic record of volcanic extrusion in this area. 

We use three ways to approach the problem of merging the data for the entire 

Mojave-Sonora desert region. The first is to simply merge the entire set of site mean 

directions/VGPs into a single data set. It must be noted, however, that the statistics 

regarding the shape and dispersion of the distribution of directions or VGPs assume 

that each direction/VGP is an independent variable. We have shown in Figures 6 

and 7, in Tables 3 and 4, and in the discussion of the previous section that many of 

the directions/VGPs are, in fact, not independent. That is, many flows appear to re

cord the same direction of the geomagnetic field owing to their rapid extrusion. Con

sequently, although we present statistics regarding the shape and dispersion of the 

combined set of site mean dhections/VGPs, we believe these statistics are not mean

ingful because N is artificially too high. The confidence parameters will overestimate 

the precision by which we know the mean directions/poles in such a data set. We 

present these statistics for scientific completeness in that they are based on the raw 

data. In contrast to the presentation of the within-range data, we do not attempt to 

discuss the regional site mean direction/VGP data sets in detail. 

A second approach is to merge the set of cooling unit directions/VGPs into a 

single regional data set. This presumably eliminates the problems associated with the 

merged site mean data and the confidence parameters should better estimate the preci

sion by which we know the mean directions/VGPs. A third method of combining the 
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data makes use of the observation that directions/VGPs in each range when averaged 

still yield only a VGP. Given the span of isotopic dates among the ranges, it is un

likely that any of the sections within each range is temporally correlative with any of 

the others. Thus, the range mean VGPs (calculated from the cooling units within each 

range) is almost certainly an independent reading of the Miocene geomagnetic field. 

Thus the combined set of range mean VGPs may also be analyzed. This analysis is the 

most conservative. Reduction of the data in this manner yields confidence parameters 

that will most likely underestimate the precision with which we know the mean direc

tion/pole. Range mean VGPs are probably not well suited for secular variation testing, 

as they inherently average some real dispersion that is likely due to actual secular 

variation. This violates the requirement that each VGP records an independent position 

of the geomagnetic field. It should be emphasized, however, that only the statistical 

parameters of the dispersion and shape of the distribution changes with the reduction 

of data into cooling unit or range mean data sets. As is shown in Figure 10, the mean 

direction/pole derived from the analysis of site means is virtually identical to those 

derived from the cooling unit or range mean analysis. Only the confidence regions and 

distribution shape change. In short, we are not "creating" directions in the process of 

our statistical analysis. 

The merged set of site mean and cooling unit mean directions/VGPs are plotted in 

Figures 7 and 8, respectively. The mean direction/VGP of each range calculated from 

the cooling units within each range is listed in Table 5 and plotted in Figure 9. We 

have reapplied McFadden's [1980b] tests for averaging of secular variation to each of 

these three new data sets in pole space. Statistics for these latter tests are listed in 

Table 9. As previously mentioned, we make no attempt to discuss the merged set of 

site mean directions/VGPs or range mean directions VGPs. In addition, we discuss only 

the statistics and mean poles of the remaining data sets of VGPs, not directions. We 
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TABLE 9: ALL REGIONAL MEAN POLES AND STATISTICS 

Lat Long (195 

Polarity (ON) (OE) N R k) kc kb kr kw ku CO) s ~ ~ 

Site Mean Poles 
Normal 88.2 160.8 113 107.5 22.1 20.4 20.6 20.9 28.1 31.2 3.0 18.2 68.3 15.3 
Reversed -81.4 291.1 66 60.8 21.4 12.5 12.7 12.9 14.1 31.6 5.2 23.3 6.7 7.8 
Combined 86.1 124.0 179 167.9 22.7 16.1 16.2 16.4 17.3 31.1 2.7 20.4 23.3 10.1 

With outliers removed (n = 10, r = 12, c = 7): 
Normal 87.6 105.5 103 tOO. 1 21.9 35.4 35.7 36.3 36.1 31.2 2.4 13.7 12.3 12.1 
Reversed -77.7 292.3 54 51.6 27.0 21.9 22.4 22.9 22.8 39.4 4.2 17.3 18.2 14.2 
Combined 85.7 114.8 172 163.6 22.7 20.4 20.5 20.7 20.6 31.1 2.4 18.1 4.9 7.2 

Cooling Unit Mean Poles 
Normal 87.6 165.5 44 40.8 20.3 13.8 14.1 14.6 21.9 31.2 6.0 22.2 23.3 3.7 
Normal* 85.4 101.3 37 35.7 19.8 27.4 28.1 29.3 31.4 31.2 4.6 15.6 7.5 2.4 
Reversed -80.3 295.8 21 19.3 18.6 11.6 12.1 13.1 15.2 31.8 9.8 24.2 7.3 7.9 
Reversed* -76.7 320.1 17 15.9 17.9 15.1 21.1 17.5 16.9 31.9 9.5 21.1 2.1 5.2 
Combined 85.6 132.5 65 60.0 21.1 12.8 13.0 13.4 14.9 31.2 5.1 23.0 14.5 10.6 
Combined* 83.1 123.2 54 51.5 20.7 20.8 21.2 21.8 21.9 31.2 4.3 17.9 4.8 6.4 

With outliers removed (n = 8, r = 3, c = 5); outliers removed for without Clipper or synthetics analysis: n = 2, r = 1, c = 3): 
Normal 86.2 98.2 36 34.9 19.8 32.6 33.5 34.8 34.4 31.3 4.2 14.3 7.4 2.3 
Normal* 85.6 103.0 35 34.0 19.7 33.9 34.9 36.4 35.9 31.2 4.2 13.9 2.9 1.9 
Reversed -78.3 293.3 18 17.1 18.2 18.8 19.8 21.4 20.9 31.8 8.2 18.8 6.9 5.3 
Reversed* -75.0 313.4 16 15.2 17.7 18.2 19.3 21.2 20.5 51.3 8.9 19.2 1.8 5.8 
Combined 85.5 108.9 60 56.9 20.9 18.8 19.1 19.5 19.4 31.2 4.4 18.9 3.4 8.0 
Combined* 82.6 118.9 51 49.1 20.8 25.7 26.3 27.0 26.8 31.6 4.0 16.05 4.5 5.4 

Ran~ Mean Unit Poles 
Normal 86.1 98.8 16 15.2 17.5 19.3 20.5 22.6 22.3 50.6 8.6 18.6 0.7 3.5 

With one outlier removed: 
Combined 85.3 126.4 15 14.4 17.4 23.4 25.0 27.5 26.7 51.7 8.1 16.9 2.5 3.8 

Parameters are as in Table 7. -.J 
\0 
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do this to both eliminate bias of the inclination data due to the large geographic dis

tribution of the data in the Mojave-Sonora desert region and for reasons outlined in 

Chapter 5. 

Regional Cooling Unit Paleomagnetic Analysis 

Ordered-value plots [Lewis and Fisher, 1982] (see Figure 13) are generally linear 

but polluted by a few outlying points, indicating generally Fisherian distributions with 

a few anomalous VGPs. Eight normal polarity outliers, three reverse polarity outliers, 

and five outliers in the combined polarity set were detected using this method. The 

distribution tests of McFadden [1980a] (see Table 9) confirm these observations. The 

x2 tests reveal Fisherian distributions at the 99% confidence level after outliers are re

moved and non-Fisherian distributions at 99% confidence with outliers present. The 

mean poles calculated for the data with the outliers removed are not statistically dif

ferent from those calculated with outliers present at all confidence levels greater than 

90%. 

The total (outliers included) normal polarity VGP data shows more dispersion than 

is expected for a time-averaged data set using all k estimators except the winsorized 

kw. After removal of outlying normal polarity VGPs, these data are not dispersed 

enough using any estimate of the data's precision parameter. In normal polarity, then, 

it seems that the cooling unit VGPs distributed throughout the Mojave-Sonora region 

do not adequately average the secular variation of the geomagnetic field. It is inter

esting to note that the outliers all come from the Clipper Mountains. We noted earlier 

that it was likely that the Clipper flows had recorded an excursion or polarity transi

tion of the geomagnetic field. This seems the most likely source of the extra disper

sion in the data set without removal of these outliers. 
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Figure 13. Ordered-value plots of cooling unit YGP data for the entire Mojave-Sonora 
Desert region in a) normal polarity. b) reverse polarity. and c) combined polarities. 
Outlying points are marked with small arrows. 
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Figure 13. Ordered-value plots of VGPs for the Mojave-Sonora Desert region (cont.). 
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Figure 13. Ordered~value plots of VGPs for the Mojave~Sonora Desert region (cont.). 
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Reverse polarity YGPs fit a Fisher distribution at 99% confidence but show more 

dispersion than can be accounted for by secular variation alone. Removal of outliers 

improves the fit to a Fisher distribution and reduces the dispersion to a level where an 

adequate averaging of secular variation may be accepted at 95% confidence. Again 

removal of the outliers does not significantly change the mean pole. The outlying 

YGPs of the reverse polarity data come from the Gila Bend area. These YGPs were all 

determined using principal component analysis, as the specimens contained a strong 

IRM component that masked the primary component. It is possible that these syntheti

cally determined directions are not good estimators of the geomagnetic field direction 

at the time they formed but rather contain some component of the secondary IRM 

directions. Thus, the extra source of dispersion in the YGP data for the region may 

be related to unremoved secondary components in the lightning-struck rocks of the 

Gila Bend area. 

The antipode of the reverse polarity mean pole is about 8° from the normal 

polarity mean pole but may be accepted as statistically identical at any confidence 

level greater than 80% using the test of McFadden and Lowes [1981]. With outliers 

removed, the reversals test is passed at any confidence level greater than 90%. The 

angular distance between poles is again about 8°. It appears, then, that the hypothesis 

that the mean reverse polarity pole is antiparallel to the mean normal polarity pole 

cannot be rejected at confidence levels greater than 80% to 90% in spite of the small 

angular distance between them. 

The combined polarity YGPs are not Fisherian at the 99% confidence level when 

the outliers are included. Additionally, the YGPs are more dispersed than can be ac

counted for by secular variation alone using any estimator for kappa. Removal of 

outlying points does not significantly alter the mean pole but results in a Fisherian 

distribution at 99% confidence. Furthermore, the dispersion of YGPs with outliers 
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removed falls into the acceptable range of dispersion for a study which adequately 

averages secular variation. 

The outliers are essentially the same as described above, although several of the 

normal polarity outliers became "in line" with the combination of polarities. The 

sources of extra dispersion, then, are most likely due to the recording of a few 

anomalous VGPs probably due to magnetic excursions and the incomplete removal of 

lightning-induced IRM in a few other VGPs. Excluding these few anomalous poles 

yields dispersion similar to that which is expected using the 0-5 Ma geomagnetic field 

as a model. Thus, although other sources of dispersion such as small vertical-axis 

rotations between ranges or improper structural corrections cannot be completely 

discounted, they do not seem to be required to account for the dispersion in the 

Mojave-Sonora desert. These sources of dispersion should most likely produce an 

elliptical distribution in direction space elongated perpendicular to paleomeridian lines. 

Upon transformation to pole space, this elliptical distribution should become even more 

prolate perpendicular to the paleomeridian lines. Although some combination of 

vertical-axis rotation and incorrect structural correction could be concocted that could 

produce the observed dispersion, we prefer the simple explanation that the dispersion is 

simply due to normal secular variation of the geomagnetic field polluted by recording a 

few anomalous VGPs due to magnetic field excursions and incompletely removed 

lightning-strike magnetizations. 

Consequently, we have no reason to reject the idea that the mean pole from the 

combined polarity data is a paleomagnetic pole representative of the position of the 

Earth's rotation axis with respect to the Mojave-Sonora desert region during the Mio

cene (about 12-20 Ma). The position of this pole is 85.5°N, 108.9°E and has a 95% 

confidence cone of 4.4° radius (see Figure 27). 



CHAPTER 7 

DISCUSSION OF RESULTS 

We noted earlier that the failure of flow or cooling unit mean directions/VGPs to 

average secular variation renders distinction of directional discordances between in

dividual ranges meaningless. We have just discussed the analysis of the region as a 

whole and obtained a paleomagnetic pole. The Mojave-Sonora desert region, however, 

is quite large. It is possible that by analyzing the paleomagnetic data for this entire 

region, we have averaged out important distinctions in directions that may be as

sociated with subregions. Indeed, initial collection was guided by the idea that there 

may be a distinct discordance from the region originally collected by Calderone and 

Butler [1984]. To test for such potential internal differences in paleomagnetic direc

tions/VGPs, we have divided the region into two subregions: (I) the southern sub

region of southwestern Arizona; and (2) the northern subregion of northwestern Ari

zona and southeastern California. The two subregions overlap in the area of the 

Turtle and Buckskin Mountains (Parker area). It should be noted that the results of 

this comparison are essentially the same whether the Turtle and Buckskin Mountains 

are grouped together in either the north or south subregion, or are split into different 

subregions. 

Tables lOa and lOb show the mean directions/poles and their attendant statistics 

for the northern subregion. Figures 14, 15 and 16 show the distribution of site, cool

ing unit and range mean directions/VGPs respectively for the northern subregion. 

Tables 11 a and 11 b show the mean directions/poles for the southern subregion. Figures 
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TABIE lOa: NORTHERN REGIONAL MEAN DIRECTIONS AND STATISTICS 

1m Dm (l95 

Polarity (0) (0) N R kJ kr kb kr kw ku (0) s x: X; 

Site Mean Directions 
Normal 57.8 4.6 52 50.0 31.5 25.6 26.1 26.8 28.2 39.1 4.0 16.2 10.4 12.6 
Normal* 54.4 5.2 43 42.0 28.3 44.9 46.0 47.5 43.4 35.9 3.3 12.1 10.7 12.4 
Reversed -53.0 174.0 21 19.7 24.8 15.5 16.3 17.5 16.3 34.8 8.3 20.0 1.2 6.7 
Combined 56.6 1.3 73 69.5 31.5 21.1 21.4 21.8 22.6 37.8 3.7 17.8 6.4 5.1 
Combined* 54.0 1.6 64 61.7 29.3 27.2 27.6 28.2 29.7 35.6 3.5 15.7 7.9 13.6 

With outliers removed (n = 3, r = 3, c = 4); outliers removed without Clipper Mountains data (n = 4, r = 3, C = 3): 
Normal 56.3 6.2 49 47.6 30.2 34.9 35.5 36.6 36.3 37.8 3.5 13.8 5.1 14.5 
Normal* 53.2 5.1 39 38.3 27.2 51.5 52.8 54.8 54.2 34.9 3.2 11.3 7.9 10.3 
Reversed -51.3 179.5 18 17.1 23.3 20.7 21.9 23.8 23.2 33.6 7.8 17.9 4.8 18.0 
Combined 55.9 4.1 69 66.5 30.8 26.9 27.4 27.9 27.8 37.2 3.3 15.7 5.1 10.0 
Combined* 53.5 3.5 61 59.2 28.8 33.4 33.9 34.8 34.5 35.1 3.2 14.1 1.9 14.3 

Cooling Unit Mean Directions 
Normal 57.3 4.8 24 22.8 28.2 18.8 19.6 20.9 23.1 38.7 7.0 18.9 22.5 3.5 
Normal* 51.3 5.7 17 16.6 23.0 46.4 493 53.8 49.7 33.6 5.3 11.9 0.9 1.0 
Reversed -52.0 173.8 7 6.6 19.4 14.6 16.9 21.2 19.4 77.7 16.4 21.4 1.3 0.7 
Combined 56.2 2.1 31 29.3 28.4 17.8 18.3 19.3 20.3 37.6 6.3 19.4 1.3 2.9 
Combined * 51.6 2.4 24 23.2 24.5 28.8 30.1 32.1 34.8 33.7 5.6 15.2 2.8 4.0 

With outliers removed (n = 1, r = 1, C = 2); outliers removed for without Clipper Mountains analysis (n = 1, r = 0, c = 1): 
Normal 56.5 8.1 23 22.1 27.5 24.8 25.9 27.8 27.2 38.1 6.2 16.4 0.7 5.4 
Normal* 50.1 5.9 16 15.7 22.2 51.5 55.3 60.7 58.7 52.6 5.2 11.3 1.7 2.0 
Reversed -51.7 1823 6 5.8 18.4 21.1 25.3 33.0 29.5 853 14.9 17.7 3.4 8.0 
Combined 55.6 6.8 29 27.8 27.8 24.4 25.3 26.7 26.2 37.0 5.5 16.5 3.1 3.4 
Combined* 51.4 4.9 23 22.4 24.3 37.6 39.3 42.0 41.1 33.5 5.0 13.2 0.4 3.4 

Range Mean Directions 
Combined 56.5 3.8 7 6.9 21.6 41.5 48.4 59.1 50.1 86.9 9.5 12.6 3.6 4.1 

With one outlier removed (the Clipper Mountains): 
Combined 53.8 4.1 6 5.9 19.3 51.2 61.5 77.8 71.7 89.8 9.4 11.3 2.9 4.0 

00 

Parameters are as in Table 7. ~ 
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TABLE lOb: NORTIlERN REGIONAL MEAN POLES AND SfATISTICS 

Lat Long a 95 
Polarity eN) (OE) N R kJ kr kb kr kw ku e) s ~ ~ 

Site Mean Poles 
Normal 83.3 276.7 52 48.7 16.3 15.7 16.1 16.5 19.5 26.7 5.1 20.8 23.2 8.9 
Normal* 85.4 318.7 43 41.8 20.2 36.7 375 38.8 37.6 31.2 3.6 13.4 8.4 14.4 
Reversed -85.9 000.9 21 19.3 18.4 11.5 12.1 12.9 12.6 31.4 9.8 24.2 0.5 9.6 
Combined 85.2 262.9 73 67.8 21.3 14.1 14.3 14.6 16.5 31.2 4.6 21.9 16.5 6.6 
Combined* 87.7 297.1 64 60.9 21.7 20.8 21.2 21.7 22.2 31.2 4.0 17.9 9.2 9.8 

With outliers removed (n ,.. 4. r = 3, C = 6); outliers removed for without Clipper Mountains analysis (n = 2, r = 1, C = 1): 
Normal 84.1 305.1 48 46.3 20.4 27.5 28.1 28.9 28.7 31.5 4.0 15.5 7.1 21.5 
Normal$ 85.5 316.1 41 40.0 20.1 40.6 41.6 43.0 42.6 31.2 3.5 12.8 7.9 17.4 
Reversed -89.5 165.5 18 17.0 17.9 17.3 19.6 19.9 19.3 31.4 8.5 19.6 1.3 15.3 
Combined 85.3 300.6 67 64.1 21.2 225 22.9 23.4 23.2 31.2 3.7 17.2 6.6 17.6 
Combined* 87.0 305.6 63 60.4 21.0 23.7 24.0 24.6 24.4 31.2 3.8 16.8 10.6 9.8 

Cooling Unit Mean Poles 
Normal 83.5 280.8 24 21.9 14.8 10.9 11.4 12.2 16.2 27.1 9.4 25.1 20.9 8.5 
Normal* 84.6 357.7 17 16.6 17.8 37.1 395 43.2 40.7 31.5 5.9 13.3 3.7 5.2 
Reversed -86.0 333.0 7 6.4 14.6 10.4 12.2 15.3 14.7 71.6 19.6 25.4 1.7 2.4 
Combined 85.5 271.6 31 28.3 19.4 10.9 11.3 11.9 15.3 31.3 8.2 25.0 14.5 5.2 
Combined* 87.0 006.8 24 22.9 18.7 21.5 225 24.1 27.1 31.3 6.5 17.6 24.8 4.0 

With outliers removed (n = 3, r :::: 1, C = 4); outliers removed for without Clipper Mountains analysis (n = 1, r = 0, C = 1): 
Normal 82.8 328.6 21 20.2 18.4 23.9 25.1 27.1 26.3 31.4 6.6 16.7 3.7 5.6 
Normal* 85.9 005.4 16 15.6 17.5 43.8 46.7 51.3 49.7 50.6 5.6 12.3 1.3 5.0 
Reversed -87.3 160.2 6 5.7 14.0 17.6 21.2 27.7 24.7 39.2 16.4 19.4 2.7 4.0 
Combined 83.8 329.7 27 25.9 19.1 22.9 23.8 25.2 24.7 31.3 5.9 17.0 1.7 10.1 
Combined* 85.3 355.2 23 223 18.6 30.6 31.9 34.2 33.3 31.3 5.6 14.7 1.9 4.9 

Range Mean Unit Poles 
Combined 85.3 285.3 7 6.8 14.6 30.0 35.0 42.2 40.5 71.6 11.5 14.8 3.6 4.1 

With one outlier removed (the Clipper Mountains): 
Combined 86.4 331.3 6 5.9 14.0 38.7 465 58.4 54.3 79.2 10.9 13.0 2.9 4.0 

00 

Parameters are as in Table 7. 
00 
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Figure 14. a) Equal area projection of site mean directions from the northern sub
region. b) Northern hemisphere projection of YGPs from the northern subregion. 
Triangles are antipodes of southern hemisphere VGPs. 
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Figure 15. a) Equal area projection of cooling unit mean directions from the northern 
subregion. b) Northern hemisphere polar projection of cooling unit mean VGPs from 
the northern subregion. Triangles are antipodes of southern hemisphere VGPs. 
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Figure 16. a) Equal area projection of range mean directions from the northern sub
region. b) Northern hemisphere polar projection of range mean VGPs from the north
ern subregion. 



TABLE lla: SOUfHERN REGIONAL MEAN DIRECTIONS AND STATISTICS 

I Dm Cl9S 
Polarity (1 e) N R kl kr kh kr kw ku (0) s x: X! 
Site Mean Directions 

Normal 45.2 352.8 61 59.38 23.8 36.9 37.6 38.4 38.4 29.1 3.0 13.4 5.08 26.8 
Reversed -38.8 173.8 45 42.1 20.3 15.2 15.5 16.0 17.3 25.8 5.6 21.0 4.4 15.7 
Combined 42.6 353.3 106 101.3 23.6 22.5 22.7 22.9 24.1 27.5 3.0 17.3 11.9 10.2 

With outliers removed (n = 7, r = 4, c = 2): 
Normal 46.3 353.1 54 52.8 24.08 47.2 48.0 49.3 48.9 29.8 2.8 11.8 15.7 19.5 
Reversed -40.0 170.9 41 39.0 20.5 20.2 20.7 21.4 21.3 26.2 5.1 18.1 9.8 18.6 
Combined 42.8 352.2 104 99.98 23.7 25.6 25.9 26.2 26.1 27.6 2.8 16.1 5.1 15.7 

Cooling Unit Directions 
Normal 43.8 349.6 20 19.4 20.1 29.4 30.9 33.2 33.2 28.4 6.1 15.0 0.4 2.8 
Reversed -39.2 171.6 14 13.0 17.3 13.1 14.1 15.7 18.4 43.7 11.4 22.7 7.3 7.4 
Reversed* -42.0 159.8 10 9.65 16.9 25.4 28.2 32.7 28.0 52.2 9.8 16.2 1.9 3.2 
Combined 42.0 350.4 34 32.3 20.9 19.8 20.4 21.3 23.7 27.3 5.7 18.4 19.6 2.0 
Combined* 43.3 346.3 30 28.94 21.1 27.5 28.4 29.8 27.8 28.1 5.1 15.5 1.6 1.6 

With outliers removed (n = 2, r = 1, c = 1; outliers removed for without synthetics analysis: n = 2, r = 2, c = 2): 
Normal 43.4 350.5 18 17.5 19.6 37.5 39.7 43.0 41.9 28.3 5.7 13.2 6.9 1.3 
Reversed -39.6 167.1 13 12.4 17.2 18.7 20.3 22.6 21.8 45.3 9.8 18.8 4.3 6.9 
Reversed * -45.0 157.1 8 7.82 17.2 38.5 44.1 53.9 49.6 61.7 9.0 13.1 2.1 1.0 
Combined 42.2 348.6 33 31.7 20.9 24.4 25.2 26.3 25.9 27.4 5.2 16.5 3.9 1.7 
Combined* 44.6 347.9 28 27.16 21.5 32.0 33.23 34.9 34.4 28.8 4.9 14.4 1.1 4.5 

Range Mean Unit Directions 
Normal 40.5 354.1 9 8.6 16.1 19.8 22.2 26.3 30.1 53.2 11.9 18.3 5.8 2.3 

With one outlier removed: 
Combined 41.6 349.0 8 7.8 15.9 31.3 35.9 42.7 40.3 57.7 10.0 14.5 1.8 1.0 

Parameters are as in Table 7. 

\0 
N 



TABLE lIb: SOUTHERN REGIONAL MEAN POLES AND STATISTICS 

Lat Long Cl9S 
Polarity CON) (DE) N R k\ kr kh kr kw ku (0) s ~ Xi 
Site Mean Poles 

Normal 82.5 119.7 61 59.54 25.9 41.2 41.8 42.8 43.7 31.6 2.9 12.7 3.9 15.8 
Reversed -78.0 282.6 45 41.8 26.6 13.8 14.1 41.6 15.8 39.4 5.9 22.1 8.1 23.1 
Combined 80.7 110.7 106 101.3 223 22.1 22.3 22.6 24.2 31.6 3.0 17.4 19.2 4.2 

With outliers removed (n = 1, r = 4, C = 4): 
Normal 82.9 118.5 60 58.7 21.2 44.7 45.5 46.5 46.3 31.6 2.8 12.2 4.1 15.2 
Reversed -76.0 296.7 41 38.9 263 19.1 19.5 20.2 20.0 39.4 53 18.7 5.9 232 
Combined 79.9 118.0 102 983 222 27.2 27.5 27.9 27.8 31.6 2.7 15.6 7.2 3.4 

Cooling Unit Mean Poles 
Normal 79.4 126.7 20 19.4 18.4 31.9 33.6 363 34.6 31.8 5.9 14.4 1.1 1.0 
Reversed -77.0 290.5 14 12.9 22.4 12.0 12.9 14.4 17.2 66.5 11.9 23.7 73 11.7 
Reversed* -70.0 318.3 10 9.66 16.2 26.4 293 343 40.9 60.7 9.6 15.9 4.9 5.6 
Combined 78.6 119.4 34 323 19.9 19.5 20.1 21.0 23.9 31.7 5.7 18.6 15.5 4.1 
Combined* 76.5 132.2 30 28.98 19.6 28.4 29.7 30.8 29.1 31.7 5.0 153 0.7 2.0 

With outliers removed (n = 1, r = 1, C = 1; outliers removed for without synthetics analysis: n = 1, r = 2, C = 2): 
Normal 80.8 125.2 19 18.5 18.3 37.5 39.6 42.7 41.7 31.9 5.6 13.3 1.9 1.5 
Reversed -74.6 302.1 13 123 22.0 17.9 193 21.6 20.8 68.6 10.1 193 2.2 9.6 
Reversed* -64.8 325.1 8 7.90 18.7 72.9 83.4 100.1 93.8 84.0 6.5 9.5 0.7 2.5 
Combined 77.6 124.5 33 31.7 19.8 24.7 25.5 26.7 263 31.7 5.1 16.4 1.5 1.4 
Combined* 74.8 131.9 28 27.19 19.4 33.4 34.6 36.4 35.9 31.7 4.8 14.1 1.3 2.0 

Range Mean Unit Poles 
Normal 793 101.1 9 8.6 15.8 18.0 20.4 24.3 27.5 63.6 12.4 19.2 0.8 5.0 

With one outlier removed: 
Combined 77.3 119.8 8 7.8 153 29.8 34.1 41.4 383 67.4 103 14.9 2.1 1.0 

Parameters are as in Table 7. 

\0 
w 



94 

17, 18 and 19 show the distribution of site, cooling unit and range mean direc

tions/VGPs, respectively, for the southern subregion. Figures 21 and 22 show ordered

value plots for the cooling unit VGPs in the northern subregion. Figures 24 and 25 

show ordered-value plots for cooling unit VGPs in the southern subregion. 

Figure 20 shows a comparison between the mean cooling unit pole from the south 

and that from the north subregion. The poles are different at the 99% confidence 

level using the test of McFadden and Lowes [1981]. The range mean poles from each 

region are similar at the 99% confidence level but different at the 95% confidence 

level. 

There are several possible explanations for this discrepancy of mean poles. (1) 

VGPs in one or both of the subregions may not actually average the secular variation 

of the Miocene geomagnetic field. In this scenario, the discrepancy would simply be 

attributed to a difference in mean VGPs in the north and south. (2) Structural 

rotation or tectonic motion in the form of vertical-axis rotation or latitudinal 

translation can also cause discordant paleomagnetic poles. (3) Unremoved secondary 

components of magnetization may bias some poles from concordancy, particularly if 

normal polarity components overprint reverse polarity components. (4) The average 

geomagnetic field may not be that of a perfect axial geocentric dipole in the Miocene. 

This possibility has been put forward by Luyendyk et al. [1985] to account for some 

discordant paleomagnetic results in Arizona and California. Explanations 2 and 4 

require that the secular variation of the geomagnetic field is adequately averaged in 

both the north and the south subregions (i.e., they are dependent on explanation I). 

Thus, we proceed to testing each subregion for secular variation averaging. 

We perform secular variation analysis on each of the subregions in the same man

ner as with the previous data sets. That is, we analyze cooling unit mean data. 
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Figure 17. a) Equal area projection of site mean directions from the southern subre
gion. b) Northern hemisphere polar projection of site mean VGPs from the southern 
subregion. Triangles are the antipodes of southern hemisphere VGPs. 
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Figure 18. a) Equal area projection of cooling unit mean directions from the southern 
subregion. b) Northern hemisphere polar projection of cooling unit mean VGPS from 
the southern subregion. Triangles are antipodes of southern hemisphere VGPs. 
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Figure 19. a) Equal area projection of range mean directions in the southern subre
gion. b) Northern hemisphere polar projection of range mean VGPs from the southern 
subregion. 
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Figure 20. Northern hemisphere polar projection of mean poles derived from the cool
ing unit VGPs in the northern (diamond) and southern (star) subregions. Circles about 
the mean poles delineate the 95% confidence region. 
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Figure 21. Ordered-value plots of cooling unit YGP data from the northern subregion. 
Outliers (marked with arrows) are mostly from the Clipper Mountains. 
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Figure 22. Ordered-value plots of cooling unit VGP data from the northern subregion 
less the Clipper Mountains data . 
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Figure 23. a) Equal area projection of cooling unit directions from the northern sub
region less directions from the Clipper Mountains. b) Northern hemisphere polar pro
jection of cooling unit VGPs from the northern hemisphere less Clipper Mountains data. 
Triangles are antipodes of southern hemisphere VGPs. 
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Figure 24. Ordered-value plots of cooling unit YGP data from the southern subregion. 
Note the changes in stope in a) and c). 
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Figure 25. Ordered-value plots of cooling unit VGP data from the southern subregion 
less synthetically derived poles. Note that a) and c) are still not very linear. 
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Because the subregions are small relative to the size of the region, we are able to 

realistically analyze the directions in each region as well as the VGPs. 

Analysis of the Northern Subregion 

Table lOa shows that the distribution of normal polarity directions in the north 

subregion is grossly non-Fisherian in radial density. Elimination of outliers improves 

the fit of the radial density of directions to a Fisher distribution. The values of the k 

estimators for the normal polarity distribution are significantly lower than would be 

expected for a distribution that has averaged secular variation. This holds true even 

with the outliers removed. Thus, there is an extra source of dispersion other than 

secular variation in the normal polarity data. This extra source of dispersion is proba

bly due to Clipper Mountains directions. As mentioned earlier, these are highly anoma

lous for a Miocene geomagnetic field and probably record an excursion of that field or 

a geomagnetic polarity transition. Elimination of the Clipper Mountains data (Figures 

22 and 23) results in the entries marked with an asterisk in Table lOa. This results in 

a data set that is both non-Fisherian and not dispersed enough to have averaged 

geomagnetic secular variation with or without remaining outliers removed. 

Reverse polarity cooling unit directions are few in number (n = 7). Although 

Fisherian without removal of the single outlier, the directions are too dispersed to pass 

McFadden's [1980b] inference test using Fisher's kr estimator. The robust or win

sorized k estimators fall within the range predicted for time-averaged geomagnetic 

secular variation. This suggests that the extra dispersion comes from only one outlying 

direction. Elimination of this outlier results in an appropriate amount of dispersion but 

a non-Fisherian distribution at the 95% confidence level. The distribution may still be 

considered Fisherian at the 99% confidence level. The number of directions, however, 

is only six with the elimination of the outlier. We have already claimed that n < 10 is 

• '" "':"-"~ ___ " ••. '_~"''"''' ___ ... __ ~ ... _~_._ r_~ ___ .. ·_ • __ ~ .... ~ ."' ._ •• _ 
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insufficient for SV analysis and are thus hesitant to claim that the reverse polarity 

directions actually average secular variation. The reverse polarity mean direction is 

antiparallel to the normal polarity mean direction whether the Clipper Mountains data 

are removed or not. The combined polarity directions are Fisher distributed and too 

dispersed to explain by normal variation of the geomagnetic field. Removal of the 

Clipper Mountains data and one remaining outlier yields a Fisher distribution that is 

not dispersed enough to have adequately sampled geomagnetic secular variation. 

Analysis of cooling unit mean VGPs is somewhat similar. The distribution of nor

mal polarity poles is grossly non-Fisherian in radial density and barely Fisherian at 99% 

confidence in azimuthal symmetry. The data fall within the appropriate variation range 

only if the robust or winsorized estimators are used. Removal of the Clipper Moun

tains data does not yield a Fisherian distribution in pole space as it did in direction 

space. The dispersion, however, still decreases to a level insufficient to claim that 

secular variation has been adequately sampled. 

Reverse polarity VGPs are too dispersed to be accounted for by secular variation 

alone. Removal of the single outlier results in an appropriate level of dispersion to 

infer adequate sampling of secular variation but adversely affects the fit to a Fisher 

distribution. Again, we must express caution in this inference, as the number of cool

ing units is small. 

Combination of the normal polarity and reverse polarity data yields a grossly non

Fisherian distribution that is too dispersed to be accounted for by secular variation 

alone. Removal of the Clipper Mountains data yields the proper amount of dispersion 

but still a non-Fisherian distribution. Removal of the remaining single outlier yields a 

Fisherian distribution that is essentially not dispersed enough to afford an adequate 

sampling of geomagnetic secular variation for any k estimator except kr• The Fisher 
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estimator is barely within the upper limit given by McFadden's [l980b) inference test 

at 95% confidence. 

There are several aspects of the data from the northern subregion that imply that 

the 24 cooling units in the seven mountain ranges do not adequately sample the secular 

variation of the geomagnetic field. First, directions/YGPs from the Clipper Mountains 

are almost entirely responsible for dispersion in both the normal polarity and combined 

polarity data. Yet, these directions/YGPs are most likely not the result of normal 

geomagnetic secular variation. Removal of these directions/YGPs yields too little 

dispersion in the data. Additionally, the removal of the Clipper Mountains yields a 

Fisher distribution in direction space but not in pole space. We previously mentioned 

that Cox (1970) pointed out that the distribution of YGPs for the last few million 

years is Fisherian, whereas the distribution of directions is not. This is opposite to 

our observation in the north subregion data. Inadequate sampling of secular variation 

is certainly one way to account for this discrepancy. Finally, the small number of 

reverse directions/YGPs is difficult to interpret but seems to contribute little to the 

combined polarity dispersion. It is unlikely, though, that these reverse directions/YGPs 

afforded enough time sampling of secular variation. We thus believe that the 24 

cooling units in the seven mountain ranges in the north slibregion do not afford an 

adequate averaging of geomagnetic secular variation. 

Analysis of the Southern Subregion 

Normal polarity site mean directions in the southern subregion, although Fisher 

distributed, do not exhibit enough dispersion to claim that secular variation has been 

averaged in this data set using any k estimator. Removal of the potential outlying 

directions reduces the fit to a Fisher distribution in radial density and reduces the 
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dispersion as well. The ellipticity of dispersion is, however, similar to that which 

would be expected for secular variation in direction space. 

Reverse polarity directions are marginally Fisherian in direction space but show 

more dispersion than can be accounted for by secular variation alone for all k es

timators except the winsorized kw' Additionally, the distribution is streaked mostly in 

declination opposite to what would be expected for secular variation. The streak is 

near a great circle that connects the normal polarity directions and the reverse polar

ity directions. The directions that make up the southwestern portion of this streak 

are from the Gila Bend area, the Kofa Mountains and the Del Bac Hills. As we noted 

earlier, these directions are entirely synthetic. That is, we used principal component 

analysis to determine these site mean directions as the coercivities of lightning-induced 

IRM components made segregation of IRM and TRM components impossible. 

Although a valuable technique, in general, fitting great circles to demagnetization 

trajectories [Halls, 1976; Kirschvink, 1980] is a difficult process. When the length of 

the arc defined by the demagnetization trajectory is small, the attendant error in fit

ting a great circle to this arc will be large. Many specimens from these ranges yield 

relatively small arcs upon progressive demagnetization and are thus subject to a larger 

amount of error. Thus, the site mean directions defined by poles to great circles 

formed by demagnetization trajectories of individual specimens may not reflect the true 

direction of the geomagnetic field at all. 

In other words, some of the dispersion in the reverse polarity directions in the 

southern subregion may not be due to secular variation. The dispersion may reflect 

the influence of secondary IRM components. Consequently, we have eliminated the 

four cooling units that are derived synthetically from the Gila Bend area, Kofa Moun

tains, and Del Bac Hills. This reduces the number of reverse cooling units to ten. 

The statistics for this analysis and its effect on the combined analysis are shown in 
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Table II by asterisks. The set of cooling unit directions/VGPs are plotted in Figure 

26. 

Removal of the reverse polarity synthetic cooling unit directions yields a 

marginally Fisherian distribution (using the X2 tests but not the ordered-value plots) 

that passes both McFadden's [l980b] inference tests. This observation holds for the 

directions when the remaining potential outliers are deleted as well. The distribution 

of directions, however, is not visually appealing for a data set that adequately averages 

secular variation, and the ordered-value plots for this data are not very linear. 

Combination of normal polarity and reverse polarity directions of the entire data 

set (including synthetic results) results in a grossly non-Fisherian distribution. Remov

al of outliers yields a Fisher distribution that is properly dispersed for a data set 

which averages secular variation. Removal of the synthetic directions yields a Fisher

ian distribution that is properly dispersed using a Fisher k estimator, kr, but is not 

dispersed enough using a robust or a winsorized estimate. Removal of outliers to this 

latter data set yields a Fisher distribution that is not dispersed enough using any k 

estimator. Thus, only two outlying cooling units are responsible for the dispersion that 

would imply secular variation averaging. 

Analysis of cooling unit mean VGPs is similar to that for the directions. The 

normal polarity cooling unit VGPs are Fisher distributed and are not dispersed enough 

to have adequately averaged secular variation with or without outliers removed. The 

reversed polarity VGPs are non-Fisherian and too dispersed to claim secular variation 

as the sole source of dispersion with or without outliers removed. Removal of syn

thetically derived VGPs results in a properly dispersed distribution. This distribution is 

not robustly linear in ordered-value plots, although it passes the X2 tests of McFadden 

[1980a]. 
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Figure 26. a) Equal area projection of cooling unit mean direction less those derived 
synthetically. b) Northern hemisphere polar projection of cooling unit mean VGPs less 
those derived synthetically from the southern subregion. Triangles are antipodes of 
southern hemisphere VGPs. 
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Combination of normal polarity and reverse polarity VGPs for the entire data set 

yields a grossly non-Fisherian distribution of YGPs that is properly dispersed only if 

the robust or winsorized estimators are used for inference testing. If the Fisher k 

estimator is used, the YGPs are too dispersed to be accounted for by secular variation 

alone. Removal of synthetically derived YGPs yields a distribution that falls within the 

proper range for adequate sampling of secular variation but is not linear on the 

ordered-value plots (Figures 24 and 25). Removal of the potential outliers from this 

data reduces the dispersion to a level too low to claim secular variation averaging. 

We do not believe that the cooling unit directions/YGPs from the southern sub

region adequately averages the secular variation of the geomagnetic field. Clearly, the 

normal polarity directions and YGPs are not dispersed enough to account for secular 

variation. The reverse polarity directions are more Fisherian in direction space than 

pole space, although neither is robustly Fisherian. Most of the dispersion in reversed 

polarity is due to cooling units that are synthetically defined. In short, the dispersion 

may not be due to secular variation, but rather to unremoved secondary components of 

magnetization. Without the extra source of dispersion due to the synthetically derived 

directions/YGPs, the combined data set is barely dispersed enough to have adequately 

averaged secular variation and not Fisherian on the ordered-value plots. 

Discussion 

Since we cannot demonstrate that the paleomagneti~ directions/YGPs from cooling 

units in each of the subregions has adequately averaged the secular variation of the 

geomagnetic field, it seems likely that the difference in mean directions/poles between 

the north and south subregions is attributable to lack of secular variation averaging. 

However, we briefly entertain other hypotheses to determine whether this hypothesis is 

the most efficient in explaining the data. 
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At the beginning of this section, we noted that other factors may contribute to 

the discordance of mean directions/poles from the north and the south, including (I) 

unremoved secondary components, (2) long-term nondipole terms in the Miocene geo

magnetic field, and (3) tectonic motion. We have already noted that, in some ranges, 

secondary components may not be completely removed in some specimens. Most of the 

secondary components that we have observed seem attributable to lightning-induced 

IRM. The discordance between the north and south subregions is evident with or 

without synthetically derived site mean directions. The remaining specimens, in gener

al, show no evidence of any other components of magnetization. However, it is pos

sible that a viscous remanent magnetism (VRM) may have a coercivity spectra that 

completely overlaps with that of the primary TRM. If this were the case, we expect 

that the direction of the VRM would be essentially that of the most recent axial geo

centric dipole field. Added to the normal and reverse polarity directions, the disper

sion of the normal polarity VGPs would be expected to decrease, whereas that of the 

reverse polarity VGPs would be expected to increase [Merrill and McElhinny, 1983]. 

We see no particularly compelling evidence for this in our data sets and strongly doubt 

that unremoved secondary components are responsible for the discordance of mean 

poles in the north and the south subregions. 

The second possibility is that long-term nondipole components may have con

tributed to the dominantly dipole field in the Miocene. This possibility has been pre

sented by Luyendyk et al. [1985] to explain other discordant paleomagnetic directions 

in Miocene rocks of the southwestern United States. As shown by Merrill and 

McElhinny [1983] and Livermore et al. [1984], the time-averaged 0-5 Ma geomagnetic 

field has a small, but significant, nondipole component that produces a tendency for 

paleomagnetic inclinations to be slightly shallower than would be produced by a purely 

geocentric dipole. This effect manifests itself in large bands of latitude about the 
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paleomagnetic pole. During such times, reverse polarity directions tend to be slightly 

shallower than normal polarity directions. 

We reject this explanation for the discordance of directions between the northern 

and southern subregions for several reasons. First, the northern and southern sub

regions are separated from each other only by about one degree of latitude. This 

difference is not significant. Botli regions should be in the same band of latitude. 

Second, if long-term nondipole terms were significant in the Miocene, we would expect 

to see differences in the discordance of the latitudes of the normal polarity poles in 

the northern subregion relative to those in the southern subregion and in those of the 

reverse polarity poles in the north relative to those in the south subregion. Table 12 

shows comparison of results between the two subregions by polarity. Using all of the 

cooling units, we note that the normal polarity directions are different in both latitude 

and longitude. The reverse polarity directions are statistically indistinguishable at 

confidence levels greater than 52%. The combined polarity directions are distinct in 

both latitude and longitude. This pattern is inconsistent with long-term nondipole 

behavior. Reducing the cooling units by eliminating outliers to the whole data set 

yields a similar result. Removal of the Clipper Mountains and synthetically derived 

YGPs removes statistically significant latitudinal discrepancies between the normal 

polarity and combined polarity mean poles of the two subregions. In short, most of 

the discordance between the northern and southern subregion poles is in longitude, not 

latitude. This also argues against both long-term quadrapole and/or octapole terms 

perturbing a dominantly dipolar Miocene geomagnetic field, and unremoved secondary 

components of YRM. 

The idea that the major discordance between the northern and southern 

subregions is mainly in longitude potentially suggests vertical-axis rotation of one area 

relative to the other, assuming that secular variation is actually averaged in both 
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TABLE 12. COMPARISON OF RESULTS FROM THE NORTHERN AND SOUTH
ERN SUBREGIONS 

R± I:>.R F±I:>.F P± I:>.P '1 
Comparison e) (0) e) (0) eeL 

CoolIng units 

North vs south (normal) -15.7 + 11.3 10.8 + 8.6 10.7 + 8.8 16.7 99.8 
North vs south (reverse) -5.7 + 21.9 10.6 + 20.1 9.3 + 18.3 10.4 52.1 
North vs south (combined) -13.1 + 9.9 11.7 + 8.1 11.1 + 7.9 15.5 99.9 

CoolIng units without outliers 

North vs south (normal) -18.0 + 8.3 5.7 + 7.3 5.1 + 6.9 ]6.1 99.9 
North vs south (reverse) -17.6 + 18.4 10.2 + 16.8 8.9 + 15.4 17.6 94.2 
North vs south (combined) -19.7 + 7.4 7.9 + 6.8 7.3 + 6.2 18.2 99.9 

CoolIng units without Clipper Mountains and synthetic poles 

North vs south (normal) -16.7 + 7.8 3.6 + 7.4 3.3 + 6.7 14.6 99.9 
North vs south (reverse) -16.7 + 21.1 8.3 + 18.5 7.5 + 17.5 16.2 86.3 
North vs south (combined) -17.3 + 7.3 4.9 + 7.2 4.5 + 6.5 15.4 99.9 

CoolIng units as immediately above without remaining potential outliers 

North vs south (normal) -15.7 + 7.1 4.7 + 6.8 
8.2 + 14.7 
5.9 + 6.6 

4.2 + 6.1 14.1 99.9 
North vs south (reverse) -31.4 + 17.1 7.3 + 14.1 21.3 97.1 
North vs south (combined) -21.1 + 6.9 5.3 + 5.9 18.9 99.9 

R ± AR is the rotation parameter and error (positive clockwise) [Beck et aI., 1986]. 

F ± AF is the flattening and error (positive shallow) [Beck et aI., 1986]. 

P ± AP is the poleward translation (positive north) [Beck et aJ., 1986]. 

'1 is the angular distance between the poles [McFadden and Lowes, 1981]. 

eeL is the critical confidence level (the threshold over which the two poles are 
considered identical) [McFadden and Lowes, 1981]. 
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subregional data sets. Hillhouse and Wells [1986] present compelling evidence that 

ranges in the north subregion have not experienced vertical-axis rotation relative to 

the Colorado Plateau. In turn, this indicates that if vertical-axis rotation between 

subregions occurred, then the southern area must rotate counterclockwise relative to 

the northern region and the Colorado Plateau. This is, indeed, one of the secondary 

suggestions of Calderone and Butler [1984]. 

If we accept counterclockwise rotation about a vertical axis of the southern 

region relative to the northern region, then we must consider that the cooling units 

within each subregion actually average secular variation. Upon removal of cooling 

units from the Clipper Mountains and those derived synthetically, we were left with 

dispersions in the subregions that were probably too low to have averaged Miocene 

geomagnetic secular variation using the last 0-5 Ma geomagnetic field as a model for 

Miocene time. If the geomagnetic field dispersion in the Miocene was less than that 

of the 0-5 Ma geomagnetic field, however, this comparison may be invalid, and the 

subregions might actually average secular variation. Thus, the primary problem in the 

study involves the discrimination between two potential models: (I) no tectonic 

motion, and the Miocene geomagnetic field dispersion is equivalent to that of the last 

5 m.y.; or (2) counterclockwise vertical-axis rotation of southwest Arizona relative to 

northwest Arizona, and Miocene geomagnetic field dispersion that is less than that of 

the last 5 m.y. 

For several reasons we favor model one, that the Miocene geomagnetic field dis

persion is similar to that of the last 5 Ma and that there has been no tectonic rota

tion of the southern subregion relative to the northern subregion. Hagstrum et al. 

[1987] report concordant paleomagnetic directions from the Late Oligocene Ajo Vol

canics, which lie. nearly in the center of the southern subregion in the Little Ajo 

Mountains area. These older, more silicic rocks appear to adequately average secular 
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variation. The rocks we have sampled are younger and, in the Little Ajo Mountains, 

lie stratigraphically OIl top of the Ajo Volcanics. To allow post-Middle Miocene 

vertical-axis rotation of the southern subregion would involve an extremely complex 

scenario of clockwise vertical-axis rotation prior to Middle Miocene but post-Late 

Oligocene followed by post-Miocene counterclockwise rotation of, fortuitously, exactly 

the same magnitude to account for the concordancy of the Oligocene results. It is far 

simpler to believe that nothing has rotated at any time and that the southern cooling 

unit VGPs from our study do not actually average the secular variation of a Miocene 

geomagnetic field. Since we have used the present geomagnetic field to model the 

Miocene field, we infer that the two are probably similar. 

Paleosecular variation in the Miocene is difficult to determine. Lee and 

McElhinny [1984], as referenced in Merrill and McElhinny [1983], and McFadden and 

McElhinny [1984] report that, if anything, the Miocene geomagnetic field should be 

more dispersed than that of the present geomagnetic field on the basis of a large 

global data base. However, since prior to 5 Ma plate reconstructions must be made to 

determine paleosecular variation, errors attendant to these reconstructions also may add 

to the dispersion. Additionally, since the actual data base used by Lee and McElhinny 

has not been published at the time of this writing, we have no way to evaluate 

whether or not such errors are significant. Additionally, because of the paucity of 

data for the geomagnetic field in the time interval from 5-20 Ma, Lee and McElhinny 

were forced to combine this data with that of older rocks «45 Ma). This may lead to 

bias in the paleosecular variation estimates for the Miocene due to inclusion of data 

that may not have the same paleosecular variation or may have higher errors in their 

plate reconstructions. Irving and Pullaiah [1976] also present analysis of paleosecular 

variation. Their study suffers from the same problem. That is, they used a large time 

window. At face value, however, these major data sets bearing on the problem suggest 
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that paleosecular variation in the Miocene might be greater, not less, than the secular 

variation of the 0-5 Ma geomagnetic field. Thus, we have no reason to accept the 

idea that the geomagnetic field dispersion in the Miocene was less than that of the 

more recent geomagnetic field. 

Finally, we note that the combined data from the Mojave-Sonora desert region 

yield a paleomagnetic pole that is statistically indistinguishable from the poles reported 

by Hagstrum et al. [1987] from the Baja California region and by Mankinen et al. 

[1987] from the Steens Mountain section in Oregon (see Figure 27). The mean pole is 

also indistinguishable from the Miocene reference poles of Irving and Irving [1982], 

Irving [1979] and Harrison and Lindh [1983] (see Figure 27). It would seem oddly 

fortuitous to have some combination of VGP rotation and less Miocene paleosecular 

variation yield a perfectly concordant Miocene paleomagnetic pole position with an 

angular dispersion that is very similar to that expected for the recent geomagnetic 

field. A similar argument applies to rotations about horizontal axes (tilt correction 

errors). 

In summary, both counterclockwise rotation of crustal blocks in the southern sub

region and a lower overall dispersion in the Miocene geomagnetic field are not sup

ported by the available data pertinent to either. Consequently, we firmly believe that 

differences in the mean poles from the northern and southern subregions are the result 

of inadequate averaging of secular variation by cooling unit VGPs in both areas. Fur

thermore, we see no reason to accept the idea that the dispersion of the geomagnetic 

field in the Miocene (10-20 Ma) is significantly different from the 0-5 Ma geomagnetic 

field. The lack of secular variation averaging in the subregions attests to the rapid 

and episodic nature of the extrusion of basaltic flows in the latest phase of volcanism 

in the Mojave-Sonora desert. Because of this rapid extrusion, conclusions regarding 

the tectonic or paleomagnetic significance of results from any part of the region must 
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Figure 27. Northern hemisphere polar projection of Mojave-Sonora Desert region mean Middle Miocene pole (star); the 
Baja and southern California Miocene pole (diamond) of Hagstrom et at. [1987]; the Miocene reference pole (square) 
reported by Hagstrom et al. [1987]; and the Miocene reference pole (circle) of Harrison and Lindh [1982]. All are centered 
in their 95% confidence circles. 
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be based on a very large number of cooling units in a significant number of individual 

ranges. 



CHAPTER 8 

CONCLUSIONS AND TECTONIC IMPLICATIONS 

Virtual geomagnetic poles from cooling units in 16 mountain ranges in the 

Mojave-Sonora desert region yield a paleomagnetic pole at 85.5°N, 108.9°E within a 

4.4° circle of 95% confidence. The VGPs appear to average out the secular variation 

of the Miocene geomagnetic field using the 0-5 Ma geomagnetic field as a model. We 

see no reason to reject the idea that the angular dispersion of the Miocene 

geomagnetic field is similar to that of the Pliocene to Recent geomagnetic field. 

Additionally, within our limit of resolution, we see no evidence for coherent structural 

rotation of the Mojave-Sonora desert region. 

The paleomagnetic pole from the Mojave-Sonora desert is not statistically 

different from the pole determined by Hagstrum et al. [1987] from similar-age rocks in 

the Baja and southern California region. Furthermore, our new pole is statistically 

indistinguishable at 95% confidence from the North American Miocene reference poles 

of Irving [1979], Irving and Irving [1982], Harrison and Lindh [1983] and a reference 

pole calculated by Hagstrum et al. [1987]. Our pole is also statistically identical to the 

pole from the High Lava Plains of Oregon as reported by Mankinen et al. [1987]. In 

short, the Miocene paleomagnetic pole from the Mojave-Sonora desert is concordant 

with respect to similar-age reference poles for cratonic or "stable" North America. We 

see no evidence for discordance in either declination or inclination in this region. 

This lack of directional discordance in the Mojave-Sonora desert region has many 

implications. First, there is no evidence in the Mojave-Sonora desert region for 
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post-Middle Miocene vertical-axis tectonic rotations associated with high-angle Basin 

and Range faulting or the development of the San Andreas Fault system. Possible 

counterclockwise rotations in southwest Arizona as suggested by Calderone and Butler 

[1984] are not supported by the new results from the area. The declination 

discordance reported earlier is most likely due to the inability of the smaller data set 

to adequately average the secular variation of the Miocene geomagnetic field. The lack 

of declination discordance of Miocene rocks in the Mojave-Sonora desert is consistent 

with the results reported by Hagstrum et al. [1987] and Hillhouse and Wells [1986]. 

The lack of inclination discordance in the Mojave-Sonora desert region implies (1) 

that there has been no latitudinal motion of the region relative to the North American 

craton since Miocene time, and (2) that large long-term nondipole fields did not com

prise a significant part of the Miocene geomagnetic field. This latter conclusion is 

consistent with the analysis of Hagstrum et al. [1987] for Miocene rocks of Baja and 

southern California. The "anomalous" inclinations reported by Luyendyk et al. [1985] 

are most likely the result of (I) a relatively small number of relevant data, and (2) 

partly a result of the manner in which Luyendyk et al. [1985] constructed their 

Figure 3 as shown below. 

Appendix 2 shows the change in declination and inclination as a function of azi

muth for random undetected tilt. This analysis is applicable to the change in inclina

tion and declination associated with any random noise, such as tilting, secular variation 

or orientation errors. Given a general expected paleomagnetic direction for the south

western United States perturbed by random noise, a plot of the change in inclination 

or flattening versus age or location will be biased toward shallow inclinations. How

ever, the mean direction obtained by standard methods will be the expected mean di

rection if enough samples are taken. Indeed, any Fisher distribution about a mean 

whose inclination is greater than zero will yield a flattening plot which will show more 
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inclinations shallower than the mean than steeper. For example, we have plotted the 

flattening of our range mean inclinations with respect to the mean inclination calcu

lated from averaging all the range mean directions in Figure 28. As expected, 56% of 

the data fall shallow of the zero flattening bar. This is simply a result of the fact 

that only one component of the magnetic vector is used to generate this plot. Thus, 

caution must be exercised when attempting to draw conclusions on a flattening-versus

age or -location plot such as that of Luyendyk et at. [1985] or our Figure 28. 

The geographic boundary between regions characterized by discordant Miocene 

paleomagnetic declinations and the Mojave-Sonora desert region with concordant Mio

cene paleomagnetic directions probably trends generally northwest and is constrained to 

lie between the San Andreas Fault-Mojave Block area and our most westerly sampling 

locations. We believe that the most likely position for the boundary corresponds to 

the southeastward projection of the Death Valley Fault zone as shown on Figure 29. 

For discussion purposes we herein refer to this projection informally as the Death 

Valley discontinuity. 

There are several independent lines of evidence for a major crustal discontinuity 

in the position of the Death Vatley discontinuity. First, the area is characterized by a 

major topographic low similar to, although much narrower than that associated with 

the San Andreas Fault (i.e., the Salton Trough). Second, the area has a pronounced 

heat flow anomaly [Sass and Lachenbruch, 1987]. Third, the region marks the eastern 

edge of northwest-trending dextral strike-slip faults in the Mojave Block [Garfunkel, 

1974; Dokka, 1983] and the eastern margin of seismic activity in the region 

[Wesnousky, 1986]. 

The tectonic significance of the Death Valley discontinuity is enigmatic. We 

speculate that it is perhaps an older structure of some sort that has been reactivated 

with the development of the San Andreas Fault system. The area to the west of the 
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Figure 28. The flattening of inclination (F = mean inclination - observed inclination) 
for each range in the Mojave-Sonora Desert region. The shallow bias of inclinations is 
an artifact of generating this plot using inclination-only data. 
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discontinuity may act as a relatively soft plate margin in a manner akin to the sugges

tion of Atwater [1970]. The extension of this discontinuity northwestward into Nevada 

and southeastward into Mexico is unknown. Nonetheless, it seems to us that the 

significance of this discontinuity should be addressed in future study. 

Discordant Miocene paleomagnetic declinations west of the Death Valley discon

tinuity generally characterize the areas of the Transverse and Eastern Transverse Ran

ges, and the Mojave Block. The model of Luyendyk et at. [1985] seems to adequately 

account for discordant paleomagnetic declinations in the Transverse Ranges. However, 

neither their model nor those of Garfunkel [1974] or Dokka [1983] predicts clockwise 

tectonic rotations in the Mojave Block as reported by Golumbek and Brown [1987]. 

Local fault drag on dextral strike-slip faults might account for clockwise discordant 

declinations. Further paleomagnetic data from within the Mojave Block is necessary to 

distinguish between competing models for its kinematic and tectonic evolution. 

Finally, we emphasize the observation that the latest phases of basaltic volcanism 

in the Basin and Range were apparently very rapid and episodic in any single area. 

Rigorous analysis of a large database is required to discriminate between paleomagnetic 

directional discordances due to inadequate sampling of geomagnetic secular variation 

and those due to tectonic or long-term geomagnetic field phenomena. We stress the 

importance of the statistical methods of McFadden [I980a, 1980b], Fisher [1982], and 

Lewis and Fisher [1982] in testing a paleomagnetic study for averaging of secular vari

ation. 



APPENDIX 1 

MIDDLE MIOCENE VOLCANIC SEQUENCES: 

MOJAVE-SONORA DESERT REGION 

Following is a brief description of each volcanic sequence from which we have 

collected samples for paleomagnetic analysis. The descriptions include location, age 

and general geologic information and, where appropriate, comments regarding points of 

local or specific interest. Latitude and longitude information is given in Table I of 

the main text. Figure I of the main text shows range locations. 

Black Mountains 

General Geology 

The Black Mountains are a long, north-trending, narrow range just east of the 

Colorado River in northwest Arizona. The range stretches approximately 150 km from 

Interstate 40 near Yucca, Arizona, northward to the Lake Mead area. South of 

Oatman, Arizona, the stratigraphy begins with a basement granitoid unconformably 

overlain by tilted volcanic and sedimentary rocks, which are in turn overlain 

unconformably by the Peach Springs tuff of Young and Brennan [1974]. A stack of 

approximately a dozen thin, roughly horizontal basaltic lava flows and subordinate 

volcanogenic sedimentary units overly the tuff. Range-parallel, apparently high-angle, 

normal-separation faults displace the entire section down to the east along the eastern 

flank of the range. We have sampled a 120-m-thick section in stratigraphic succession 

beginning with the Peach Springs tuff and ending with an upper mesa-capping basalt 

flow. Internally, the section is structurally simple. The lower seven flows dip gently 
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to the south (strike = 320°, dip = 7°), based on the attitude of a sedimentary unit 

between flows BM007 and BM008. Contacts between flows are well exposed. 

Location 

SE1/4 NE1/4 Section 19, T18N, R18W, Yucca NW 7.5' quadrangle, Mojave County 

Arizona. 

Age 

The age of the Black Mountains section is constrained only at its base. The 

basal unit is the Peach Springs tuff of Young and Brennan [1974] (Jane Nielson, 

personal communication, 1987). This unit has a mean age of 18.3 ± 1.2 Ma [Glazner et 

aI., 1986]. The rest of the overlying section is undated at this time. 

Lithology 

Pending detailed geochemical and petrographic analyses on rocks from this 

section, we tentatively field-classify them as basalt or basaltic andesite. The Peach 

Springs tuff is a welded ignimbrite of rhyolite composition [Glazner et aI., 1986]. 

Castle Dome Mountains 

General Geology 

The Castle Dome Mountains are a 40-km-Iong range trending northwest into the 

Kofa Mountains in southwestern Arizona. Grubensky [1987] describes the Cenozoic 

geology of the Kofa-Castle Dome Mountains as a caldera sequence of silicic ash-flow 

tuffs dissected by Early to Middle Miocene detachment faults. These rocks are 

overlain by flat-lying mesas of thin basaltic lava flows. The latter rocks are deformed 

only by high-angle normal faults. We have sampled only the upper section of basalt 

flows. In the Castle Dome mountains, however, these flows are gently tilted (about 

10°). 

.. "--'~--- ...:...."-'- '.-~------. _._- -~ ... ~;-.. ~ .-.-.~;. . . _ .. _ .. 
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Location 

SEI/4 NEI/4 T4S, RI7W, Engesser Pass IS' quadrangle, Yuma County, Arizona. 

Age 

Grubensky [1987] reports that, in general, the flat-lying basalt flows are in the 

17-19 Ma age range based on the isotopic work of Shafiqullah et aI., [1980]. 

Lithology 

Although many of the latest volcanics in the Kofa-Castle Dome region are called 

"basalts," most are actually basaltic andesites [Grubensky, 1987]. 

Cerbat Mountains 

General Geology 

The Cerbat Mountains are a long, northerly-trending mountain range just west of 

the Colorado Plateau and just east of the Black Mountains in northwest Arizona. The 

range stretches about SO km from Kingman, Arizona, to Dolan Springs, Arizona. In the 

Kingman area, the stratigraphy consists of Proterozoic granitic rocks nonconformably 

overlain by basaltic volcanic rocks. The section is capped by the Peach Springs tuff 

of Young and Brennan [1974]. Although the section is probably cut by high-angle 

Basin and Range faults, it is internally structurally simple. We have collected samples 

from a section beginning with the lowest exposed basalt flow and ending with the 

Peach Springs tuff. The sampled section is approximately 150-200 m thick. Contacts 

between flows are well exposed. 

Location 

NEI/4 NEI/4 Section 18, T2IN, RI8W, Kingman NW 7.5' quadrangle, Mojave 

County, Arizona. Main section is just southwest of the intersection of U.S. 93 and 
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Age 

The age of the Clipper Mountains is inferred from the mapping of Lukk [1982]. 

The section overlies the Peach Springs tuff and is, therefore, younger than 18.3 ± Ma 

[Glazner et aI., 1986]. Lukk [1982], however, correlates the youngest Clipper Mountain 

flows with those underlying the Hole-in-the-Wall tuff of McCurry [1982] further to the 

north. This implies that the Clipper Mountains section is older than 15.5 Ma. The age 

of the Clipper Mountains section is between 18.3 and 15.5 Ma. 

Lithology 

The Clipper Mountains section is mostly basalt, basaltic andesite, and andesite in 

composition [Lukk, 1982]. 

Colton Hills 

General Geology 

The Colton Hills comprise a small mesa and low hills just east of the Providence 

Mountains near the California-Nevada border, about 30 km north of Essex, California. 

Most of the mesa is composed of the Hole-in-the-Wall tuff of McCurry [1982]. The 

tuff is internally unfaulted and contains several phases. We have collected specimens 

from the welded upper portion of the tuff unit. The tuff overlies a complex package 

of metamorphosed basement rocks. 

Location 

SI/2 Section 36, TlIN, RI4E, Colton Well 15' quadrangle, San Bernardino County, 

California. 

Age 

McCurry [1982] gives the age of the Hole-in-the-Wall tuff as 15.5 Ma. 
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Lithology 

McCurry [1982, 1986] describes the Hole-in-the-Wall tuff as an alkali rhyolite to 

quartz latite tuff. The tuff has two members. We have sampled a welded zone in 

member one above a soft, charcoal-bearing zone. 

Del Bac Hills 

General Geology 

The Del Bac Hills are a small set of mesas at the southern tip of the Tucson 

Mountains near Tucson, Arizona. The stratigraphy consists almost entirely of Late 

Oligocene to Early Miocene volcanic rocks [Percious, 1968]. We have sampled a section 

of thin, roughly horizontal basaltic andesites overlying the Turkey Track porphyry 

dikes and flows. The section is internally structurally simple. 

Location 

SE I /4 NW /14 Section 29, T 15S, R 13E, San Xavier Mission quadrangle, Pima 

County, Arizona. 

Age 

Percious [1968] gives the age of the basaltic andesites in the Del Bac Hills area 

as 23.5 ± 0.43 Ma. 

Lithology 

Percious [1968] describes the upper section of basaltic andesites as generally 

basaltic in appearance but with a high silica and alkali metal content. 
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Gila Bend Area (Oatman Mountain) 

General Geology 

Oatman Mountain is a large mesa at the southern end of the Gila Bend Mountains 

west of Gila Bend, Arizona. The mesa is roughly circular in map view and covers an 

area of approximately 100 km2• The exposed portion of the section consists entirely of 

thin basalt flows. Much of the section was sampled along the road leading to the U.S. 

Army site atop Oatman Mountain. Most outcrops, however, are in the process of 

becoming block talus slopes. Care was taken to sample only the most coherent 

outcrops. The sampled section is about 100 m thick. 

Location 

SWI/4 Section 26, T4S, R9W, Oatman 7.5' quadrangle, Maricopa County, Arizona. 

Age 

The basalts of Oatman Mountain itself have not been dated. They are very 

similar to and probably correlative with the mesa-capping basalts of the nearby Painted 

Rock Mountains [R. J. Miller, personal communication, 1988]. The basalts in the 

Painted Rock Mountains have been dated as 18.5 ± 1.5 Ma [Eberly and Stanley, 1978]. 

Consequently, we tentatively infer that the basalts of Oatman Mountain are 

approximately 18.5 Ma. 

Lithology 

The volcanic rocks of Oatman Mountain have not been studied geochemically or 

petrographically. However, because of their similarity with the mesa-capping basalts of 

the Painted Rock Mountains and from hand-sample examination, we field-classify them 

as basalt. 
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Growler Mountains 

General Geology 

The Growler Mountains are a long, narrow, northwest-trending mountain range 

stretching about 30 km from Organ Pipe National Monument to the Maricopa County 

line in southwestern Arizona. Gray and Miller [l984J describe the general stratigraphy 

of the Growler Mountains. The section begins with a coarse fanglomerate grading 

upwards into arkosic sandstone interbedded with volcanic rocks. These basal rocks are 

tilted and overlain with angular unconformity by basalt and basaltic andesite lava 

flows. This upper section forms the prominent mesas in the Growler Mountains. We 

have collected samples from two locations in the upper section of basalt and basaltic 

andesite flows. Flow contacts are, in general, well exposed. A large range-parallel 

fault drops the section down to the west. Internally, the sections are unfaulted. 

Location 

North section: SWI/4 SWI/4 NEI/4 T13S, R7W, Growler Peak IS' quadrangle, 

Pima County, Arizona. 

South section: SEI/4 NWI/4 Section I, Tl3S, R6W, Growler Peak IS' quadrangle, 

Pima County, Arizona. 

Age 

An uppermost mesa-capping flow near the northern section has been dated at 14.4 

± 0.7 Ma [Gray and Miller, 1984J. The southern section has not been dated but is 

lithologically correlative with the northern section. 

Lithology 

Gray and Miller [1984J describe the lithology of the upper section as generally 

basaltic andesite in composition, although the d&ted flow is classified as basalt. 
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Kofa Mountains 

General Geology 

The Kofa Mountains are a SO-km-Iong northwesterly-trending mountain range just 

east of U.S. 95 between Quartzite and Yuma, Arizona. Grubensky [1987] described the 

general geology of the Kofa-Castle Dome Mountain area (see Castle Dome Mountain 

area for description). 

Location 

SEI/4 SWI/4 TIN, RI6W, Kofa Butte 15' quadrangle, Yuma County, Arizona. 

Age 

See Castle Dome Section. 

Lithology 

See Castle Dome Section. 

Little Ajo Mountains 

General Geology 

The Little Ajo Mountains are a small, northwest-trending mountain range 

immediately southwest of Ajo, Arizona. The Cenozoic geology includes tilted Tertiary 

sedimentary (Locomotive Fanglomerate) and volcanic rocks (Ajo Volcanics) overlain by 

the flat-lying Batamote andesite [Hagstrum et aI., 1987]. The Batamote andesite is cut 

by a high-angle fault. We have sampled about 120 m of the upper section at Black 

Mountain. 

Location 

SEI/4 NWI/4 Section I, TI3S, R6W, Ajo IS' quadrangle, Pima County, Arizona. 
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Age 

As noted by Hagstrum et al. [1987], the age of the this section was erroneously 

reported by Calderone and Butler [1984]. The age of our sampled section is 15.4 ± 2.2 

based on correlation with the Batamote andesite dated by Eberly and Stanley [1978]. 

Lithology 

Gray and Miller [1984] report the composition of the Batamote andesite as basalt 

to basaltic andesite. 

Parker Area 

General Geology 

The Buckskin-Rawhide-Whipple Mountains are located in the Colorado River trough 

in the Lake Havasu region of western Arizona and southeastern California. The Late 

Cenozoic geology of this region is well studied and consists of a classic metamorphic 

core complex terrane overlain by basaltic volcanic rocks cut by high-angle Basin and 

Range normal faults [Frost, 1981; Davis et aI., 1982; Suneson and Lucchitta, 1979]. We 

have sampled a section of the youngest basalts at Black Peak in the westernmost 

Buckskin mountains. 

Location 

Section 14, T9N, RI9W, Black Peak 7.5' quadrangle, La Paz County, Arizona. 

Age 

Shafiqullah et al. [1980] report an age of 16.1 ± 0.7 Ma for the uppermost flow in 

our sampled section on Black Peak. This unit is part of the post-detachment Osborne 

Wash Formation. 
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Lithology 

Shafiqullah et at. [1980] classify the samples taken from the Osborne Wash 

Formation at Black Peak and elsewhere as basaltic andesite. 

Plomosa Mountains 

General Geology 

The Plomosa-New Water Mountains trend northwest approximately 50 km from 

Interstate 10 to State Route 72 just east of Quartzite, Arizona. The geology consists 

of flat-lying mesa-forming basalt flows overlying deformed Paleozoic and Mesozoic 

sedimentary rocks. Although high-angle faults cut the section, the structure is 

internally simple. We have sampled the upper mesa-forming basalts at Black Mesa. 

Locatioll 

NWI/4 SEI/4, T3N, RI7W, Quartzite quadrangle, La Paz County, Arizona. 

Age 

Shafiqullah et at. [1980] report a 17.2 ± 0.4 Ma age from the upper mesa-capping 

flow on Black Mesa in the Plom'osa Mountains. 

Lithology 

Shafiqullah et at. [1980] report a basalt composition for the dated specimen from 

Black Mesa. 

Piute Range 

General Geology 

The Piute Range is a 30-km-Iong, narrow, north-trending range in southeastern 

California just west of Searchlight, Nevada. Exposures consist almost entirely of 

Middle Miocene volcanic rocks. These are generally horizontal and cut by a few 
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high-angle range-parallel normal separation faults. The section is approximately 120 m 

thick. Our sampling in the Piute Range consisted of essentially one section with about 

one mile of lateral offset. (Flows PIOO 1-3 are one mile south of PI004-12.) 

Location 

Upper section: SWI/4 Nl/2 Section 3, T13N, RI8E, Lanfair Valley IS' quadrangle, 

San Bernardino County, California. 

Lower section: SEI/4 SI/2 Section 22, T13N, RI8E, Lanfair Valley IS' quadrangle, 

San Bernardino County, California. 

Age 

Spencer [1985] reports an age of 14.2 ± 0.2 Ma from the basalt section in the 

southern Piute Range. These basalts are likely correlative with those that we have 

sampled further north in the range. 

Lithology 

The lithology of the volcanic section is quite diverse. The basal portion of the 

section is basaltic. About SO m of the lowest part of the upper section is composed of 

a rhyodacitic tuff unit. The upper part of the upper section is probably basaltic 

andesite in composition. 

Sauceda Mountains 

General Geology 

The Sauceda Mountains trend northwest for about 40 km just east of Ajo, 

Arizona. The Miocene stratigraphic column begins with tilted interbedded volcanic and 

sedimentary rocks [Gray and Miller, 1984]. These are overlain by an assemblage of 

silicic tuffs and basalt to basaltic andesite lava flows. These lava flows are roughly 

horizontal and slightly older than the Batamote andesite, which outcrops further to the 
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west [Gray and Miller, 1984]. We have collected samples from this upper sequence of 

basalt flows. 

Location 

NW1/4 SW1/4 NE1/4, T11S, R3W, Sikort Chuapo IS' quadrangle, Pima County, 

Arizona. 

Age 

Gray and Miller [1984] report a K-Ar age of 20.7 ± 0.6 Ma for a lava flow 

correlative with our sampled section. An age of 18.4 ± 0.9 is reported for other 

correlative basalts [Gray and Miller, 1984]. However, Gray and Miller [1984] consider 

this 18.4 Ma age too young on the basis of geologic relationships. 

Lithology 

Gray and Miller [1984] describe the lithology of the sampled volcanic sequence as 

basalt and basaltic andesite. 

Turtle Mountains 

General Geology 

The Turtle Mountains are a 40-km-long northwest-trending mountain range just 

west of the Whipple Mountains in southeastern California. Howard et at. [1982] and 

Carr et at. [1980] studied the stratigraphic relationships of Miocene rocks in the Turtle 

Mountains and Mopah Range. The stratigraphy consists of tilted and faulted 16-20 Ma 

silicic volcanic rocks, including the Peach Springs tuff of Young and Brennan [1974]. 

This sequence is unconformably overlain by a sequence of essentially horizontal basaltic 

lava flows correlating with the Osborne Wash Formation. This younger sequence is cut 

by high-angle normal-separation faults that offset the section down to the east in our 

sample area. We have sampled the Osborne Wash Formation in the Turtle Mountains. 
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Location 

NWI/4 SEI/4, T3N, R2IE, Savahia Peak 7.5' quadrangle, San Bernardino County, 

California. 

Age 

The age of the Osborne Wash Formation is reported in the Whipple Mountains as 

15.9 ± 2.8 Ma [Davis et aI., 1982]. 

Lithology 

Volcanic rocks in the Osborne Wash Formation are generally described as basalt 

and basaltic andesite [Davis et aI., 1982]. 

White Hills 

General Geology 

The White Hills are a north-trending group of low hills between Lake Mead and 

the Cerbat Mountains in northwest Arizona. The geology essentially consists of 

Tertiary volcanic rocks overlying crystalline basement rocks. Part of the Tertiary 

section has been tentatively correlated with the Early Miocene Patsy Mine volcanics 

and the Middle Miocene Mt. Davis volcanics in the Black Mountains to the west 

[Reynolds et aI., 1985]. The lower section consists of ash-flow tuffs. These are 

overlain by a sequence of thin basaltic lava flows. We have sampled this upper section 

of basaltic lava flows. 

Location 

NWI/4 WI/2 Section 31, T27N, RI8W, White Hills 15' quadrangle, Mojave County 

Arizona. 
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Age 

The sampled section is probably younger than the 15.4 ± 0.2 tuff dated by McKee 

[1982]. Additionally, R. S. Miller (written communication, 1988) reports a K/Ar age of 

8.5 ± 0.3 Ma on a flow (WH008) from our sampled section. 

Lithology 

Although no petrographical or geochemical analyses have been performed on these 

rocks, they are most likely basaltic in composition. 



APPENDIX 2 

THE EFFECT OF RANDOM NOISE ON REGIONAL PALEOMAGNETIC DIRECTIONS 

Introduction 

There are many environments in which the true direction of the geomagnetic field 

or the direction of the time-averaged axial dipolar geomagnetic field is perturbed by 

randomly directed noise. The measured paleomagnetic direction in these situations is 

the resultant vector obtained by adding the noise vector to the true direction. 

An example was provided by Griffiths et al. [1960], who described the process by 

which spherical magnetic grains settle in a column of water such that their magnetic 

moments are aligned with the geomagnetic field. This alignment is perturbed upon 

contact with a generally horizontal but uneven substrate as each grain rolls into the 

nearest depression. Griffiths et al. [1960] claimed that this randomly directed rolling 

will produce a bias in the resultant paleomagnetic inclination of the sediment to a 

direction shallower than the applied magnetic field direction. This shallow bias in the 

resultant inclination has been listed as one source of the so-called "inclination error" 

in sediments (see Verosub [1977] for review). We show below, however, that randomly 

directed rolling of spherical grains is actually not a probable contributor to inclination 

error. 

Beck [1984} addressed the consequences of adding randomly directed error to 

paleomagnetic directions that are thought to represent the time-averaged axial geocen

tric dipolar geomagnetic field. Errors in this case may come from (I) randomly direct

ed but undetected structural tilting, (2) orientation errors, or (3) inadequate averaging 

140 
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of geomagnetic secular variation. Beck [1984] argued that randomly directed error may 

be treated non-rigorously as a coin-toss probability problem. In short, random errors 

should average to zero for a sufficiently large sample population. Thus, for a suffi

ciently large data set, the resultant paleomagnetic direction will be an unbiased es

timate of the true paleomagnetic direction. We show below that this is true when both 

declination and inclination of the resultant paleomagnetic directions are considered. 

Beck [1984], however, applied this analysis to paleomagnetic inclination-only data. We 

also show below, in accordance with the analyses of Cox and Gordon [1984], McFadden 

and Ried [1982], Kono [1980], Griffiths et at. [1960] and Briden and Ward [1966] that 

Beck's [1984] statistical argument is inappropriate when applied to inclination-only data. 

The secular variation of the geomagnetic field can be considered another example 

of randomly directed noise added to an Rxial geocelitric dipolar magnetic field. In

dividual virtual geomagnetic poles (VGPs) for the last 5 m.y. are Fisher [1953]

distributed about the Earth's present rotation axis (the paleomagnetic pole). That is, 

the VGPs are distributed azimuthally about their mean pole (the paleomagnetic pole). 

Individual VGPs may be calculated from paleomagnetic directions at a particular site. 

The paleomagnetic declination yields the azimuth from the site to a particular VGP. 

The paleomagnetic inclination yields the distance from the site to the paleomagnetic 

pole. If the secular variation is adequately time-averaged, the mean pole calculated 

from the individual VGPs is equivalent to the rotation axis. The distance from the 

sampling site to the mean paleomagnetic pole (the colatitude) may be calculated using 

standard spherical trigonometry. However, if only inclination data is used to calculate 

the virtual geomagnetic colatitudes [Gromme and Vine, 1972], then the mean colatitude 

will be biased from the true colatitude as described above [Cox and Gordon, 1984 and 

many others]. The resultant colatitude will be larger than the true colatitude. Cox 

and Gordon [1984] present a method of correcting the derived paleomagnetic colatitude 

•.• "'o.-_=--~_., _4JJ ... __________ . _' .... _ ... _~ ............. __ •..• ~.~ .• 
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obtained from inclination-only data, provided that the secular variation of the geomag

netic field has been averaged. 

Given the important paleogeographical implications of paleomagnetic directions, it 

is extremely important to recognize the situations in which a given resultant paleomag

netic direction may be biased away from the true paleomagnetic direction. There are 

two basic cases to consider. One is the situation in which the paleomagnetic direction 

is an instantaneous reading of the geomagnetic field and the pole calculated from that 

datum is a VGP. The second situation is that of a time-averaged paleomagnetic direc

tion thought to have been produced by a geocentric axial dipolar field. In the latter 

case, biases may lead to incorrectly interpreting a discordant resultant paleomagnetic 

direction as a result of tectonic motion (i.e., vertical-axis rotation or latitudinal trans

lation). 

We present a simplistic geometrical method for estimating the probability that a 

paleomagnetic direction will be biased by randomly directed noise. We then examine 

in a few key examples the implications of this analysis for the interpretation of paleo

magnetic directions. 

Methods and Results 

To begin our analysis, we consider a true paleomagnetic direction (Dt = 320°, It = 

50°; see Figure A- 1). For simplicity, we consider randomly directed noise equivalent to 

randomly tilting the paleomagnetic direction arbitrarily by 20° in all possible azimuths 

from 0°-360° in increments of one degree. This yields a circle of 20° radius about the 

true direction, as in Figure A-I. 

At this point it is critical to note that the Fisher [1953] mean direction of the 

360 new directions is, indeed, the true paleomagnetic direction. Thus, if sampling 

sufficiently covers all possible azimuths of randomly directed tilt, the noise averages 
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Figure A-t. Equal area projection of a "true" paleomagnetic direction (star). Circle around the star is the locus of all 
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out in the process of calculating a mean direction. However, in many situations it is 

unlikely that sampling will afford a sufficient averaging of all possible tilt azimuths. 

It is for these situations that we are interested in predicting potential biases of the 

resultant paleomagnetic directions. 

It is instructive to note that the set of all possible paleomagnetic directions with 

inclination equal to that of our true paleomagnetic direction lies on a circle of radius 

90° - It concentric in the equal area net (Figure A-I). We observe that there are 

more tilt azimuths that will yield a resultant direction whose inclination is shallower 

than It (shaded portion of Figure A-I) than will yield an inclination steeper than It. 

Thus, as noted by Cox and Gordon [1984], the probability of obtaining a paleomagnetic 

direction shallower than expected exceeds that of obtaining one that is steeper than 

expected. However, the probability of obtaining a resultant direction whose declination 

is clockwis~ of the true declination is equal to that of obtaining a resultant direction 

counterclockwise of the true direction. These fundamental observations, as shown 

below, are not an artifact of the distortion produced by the plot in Figure A-I. 

We can estimate the probability of obtaining shallow versus steep inclinations and 

that of obtaining clockwise versus counterclockwise declinations. First, we formulate 

the change in inclination and declination versus tilt azimuth for a constant tilt. These 

functions may be written 

where 

!l/(1/» = 1(1/» - It 

!lD(I/» = D(I/» - Dt 

(A-I) 

(A-2) 

1(4)) = sin-1 [(cos (I/> + 90) sin 0 cos Dt cos It} + (-sin (I/> + 90) sin 0 sin Dt cos It} 
+ (cos () sin It)] (A-3) 



D(~) = tan-1 (sin (~ + 90) cos (~ + 90) (cos 8 - I) cos Dt cos It) 
+ (cos2 (¢ + 90) + sin2 (~ + 90) cos 8 sin Dt cos It) 
- (-sin (¢ + 90) sin 8 sin It) 

(sin2 (~ + 90) + cos2 (¢ + 90) cos 8 cos Dt cos It) 
+ (sin (~ + 90) cos (~ + 90) (cos 8 - I) sin Dt cos It) 
- (-cos (¢ + 90) sin 8 sin It) 
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(A-4) 

where ¢ is the azimuth and 8 is the amount of "tilt." Positive values of A/(¢) cor-

respond to inclinations steeper than the true inclination, whereas positive values of 

AD(</» correspond to declinations that are clockwise of the true declination. These 

functions are plotted in Figures A-2 and A-3 for various initial values of It, Dt and 

magnitude of tilt (or noise). The probability of obtaining an inclination shallower than 

It is given as the proportion of area under the "shallow" part of the A/(</» curve rela-

tive to the total area under the A/(</» curve. Probabilities for steep inclinations and 

clockwise versus counterclockwise declinations are derived similarly. Unfortunately, 

elegant solutions to the integrals of equations A-3 and A-4 are not particularly easy. 

We have therefore performed the integrations numerically using Simpson's rule. The 

results of these calculations are also shown in Figures A-2 and A-3. 

The function AD(</» integrates to zero in the range of 0 < </> < 360°. That is, the 

area under the curve but above the line AD(</» = 0 in Figures A-2 and A-3 is equal to 

the area below this line. Thus, for any value of "tilt" the probability of obtaining a 

declination clockwise of the true declination is equal to that of obtaining a declination 

counterclockwise of the true declination. The function A/(</», however, does not in-

tegrate to zero in the range 0 < </> < 360°. There is a greater area beneath the A/(</» 

= 0 line in Figures A-2 and A-3 than above. Except for the case when It is zero, 

there is always a higher probability of obtaining an inclination shallower than the true 

inclination. This was the fundamental observation of Griffiths et aI. [1960]. Addition-
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ally, this is why the coin-toss probability argument of Beck [1984] is inappropriate for 

paleomagnetic inclination data. 

Closer inspection of Figures A-2 and A-3 reveals that the probability of obtaining 

shallow paleomagnetic directions increases directly as a function of both the amount of 

"tilt" and the value of It, the true inclination. The probability of obtaining a shallow 

inclination increases dramatically when It > 60° (see Figure A-4). 

In our development of this geometrical method, we have made many simplifica

tions. The most obvious simplification is the use of a constant "tilt" magnitude in 

equations A-3 and A-4 to generate Figures A-2 and A-3. It is probably naive to think 

that randomly directed noise will have the same magnitude in all directions. A more 

complete treatment would consider the more realistic case in which the noise will have 

a Fisher [1953] distribution about the true direction. Nevertheless, the fundamental 

observations of shallowly biased inclinations but unbiased declinations will hold for any 

noise distribution which is azimuthally symmetric about the true direction. 

Conclusions and Inlplications 

The key feature of this analysis is that in sampling a distribution of resultant 

paleomagnetic directions formed by adding randomly directed noise to some true paleo

magnetic direction, we will most probably obtain a biased estimate of the true mean 

direction unless our sampling is sufficiently large. A large sample will effectively 

average out the contributions of random noise. 

It is difficult to rigorously define the term "sufficiently large." The minimum 

number of directions required to adequately average out the random noise is partly a 

function of the magnitude of the noise. In addition, the sample directions should have 

an angular dispersion approximately equal to that of the noise. In general, the criteria 

for testing a study for averaging of secular variation may be applied. That is, a 
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"sufficient" sample should contain greater than ten directions with an angular disper

sion approximately equivalent to that of our assumed source of noise. 

At the beginning of this appendix, we mentioned several environments in which 

we would like to know the probability of obtaining a biased estimate of the true direc

tion. We now examine those situations in the light of this analysis. Specifically, we 

examine (I) the inclination error associated with detrital remanent magnetism (DRM) 

imparted by settling of spheriCal ferromagnetic grains on an uneven substrate [Griffiths 

et aI., 1960]; and (2) regional paleomagnetic directions perturbed by randomly directed 

noise due to insufficient averaging of secular variation or undetected structural tilting. 

(I) Inclination Error in DRM 

Griffiths et al. [1960] argued on the basis of a similar analysis that random roil

ing of spherical grains on a sedimentary substrate will produce paleomagnetic inclina

tions shallower than that of the ambient magnetic field. We contend, however, that 

this is one situation in which sampling over all azimuths of tilting will average out the 

effects of randomly directed rolling or tilting of individual grains. In a single paleo

magnetic core sample, there may be hundreds or thousands of ferromagnetic grains. 

Randomly directed tilting of each grain should produce a robust, azimuthally symmetric 

distribution of the magnetic directions about the direction of the ambient magnetic 

field. The resultant magnetic direction in such a core will thus be an unbiased es

timate of the true direction of the ambient magnetic field. In other words, the proba

bility of obtaining a biased estimate of the ambient magnetic field direction when both 

declination and inclination data contribute to the resultant direction only hold for a 

situation when the sampling of resultant directions does !!Q1 cover all azimuths of tilt. 

The DRM direction in this situation will be biased only if all the ferromagnetic grains 

rolled in preferred azimuths, such as might occur in the presence of bottom currents. 
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Consequently, this acquisition mechanism of DRM in quiet water is not likely a con

tributor to inclination error. 

(2) Regional Paleomagnetic Directions 

There are many geological situations in which we may want to obtain paleomag

netic directions from a particular region. For example, many studies have been con

ducted to determine the apparent polar wander (APW) paths for continental or oceanic 

plates [e.g., Irving and Irving, 1982; Gordon et aI., 1984; May and Butler, 1986; Cox and 

Gordon, 1984]. Additionally, Hillhouse and McWilliams [1986] have recently reviewed 

the growing database of paleomagnetic directions from tectonostratigraphic terranes 

[Coney et aI., 1980]. These terrane directions are compared to "expected" directions 

calculated from the APW paths of the continent to which they are now attached to 

determine the motion of the terrane relative to the continent. 

Within a given terrane, we generally wish to obtain the true paleomagnetic direc

tion that would be produced by an axial geocentric dipolar geomagnetic field. In order 

to obtain such a direction, we must be confident that (1) we have adequately time

averaged the paleosecular variation of the geomagnetic field; and (2) that we know 

paleohorizontal at the time of magnetization. Lack of adequate confidence in any of 

these criteria may add a source of noise to the true paleomagnetic direction. Assuming 

we have adequate paleohorizontal indicators, the largest source of error is inadequate 

averaging of secular variation. However, it has become increasingly common to obtain 

paleomagnetic information from rocks lacking definitive paleohorizontal indicators (i.e., 

plutonic and volcanic rocks). Unknown tilts may also contribute substantially to the 

noise added to the true paleomagnetic direction. Thus, as shown above, a single mean 

paleomagnetic direction from a suite of rocks may be biased away from the true paleo-
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magnetic direction due to (1) incomplete averaging of geomagnetic secular variation, (2) 

failure to correct the mean direction for undetected tilt, or (3) both mechanisms. 

We have already shown that random noise will produce a biased, most probably 

shallow, estimate of the true mean direction. If an insufficient number of units is 

sampled in a particular region, a regional mean paleomagnetic direction calculated from 

these units may also be slightly biased in inclination but probably not in declination 

away from the true paleomagnetic direction for that region. This slight bias will be 

greater at high expected paleolatitudes. We now present examples illustrating the 

utility of this analysis applied to regional paleomagnetic directions. 

Beck [1984] has argued that the Washington-Oregon Coast Range has moved 

northward by about 350 km since Middle Tertiary time. This argument is based on the 

preponderance of slightly shallow paleomagnetic inclinations from rock units (including 

volcanic, plutonic and sedimentary rocks) in this region. In the Coast Range, ten out 

of twelve individual rock units yield paleomagnetic inclinations that are slightly, but 

insignificantly, shallower than the expected direction [Beck, 1984]. However, only two 

out of six studies in non-Coast Range rocks of similar age show shallow inclinations. 

Beck [1974] argued that random noise (whatever the cause) should produce equal num

bers of shallow and steep inclinations. The bias toward shallow inclinations in paleo

magnetic studies in the Coast Range led Beck [1984] to conclude that the noise was 

not random and therefore was likely due to small northward movement of the Coast 

Ranges. 

The expected paleomagnetic directions for rocks in the Coast Range given by 

Beck [1984] based on reference poles from cratonic North America are approximately Dt 

= 350°, It = 65°. For a true inclination of 65°, the t:..D(4J)- and A/(4J)-versus-azimuth 

curves are similar to those shown in Figures A-2 (c and d) and A-3 (c and d) for 

"noise" magnitudes of 10° and 20°, respectively. From Figures A-2 and A-3, we expect 
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to find a bias toward shallow inclinations for any individual study. The actual 

probability of finding a shallow inclination depends on the magnitude of the noise. 

From Beck's [1984] Table I, the permissible dispersion between the shallowest and 

steepest inclinations is in the range of 10° to 20°. For "noise" magnitudes of 10°, 

the probability, p, of finding a shallow inclination for any given section is about 0.58. 

If the noise magnitude is about 20°, then the probability is about 0.66. In both cases, 

the probability, q, of finding a steeper inclination is q = 1 - p. Alder and Roessler 

[1977] give the formula for determining the probability, P, of obtaining r successes in 

11 trials as: 

where Cn,r is the combination of 11 things taken r at a time given by Cn,r = 

"!/(r!(,, - r)!) and p and q are as above. Using this equation and numerical values for 

p and q at It = 65° given above, the probability of obtaining ten shallow inclinations 

out of twelve studies in the Coast Range is in the range of 0.05 to 0.12. We expect 

seven to eight studies out of twelve to have shallow inclinations. The probability of 

obtaining two shallow inclinations out of six studies in the non-Coast Range rocks is 

not much different (0.09 to 0.16). Combining the studies, the probability of obtaining 

12 shallow inclinations out of 18 studies is about 0.14 to 0.19. Indeed, with a 0.66 

probability of obtaining shallow inclinations, we expect to obtain exactly 12 shallow 

inclinations in 18 studies. In other words, the skewness of the inclination data re

ported by Beck [1984] can be simply explained as a number of studies perturbed by 

randomly directed noise at the expected paleolatitude of the Washington-Oregon Coast 

Range rather than by northward motion. 

Since the function AD(ifJ) always integrates to zero, the probability of obtaining 

clockwise versus counterclockwise declinations is equivalent to that of a coin toss. 

- • "_'-'_-=.'O-_"~_~' :.<.~ ____ ._. __ ...... _ •• " •• _ •• _~ •. _ ••• 
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Thus, the probability of finding 11 out of 12 declinations in the Coast Range clockwise 

of expected is very small indeed (0.0015). Clockwise discordant declinations in the 

Coast Range are not likely the result of random noise. Additionally, the magnitude of 

the declination discordance is large. Random noise, even for a small number of in

dividual samplings, is generally a small effect. 

Finally, it must be noted that even for a small number of samples and large (20°) 

"tilt," the difference between the resultant and true paleomagnetic directions will prob

ably not exceed 12° and will be generally less than 5° [Cox and Gordon, 1984]. Large 

discordant paleomagnetic inclinations such as those reported by Hillhouse [1977], Cham

pion et al. [1984] and many others are not likely the result of random error. In mar

ginal cases, however, caution should be exercised in interpreting marginally discordant 

paleomagnetic inclinations as the result of latitudinal transport. 

~ "----' --~------



REFERENCES CITED 

Alder, H. L., and E. B. Roessler, Introduction to Probability and Statistics, W. H. 
Freeman and Company, San Francisco, 426 p., 1977. 

Aldridge, M. J., and A. W. Laughlin, The Sonoran Desert tectonophysical subprovince, 
Geol. Soc. Am. Abstr. with Programs, 15, 315, 1983. 

Alvarez, W., D. V. Kent, I. Silva., R. Schweikert, and R. Larson, Franciscan complex 
limestone deposited at 17° south paleolatitude, Geol. Soc. Am. Bull., 91, 476-484, 
1980. 

Atwater, T., Implications of plate tectonics for the tectonic evolution of western North 
America, Geol. Soc. Am. Bull., 81, 3513-3536, 1970. 

Barnes A. E., and R. F. Butler, A Paleocene paleomagnetic pole from the Gringo Gulch 
volcanics, Geoplzys. Res. Lett., 7, 545-548, 1980. 

Bates, R. G., M. E. Beck, Jr., and R. Burmester, Tectonic rotations in the Cascade 
Range of southern Washington, Geology, 9, 184-189, 1981. 

Beck, M. E., Jr., Discordant paleomagnetic pole positions as evidence of regional shear 
in the western Cordillera of North America, Am. Jour. Sci., 276, 694-712, 1976. 

Beck, M. E., Jr., Paleomagnetic record of plate margin processes along the western 
edge of North America, J. Geoplzys. Res., 85, 7115-7131, 1980. 

Beck, M. E., Jr., Has the Washington-Oregon Coast Range moved northward?, Geology, 
12, 737-740, 1984. 

Beck, M. E., Jr., R. Burmester, D. E. Craig, C. S. Gromme, and R. E. Wells., 
Paleomagnetism of Middle Tertiary volcanic rocks from the Western Cascade 
Series, northern California, J. Geophys. Res., 91, 8219-8230, 1986. 

Best, M. G., E. H. McKee, and P. E. Damon, Space-time-composition patterns of late 
Cenozoic mafic volcanism, southwestern Utah and adjoining areas, Am. Jour. Sci., 
280, 1035-1050, 1980. 

Briden, J. C., and M. A. Ward, Analysis of magnetic inclination in boreholes, Pure Appl. 
Geophys., 63, 133-152, 1966. 

Brock, A., An experimental study of paleosecular variation, Geophys. J. R. Astron. Soc., 
24, 303-317, 1971. 

155 



156 

Bryan, P., and R. G. Gordon, Rotation of the Colorado Plateau: an analysis of 
paleomagnetic data, Tectollics, 5, 661-667, 1986. 

Burchfiel, B. C. and G. A. Davis, Mojave Desert environs, ill Ernst, W. G., ed., The 
Geotectollic Development of California, The Rubey Volume 1, p. 218-252, 1981. 

Burke, D. B., J. W. Hillhouse, E. H. McKee, S. T. Miller, and J. L. Morton, Cenozoic 
rocks in the Barstow Basin area of southern California-stratigraphic relations, 
radiometric ages, and paleomagnetism, U.S. Geol. Survey Bulletill 1529-E, 1982 

Calderone, G., and R. F. Butler, Paleomagnetism of Miocene volcanic rocks from 
southwestern Arizona: tectonic implications, Geology, 12, 627-630, 1984. 

Carr, W. J., D. D. Dickey and W. D. Quinlivan, Geologic map of the Vidal NW, Vidal 
Junction, and parts of the Savania Peak Quadrangles, San Bernardino County, 
California (1:24,000), U.S. Geol. Survey Map 1-1126, 1980. 

Champion, D. E., D. G. Howell, and C. S. Gromme, Paleomagnetic and geologic data 
indicating 2500 km of northward displacement for the Santa Lucia-Orocopia 
allocthon, J. Geophys. Res., 89, 7736-7752, 1984. 

Christiansen, R. L., and P. W. Lipman, Cenozoic volcanism and plate tectonic evolution 
of the western United States, 2, Late Cenozoic, Phil. Trails. Roy. Soc. LOlldon, 
271, 249-284, 1972. 

Coney, P. J., Mesozoic-Cenozoic Cordilleran plate tectonics, in Smith, R. B., and G. P. 
Eaton, eds., Cellozoic Tectollics alld Regional Geophysics of the Western Cordi
llera, Geol. Soc. Am. Mem. 152, p. 33-50, 1978. 

Coney, P. J., Cordilleran metamorphic core complexes-an overview, in Crittendon, 
M. D., Jr., P. J. Coney, and G. H. Davis, eds., Cordillerall Metamorphic Core 
Complexes, Geol. Soc. Am. Mem. 153, p. 33-50, 1980. 

Coney, P. J., D. L. Jones, and J. W. Monger, Cordilleran suspect terranes, Nature, 288, 
329-333, 1980. 

Coney, P. J., and S. J. Reynolds, Cordilleran Benioff zones, Nature, 2'10, 403-406, 1977. 

Cox, A., Latitude dependence of angular dispersion of the geomagnetic field, Geophys. 
J. R. Astroll. Soc., 20, 253-269, 1970. 

Cox, A., and R. G. Gordon, Paleolatitudes determined from paleomagnetic data from 
vertical cores, Rev. Geophys. Space Phys., 22, 47-72, 1984. 

Davis, G. A., J. L. Anderson, D. L. Martin, D. Krummenacher, E. G. Frost and R. L. 
Armstrong, Geologic and geochronologic relations in the lower plate of the 
Whipple detachment fault, in Frost, E. G., and D. M. Martin, eds., Mesozoic
Cenozoic Tectonic Evolution of the Colorado River Region, California, Arizolla, 
alld Nevada, Cordilleran Publishers, San Diego, California, p. 408-432, 1982. 



157. 

Davis, G. H., Structural characteristics of metamorphic core complexes, southern 
Arizona, in Crittendon, M. D., P. J. Coney and G. H. Davis, eds., Cordilleran 
Metamorphic Core Complexes, Geol. Soc. Am. Mem. 153, p. 35-77, 1980. 

Davis, G. H., and J. J. Hardy, The Eagle Pass detachment, southeastern Arizona: 
product of mid-Miocene listric (1) normal faulting in the southern Basin and 
Range, Geol. Soc. Am. Bull., 92, 749-762, 1981. 

Dickinson, W. R., Plate tectonic evolution of the Southern Cordillera, in Dickinson, W. 
R., and W. D. Payne, eds., Relations 0/ Tectonics to Ore Deposits in the Southern 
Cordillera. Arizona Geol. Soc. Digest, 14, 113-135, 1981. 

Dickinson, W. R., T. C. Goodlin, J. A. Grover, R. A. Mark, and M. Shafiqullah, 
Low-angle normal fault system along the range front of the southwestern Galiuro 
Mountains in southeastern Arizona, Geology, 15, 727-730, 1987. 

Dokka, R. K., Displacement on late Cenozoic strike-slip faults of the central Mojave 
desert, California, Geology, 11, 305-308, 1983. 

Eberly, L. D., and T.,B. Stanley, Jr., Cenozoic stratigraphy and geologic history of 
southwestern Arizona, Geol. Soc. Am. Bull., 89, 921-940, 1978. 

Engebretson, D. C., A. Cox, and R. G. Gordon, Relative motions between oceanic and 
continental plates in the Pacific Basin, Geol. Soc. Am. Special Paper 206, 59 p., 
1985. 

Fisher, R. A., Dispersion on a sphere, Proc. Roy. Soc. London, A217, 295-305, 1953. 

Fisher, N. I., Robust estimation of the concentration parameter of Fisher distribution 
on a sphere, Appl. Statist., 31, 152-154, 1982. 

Frost, E. G., Structural style of detachment faulting in the Whipple Mountains, 
California, and Buckskin Mountains, Arizona, Arizona Geol. Soc. Digest, 13,23-29, 
1981. 

Garfunkel, Z., Model for the late Cenozoic history of the Mojave desert, California, 
and for its relation to adjacent regions, Geol. Soc. Am. Bull., 85, 1931-1944, 1974. 

Geissman, J. Wm., Paleomagnetism and Late Cenozoic strike-slip tectonism in the 
Hoover Dam area, southeast extension of the Lake Mead fault zone, Nevada and 
Arizona [abs], EOS, Trans. Am. Geophys. Union, 67, 922, 1986. 

Glazner, A. F., l. E. Nielson, K. A. Howard and D. M. Miller, Correlation of the Peach 
Springs Tuff, a large-volume Miocene ignimbrite sheet in California and Arizona, 
Geology, 14, 840-844, 1986. 

Golombek, M. P., and L. L. Brown, Clockwise rotation of the western Mojave Desert, 
Geology, 16, 126-129, 1988. 

.---..... -- .. "--'-- " .. ---... ---.... -- . '."."-"'-"" 



158 

Gordon, R. G., A. Cox and S. O'Hare, Paleomagnetic Euler Poles and the apparent polar 
wander and absolute motion of North America since the Carboniferous, Tectonics, 
3, 499-537, 1984. 

Gray, F., and R. S. Miller, New K-Ar ages of volcanic rocks near Ajo, Pima and 
Maricopa counties, southwestern Arizona, !sochron/West, 41, 3-6, 1984. 

Griffiths, D. H., R. F. King, A. E. Rees, and A. E. Wright, Remanent magnetism of some 
recent varved sediments, Proc. Roy. Soc. London, A256, 359-383, 1960. 

Gromme, C. S., and F. J. Vine, Paleomagnetism of the Midway Atoll lavas and 
northward motion of the Pacific plate, Earth Planet. Sci. Leu., 17, 159-168, 1972. 

Gromme, C. S., M. E. Beck, Jr., R. E. Wells, and D. C. Engebretson, Paleomagnetism of 
the Tertiary Clarno Formation of central Oregon and its significance for the 
tectonic history of the Pacific northwest, J. Geophys. Res., 91, 14089-14104, 1986. 

Grubensky, M. J., Structure, geochemistry and volcanic history of mid-Tertiary rocks in 
the Kofa region, southwestern Arizona, M.S. thesis, Univ. of Arizona, Tucson, 
107 p., 1987. 

Hagstrum, J. T., D. P. Cox, and R. J. Miller, Structural reinterpretation of the Ajo 
Mining District, Pima County, Arizona, based on paleomagnetic and geochronologic 
studies, Econ. Geol., 82, 1348-1361, 1987. 

Hagstrum, J. T., M. O. McWilliams, D. G. Howell, and C. S. Gromme, Mesozoic 
paleomagnetism and northward translation of the Baja California peninsula, Geol. 
Soc. Am. Bull., 96, 1077-1090, 1985. 

Hagstrum, J. T., M. G. Sawlan, B. P. Hausback, J. G. Smith, and C. S. Gromme, Miocene 
paleomagnetism and tectonic setting of the Baja California peninsula, Mexico, 
J. Geophys. Res., 92, 2627-2640, 1987. 

Halls, H. C., A least-squares method to find a remanence direction from converging 
remagnetization circles, Geophys. J. R. Astroll. Soc., 45, 297-304, 1976. 

Harrison, C. G. A., and T. Lindh, A polar wandering curve for North America during 
the Mesozoic and Cenozoic, J. Geophys. Res., 87, 1903-1920, 1982. 

Hillhouse, J. W., Paleomagnetism of the Triassic Nickolai Greenstone, McCarthy 
Quadrangle, Alaska, Can. J. Earth Sci., 14, 2578-2592, 1977. 

Hillhouse, J. W., and C. S. Gromme, Northward displacement and accretion of 
Wrangellia: new paleomagnetic evidence from Alaska, J. Geophys. Res., 89, 
4461-4477, 1984. 

Hillhouse, J. W., and M. O. McWilliams, Application of paleomagnetism to accretionary 
tectonics and structural geology, Rev. Geophys. Space Phys., 25, 951-959, 1987. 

Hoffman, K. A. and R. Day, Separation of mUlticomponent NRM: a general method, 
Earth Plallet. Sci. Lett., 40, 433-438, 1978. 



159 

Holt, W. E., C. G. Chase, and T. W. Wallace, Crustal structure from three-dimensional 
gravity modeling of a metamorphic core complex: A model for uplift, Santa 
Catalina-Rincon mountains, Arizona, Geology, 14, 927-930, 1986. 

Hornafius, J. S., B. P. Luyendyk, R. R. Terres, and M. J. Kammerling, Timing and 
extent of Neogene tectonic rotation in the western Transverse Ranges, California, 
Geol. Soc. Am. Bull., 97, 1476-1487, 1986. 

Howard, K. A., P. Stone, M. A. Pernokas and R. F. Marvin, Geologic and geochronologic 
reconnaissance of the Turtle Mountains area, California: west border of the 
Whipple Mountains detachment terrane, ill Frost, E. G., and D. M. Martin, eds., 
Mesozoic-Cenozoic Tectollic Evolutioll 0/ the Colorado River Region, California, 
Arizona, and Nevada, Cordilleran Publishers, San Diego, California, 341-355, 1982. 

Irving, E" Paleopoles and paleolatitudes of North America and speculations about 
displaced terranes, Can. Jour. Earth Sci., 16, 669-694, 1979. 

Irving, E., and G. A. Irving, Apparent polar wander paths, Carboniferous through 
Cenozoic and the assembly of Gondwana, Geophys. Surveys, 5, 141-188, 1982. 

Irving, E., and G. Pullaiah, Reversals of the geomagnetic field, magnetostratigraphy, 
and relative magnitude of paleosecular variation in the Phanerozoic, Earth Sci. 
Rev., 12, 35-64, 1976. 

Kammerling, M., and B. Luyendyk, Tectonic rotations of the Santa Monica mountains 
region, western Transverse Ranges, California, suggested by paleomagnetic vectors, 
Geol Soc. Am. Bull., 90, 331-337, 1979. 

Kammerling, M. J., and B. P. Luyendyk, Paleomagnetism and Neogene tectonics of the 
Northern Channel Islands, California, J. Geophys. Res., 90, 12485-12502, 1985. 

Kirschvink, J. L., The least-squ& '~s line and plane and the analysis of paleomagnetic 
data, Geophys. J. R. Astron. Soc., 62, 699-718, 1980. 

Kluth, C. F., R. F. Butler, L. E. Harding, M. Shafiqullah, and P. E. Damon, 
Paleomagnetism of late Jurassic rocks in the northern Canelo Hills, southeastern 
Arizona, J. Geophys. Res., 87, 7078-7086, 1982. 

Kono, M., Statistics of paleomagnetic inclination data, J. Geophys. Res., 85, 3878-3882, 
1980. 

Lewis, T., and N. I. Fisher, Graphical methods for investigating the fit of a Fisher 
distribution for spherical data, Geophys. J. R. Astron. Soc., 69, 1-13, 1982. 

Livermore, R. A., F. J. Vine and A. G. Smith, Plate motions and the geomagnetic field
II. Jurassic to Tertiary, Geophys. J. R. Astroll. Soc., 79, 939-961, 1984. 

Loomis, D. P. and D. W. Burbank, The stratigraphic evolution of the El Paso Basin, 
southern California: Implications for the Miocene development of the Garlock 
Fault and uplift of the Sierra Nevada, Geol. Soc. Am. Bull., 100, 12-28, 1988. 



160 

Luedke, R. G., and R. L. Smith, Map showing distribution, composition and age of late 
Cenozoic volcanic centers in Arizona and N. Mexico, U.S. Geol. Survey Misc. 1m. 
Map. 1-1091-a, 1978. 

Lukk, M. E., The geology and geochemistry of the Tertiary volcanic rocks of the 
northeastern half of the Clipper Mountains, eastern Mojave Desert, California, 
M.S. thesis, Univ. of California, Riverside, 1982. 

Luyendyk, B. P., M. J. Kammerling, and R. R. Terres, Geometric model for Neogene 
crustal rotations in southern California, Geol. Soc. Am. Bull., 91, 211-217, 1980. 

Luyendyk, B. P., M. J. Kammerling, R. R. Terres, and J. S. Hornafius, Simple shear of 
southern California during Neogene time suggested by paleomagnetic declinations, 
J. Geophys. Res., 90, 12454-12466, 1985. 

Magill, J. and A. Cox, Post-Oligocene tectonic rotation of the Oregon western Cascade 
Range and the Klamath Mountains, Geology, 9, 127-131, 1981. 

Magill, J., A. Cox and R. Duncan, Tillamook volcanic series: Further evidence for 
tectonic rotation of the Oregon Coast Range, J. Geophys. Res., 86, 2953-2970, 
1981. 

Mankinen, E. A., E. E. Larson, C. S. Gromme, M. Prevot, and R. S. Coe, The Steens 
Mountain (Oregon) geomagnetic polarity transition, 3, its regional significance, 
J. Geophys. Res., 92, 8057-8076, 1987. 

May, S. R., P. J. Coney, and M. E. Beck, Jr., Paleomagnetism and suspect terranes of 
the North American Cordillera, U. S. Geol. Survey Open-File Report 83-799, 8 p., 
1983. 

May, S. R., and R. F. Butler, North American Jurassic apparent polar wander: 
implications for plate motion, paleogeography, and Cordilleran tectonics, 
J. Geophys. Res., 91, 11519-11544, 1986. 

McCurry, M. 0., The geology of a Late Miocene volcanic center in the Woods and 
Hackberry Mountains area of the eastern Mojave Desert, in Frost, E. G., and 
D. L. Martin, eds., Mesozoic-Cenozoic Tectonic Evolution 0/ the Colorado River 
Region, California, Arizona, and Nevada, Cordilleran Publishers, San Diego, 
California, p. 433-440, 1982. 

McCurry, M. 0., Evolution of the Woods Mountain volcanic center, eastern Mojave 
Desert, Geol. Soc. Am. Abstr. with Programs, 18, 156, 1986. 

McFadden, P. L., The best estimate of Fisher's precision parameter K, Geophys. J. R. 
Astroll. Soc., 60, 397-407, 1980a. 

McFadden, P. L., Testing a paleomagnetic study for the averaging of secular variation, 
Geophys. J. R. Astroll. Soc., 61, 183-192, 1980b. 

McFadden, P. L., and F. J. Lowes, The discrimination of mean directions drawn from 
Fisher distributions, Geophys. J. R. Astroll. Soc., 67, 19-33, 1981. 

...... -.-:~.--.. -- '-.-.I~.~---.... -.-..... --- ....... ~ ... - '_~"."" . 



161 

McFadden, P. L., and A. B. Reid, Analysis of paleomagnetic inclination data, Geophys. 
J. R. Astron. Soc., 69, 307-319, 1982. 

McFadden, P. L., and M. W. McElhinny, A physical model for paleosecular variation, 
Geophys. J. R. Astron. Soc., 78, 809-830, 1984. 

McKee, E. H., K-Ar chronology of mineralization and igneous activity, in Theodore, 
T. E., ed., Preliminary Report on the Geology and Gold Mineralization of the Gold 
Basin-Lost Basin Mining Districts, Mojave County, Arizona, U.S. Geol. Survey 
Open File Report 82-1052, 23-30, 1982. 

McWilliams, M. 0., Paleomagnetism and the motion of large and small plates, Rev. 
Geophys. Space Phys., 21, 644-651, 1983. 

McWilliams, M. 0., Confidence limits on net tectonic rotation, Geophys. Res. Lett., 11, 
825-827, 1984. 

Morris, L. K., S. P. Lund, and D. J. Bottjer, Paleolatitude drift history of displaced 
terranes in southern and Baja California, Nature, 321, 844-847, 1986. 

Percious, J. K., Geology and geochronology of the Del Bac Hills, Pima county, Arizona, 
in Titley, S. R., ed., Southern Arizona Guidebook 111, Arizona GeoJog:cal Society, 
p. 199-207, 1968. 

Pischke, G., G. Gastil and M. Marshall, Mesozoic paleomagnetism and northward 
translation of the Baja California peninsula: Discussion, Geol. Soc. Am. Bull., 97, 
1279-1280, 1986. 

Plescia, J. P., G. J. Calderone, and L. W. Snee, Paleomagnetic analysis of Miocene 
basalts from the Tehachapi Mountains, California, [submitted]. 

Rehrig, W. A., Metamorphic core complexes of the southwestern United States: an 
overview, in Frost, E. G. and D. L. Martin, eds., Mesozoic-Cenozoic Tectonic 
Evolution of the Colorado River Region, California, Arizona and Nevada, 
Cordilleran Publishers, San Diego, California, p. 551-560, 1982. 

Reynolds, S. J., F. P. Florence, D. A. Currier, A. V. Anderson, R. A. Trapp and S. B. 
Keith, Compilation of K-Ar age determinations in Arizona, Arizona Bureau of 
Geology and Mineral Technology Open File Report 85-8, 320 p., 1985. 

Reynolds, S. J., M. Shafiqullah, P. E. Damon, and E. Dewitt, Early Miocene myloni
tization and detachment faulting, South Mountains, central Arizona, Geology, 14, 
283-286, 1986. 

Sass, J. H., and A. H. Lachenbruch, Heat-flow field of the California-Arizona crustal 
experiment and adjacent areas, Geol. Soc. Am. Abstr. with Programs, 19, 829, 
1987. 



162 

Shafiqullah, M., P. E. Damon, D. J. Lynch, S. J. Reynolds, W. A. Rehrig and R. H. 
Raymond, K-Ar geochronology and geologic history of southwestern Arizona and 
adjacent areas, in Jenney, J. P., and C. Stone, eds., Sludies in Weslern Arizona, 
Arizona Geol. Soc. Digesl, 12, 201-260, 1980. 

Simpson, R. W., and A. Cox, Paleomagnetic evidence for tectonic rotation in the 
Oregon Coast Range, Geology,S, 585-589, 1977. 

Spencer, J. E., Miocene low-angle normal faulting and dike emplacement, Horner 
Mountain and surrounding areas, southeastern California and southernmost Nevada, 
Geol Soc. Am. Bull., 96, 1140-1155, 1985. 

Spencer, J. E., and S. J. Reynolds, Some aspects of the Middle Tertiary tectonics of 
Arizona and southeastern California, Arizona Geol. Soc. Digesl, 16, 102-107, 1986. 

Stewart, J. H., Basin and Range structure in western North America: a review, Geol. 
Soc. Am. Memoir 152, 1-31, 1978. 

Suneson, N., and I. Lucchitta, K-Ar ages of Cenozoic volcanic rocks, west-central 
Arizona, Isochron/West, 24, 25-29, j979. 

Symons, D. T. A., and M. Stupavsky, A rational paleomagnetic stability index, 
J. Geophys. Res., 79, 1718-1720, 1974. 

Terres, R. R., and B. P. Luyendyk, Neogene tectonic rotation of the San Gabriel region, 
California, suggested by paleomagnetic vectors, J. Geophys. Res., 90, 12467-12484, 
1985. 

Thompson, G. A. and D. B. Burke, Regional Geophysics of the Basin and Range 
province, Earlh and Planelary Sci. Ann. Reviews, 2, 213-238, 1973. 

Verosub, K. L., Depositional and post-depositional processes in the magnetization of 
sediments, Rev. Geophys. Space Phys., IS, 129-143, 1977. 

Veseth, M., J. Butterworth, and M. Marshall, A paleomagnetic investigation of Miocene 
volcanic rocks, Yuma County, southwest Arizona [abs], EOS, Trans. Am. Geophys. 
Union, 63, 913, 1982. 

Vugtaveen, R. W., A. E. Barnes, and R. F. Butler, Paleomagnetism of the Roskruge and 
Gringo Gulch volcanics, southeast Arizona, J. Geophys. Res., 86, 4021-4028, 1981. 

Watson, G. S., Analysis of dispersion on a sphere, Monlhly Notices Geophys. J. R. 
Aslron. Soc., 7, 153-161, 1956. 

Watson, G. S., Some problems in the statistics of directions, Bull. 36lh Session Int. 
Stalisl. Insl., Sydney, Australia, 1967. 

Watson, G. S., and E. Irving, Statistical methods in rock magnetism, Monthly Notices 
Geophys. J. R. Aslron. Soc., 7, 289-300, 1957. 



163 

Wesnousky, S. G., Earthquakes, Quaternary faults and seismic hazard in California, 
J. Oeophys. Res., 91, 12587-12632, 1986. 

Wilkins, J., Jr., R. E. Beane, and T. L. Heidrick, Mineralization related to detachment 
faults, Arizona Oeol. Soc. Digest, 16, 108-117, 1986. 

Young, R. A., and W. J. Brennan, Peach Springs Tuff: Its bearing on structural 
evolution of the Colorado Plateau in northwestern Arizona, Oeol. Soc. Am. Bull., 
85, 83-90, 1974. 

--_._ .. __ ._.- .,,--_...... ---" ... __ ..... _ ...... _ .... -.. "'-'--


