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ABSTRACT

Paleomagnetic data were collected from Miocene volcanic

rocks in the Turtle Mountains, Clipper Mountain, Colton Hills,
and Piute Range of the southern Basin and Range (SBR) province in

southeastern California as well as in the Soledad Mountains of
the Mojave block in southern California.

The data from these two

tectonic provinces yield significantly different pa leomagne t is

directions, which probably indicates the existence of a major
crustal and /or lithospheric discontinuity in the area between the

Barstow Basin and the Clipper Mountain.

Comparing the mean direction from the SBR data to the
Miocene expected direction indicates no statistically significant
rotation (R = -0.2° + 18.2 °) or flattening (F = -6.5° + 9.2 °).

A

similar comparison for the Soledad Mountain data, which were
combined with data of Burke et al. (1982) from the Barstow Basin,
yields a significant rotation of -43.5° + 12.9° and flattening of
19.3° + 10.6° for the Mojave block.

These Mojave block values

may be exaggerated a few degrees due to inadequate averaging of
secular variation and possible improper structural corrections.

ix

CHAPTER 1

INTRODUCTION

The western coast of North America consists predominantly

of displaced terranes and microplates. Terranes are geologic

entities of regional extent, bounded by faults, usually
positioned along the tectonically active margin of a continent,

and suspected of motions different than those of the adjacent
continent (Coney et al., 1980; Coney, 1981).

Microplates are

defined in a similar manner, and often the two terms are losely

interchanged.

Microplates are, however, actual discrete

lithospheric blocks while the vast majority of terranes are
detached at some crustal level (e.g.,

the base of the seismogenic

zone or the base of the crust).

Discordant paleomagnetic poles or paleomagnetic direc-

tions are commonly used in determining the kinematics of
microplates and terranes.

Kinematic interpretations from

paleomagnetic data are based on the axial geocentric dipole
hypothesis.

Basically, this hypothesis states that the time

-

averaged geomagnetic field is that of an axial geocentric dipole

directed along the rotation axis of the earth.

Since the

geomagnetic field varies in direction over time (geomagnetic
secular variation), the instantaneous field can deviate substantially from the time -averaged field.

1

Therefore, it is important

2

to make many field measurements of rocks with ages spanning
several thousands of years to assure that the secular variation
of the geomagnetic field has been properly time -averaged.

Once

this is done, the paleomagnetic pole from a terrane or microplate

can be compared to the adjacent continent's reference polar
wander path.

Observed deviations between the two can signify

tilting, north -south translation, or rotation about a vertical
axis (Irving, 1979).

These motions will be internally consistent

for a microplate while the crustal blocks within a terrane might
display motions that vary slightly from one another.

Reviews of the paleomagnetic data have demonstrated the

occurrence of large rotations and translations all along the
Cordillera of western North America (Beck,
et al., 1985).

1976,

1980; Luyendyk

Specifically in southwestern United States, the

terranes west of the San Andreas fault are known to be
translating northward with the Pacific plate.

Along with this

translation, large clockwise rotations are observed, and have
been attributed to accretion and /or dextral shear associated with
Pacific -North American plate interactions (Beck, 1980; Cox, 1980;

Luyendyk et al., 1980, 1985).

The clockwise rotations are not

known to extend into the continental interior east of the San

Andreas fault and south of the Garlock fault.

In fact,

paleomagnetic studies of mid -Tertiary volcanic rocks in
southwestern Arizona indicate a counterclockwise rotation of
13.7° + 12.2° (Calderone and Butler, 1984).

However, very little

paleomagnetic data had been collected in the area between Arizona

and the San Andreas fault, which will be referred to as the
Mojave region (figure 1), and the data that had been collected
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(Burke et al., 1982) was inconclusive because the data set is too
small to have averaged geomagnetic secular variation.

This study was initiated to determine amounts of Neogene

latitudinal translations and vertical axis rotations for the
Mojave region of southeastern California.

The collection of data

in this region is particularly important in determining the
extent of the clockwise rotations observed to the west and the
counterclockwise rotations observed to the east,

in alleviating

previous problems with averaging geomagnetic secular variation,
and in better resolving tectonic reconstructions of southwestern
United States.

CHAPTER 2

GEOLOGIC AND TECTONIC SETTING

Numerous physiographic elements converge in southern
California, making it a very interesting and active area for the

study of tectonic processes.

In the midst of these features is

the area that will be referred to as the Mojave region (figure
1).

The Mojave region consists of two tectonic provinces.

The

western -most province, the Mojave block, is the wedge- shaped area

bounded by the San Andreas fault on its southwestern side, by the

Garlock fault to the north, and to the east by a N -S trending

line of geophysical anomalies at roughly 115° 30' W longitude
(Dokka, 1980) or by the southward extension of the Soda -Avawaltz

fault zone (Garfunkel, 1974).

The eastern Mojave region is

traditionally thought to belong in the southern Basin and Range
province.

The boundaries for the eastern Mojave region are based

on the distribution of paleomagnetic sampling localities.

The

results in the eastern Mojave region are only applicable within

the boundaries selected even though they may pertain to a much

larger area,

perhaps the entire southern Basin and Range.

Likewise, the results in the western Mojave region are applicable

only to the Mojave block excluding the area called the central
Mojave block (figure 1).
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Besides having different physiographic expressions, the
following major geophysical anomalies separate the southern Basin

and Range Province (SBR) from the Mojave block.

(1) Heat flow

values are lower in the Mojave block than in the SBR province

(Lachenbruch and Sass,

1981).

(2) The Mojave block is

seismically active and presently deforming along NW trending
right - lateral strike -slip faults while the eastern Mojave region

is seismically inactive (Allen et al., 1965; Smith, 1978).

(3)

Seismic refractions and reflections off the Moho discontinuity
are observed at a greater depth in the Mojave block than in the
adjacent southern Basin and Range, thus the crust is thicker in

the Mojave block

(Fuis, 1981; Cheadle et al., 1986).

None of

these geophysical anomalies can be used to precisely delineate
the Mojave block -SBR boundary, but they indicate the two regions

are separate entities.

Their actual contact is probably a

diffuse zone similar to the transition zone between the Colorado
Plateau and the Basin and Range province.

The general geology of the Mojave region consists of
recent alluvium and Cenozoic volcanic and volcaniclastic rocks
lying unconformably on a deeply eroded basement of Precambrian
crystalline rocks, Paleozoic cratonic and miogeoclinal rocks, and

Mesozoic plutonic and volcanic rocks (Burchfiel and Davis, 1981;

Miller et al., 1982; Dibblee, 1980a, 1980b; Lukk, 1982).

The

Paleozoic rocks are inferred to have been deposited along

a

passive North American margin (Burchfiel and Davis, 1981), but
any reconstruction of the geologic setting before the Mesozoic is
made difficult because Precambrian and Paleozoic outcrops are few
and are widely scattered.
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Subduction beginning as early as mid -Devonian persisted

along the Cordilleran margin of western North America into the

Cenozoic (Dickinson, 1976, 1981; Burchfiel and Davis, 1981).
Major crustal evolution in the Mojave region occurred by east

vergent thrusting and magmatic injection of granitic bodies
associated with subduction.

During the late Mesozoic and

Paleocene, the Pelona- Orocopia -Rand schist was supposedly thrust

beneath the brittle crust in the western Mojave region and in the

San Gabriel Mountains.

The top of this schist has been

suggested as a mid -crustal detachment zone above which tectonic

flakes (crustal blocks) move relative to the lower crust and
mantle (Yeats, 1980).

Around 29 Ma, the spreading center between

the Pacific and the Farallon plate encountered the North American

plate, and subduction of the Farallon plate beneath the North
American plate was progressively replaced by the evolving San
Andreas transform fault system (Dickinson, 1976; Atwater, 1970).

The Cenozoic deformation, volcanism, erosion, and sedimentation
that followed have prevailed in shaping the present physiography
of southern California.

The three modes of deformation that have prevailed for

the Mojave region in the Neogene are:

(1) low -angle normal

faulting, (2) high -angle normal faulting, and (3) right - lateral
strike -slip faulting.

Low -angle normal faults are known to exist

as far west as the Newberry Mountains (Dokka and Glazner, 1982)
and to exist extensively in the eastern Mojave region (Davis et
al.,

1980,

1982; Spencer,

1985).

Most of the topographic relief

results from high -angle normal faults related to Basin and Range

extension which has produced the characteristic horst- graben
structures in the eastern Mojave region.

The linear ranges and

8

intervening wide,

arid basins in this area have a general

northwesterly trends

The ranges decrease in relief and the

basins become much wider in the western Mojave region, which
probably indicates this area has not been as actively involved in

Basin and Range extension.

Instead, the Mojave block has been

deformed by right - lateral shear on the northwest trending faults

that exist throughout it (Jennings, 1975).

These faults are

active to this day, but mapping the extent of the faulting and
the offset on the faults is nearly impossible because they exist
under the vast alluvial blanket that covers the Mojave block.
Volcanism commenced in the Mojave region about 22 -26 Ma,

after a period of quiescence in the Eocene and Oligocene
(Armstrong and Higgins, 1973; Crowe et al.,

1979; Glazner, 1982).

Calc- alkaline volcanism associated with the subduction of the
Farallon plate lasted until about 19 Ma.

The inception of Basin

and Range extensional tectonics around 19 -13 Ma resulted in a
transition to bimodal volcanism during which a suite of basalts
and silicic tuffs were deposited (Dokka and Glazner, 1982).

Only

sparse eruptions of basaltic lavas have continued from about 11
Ma to present.

Most of these flows are located in the central

Mojave desert (Dibblee,

1980b).

The following section gives the

ages and precise location (latitude and longitude) of the
volcanic rocks we sampled.

Ales of Rocks Sampled

Discordant paleomagnetic directions usually imply some

tectonic process in action.

In this study, the timing of the

tectonic processes is constrained by K -Ar ages of one or more

9

TABLE

I

Ages of Rocks Sampled

PALEOMAG. SAMPLE LOCALITY
(latitude, longitude)

Clipper Mountain

AGE
(Ma)

18.3 -15.7

Inferred age,
this paper

15.7 + ( ?)

McCurry,
personal communication

(34.75 °N, 244.57 °E)

Colton Hills
(34.98 °N, 244.57 °E)

Piute Range

REFERENCE

14.2 + 0.2, 14.5 + 0.2

Spencer (1985)

(35.22 °N, 244.97 °E)

Turtle Mountains

18 to 20

Howard et al. (1982)

20.0 + 2.0

Inferred age,
this paper

(34.30 °N, 245.23 °E)

Soledad Mountain
(34.97 °N, 241.81 °E)

AGES are based on K -Ar ages (see chapter 2).
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volcanic flows from a range.
rocks for each range.

Table 1 lists the ages of the

No ages were available for the rocks at
The youngest flows in

Clipper Mountain or at Soledad Mountain.

Clipper Mountain have been correlated with similar welded tuffs

occuring in the Little Piute and Woods Mountains (Lukk, 1982).

One of these flows is correlated with the Peach Springs Tuff,
which has an age of 18.3 to 18.1 Ma (Howard et al., 1982). We
sampled flows stratigraphically above the tuffs.

The youngest

Clipper Mountain flows are inferred by Lukk to be similar to
those that underly the Hole -In -The -Wall Tuff, which has an age of

The rocks sampled

15.7 Ma (M. McCurry, personal communication).

at Clipper Mountain, therefore, have an age between 18.3 to 15.7
Ma.

A basalt 40 km east of Soledad Mountain gave an age of 19.8

+ 0.7 Ma (Armstrong and

Higgins, 1973).

This basalt and the

Soledad Mountain volcanic section occur within the Tropico Group
(Dibblee,

1963; Armstrong and Higgins,

1973),

so we tentatively

infer an age of 20 + 2 Ma for the Soledad Mountain volcanics.

It

is unlikely that either undated section of volcanics is older
than 22 Ma because volcanic rocks of Eocene and Oligocene age are

not known to occur within the Mojave Desert of California
(Armstrong and Higgins, 1973).

Also, both sections of flows

have been block faulted by Basin and Range extension, most of
which took place between 19 and 13 Ma.
are in the range of 22 -13 Ma.

Thus, all rocks sampled

CHAPTER 3

FIELD PROCEDURE

Over 300 paleomagnetic samples were collected from 42
sites.

Each site consisted of a single lava flow, and six to

eight separately oriented samples were collected per site.

The

lava flows range compositionally from basalt to rhyodacite. One
silicic tuff unit, the Hole -In -The -Wall Tuff, was sampled in the

Colton

Hills.

Brunton compasses were used to detect the presence

of anomalously strong magnetization induced by lightning strikes.

So as to avoid such lightning- struck regions, areas were marked

for sample collection only where the compass needle deflection

was a minimum.

Cores (diameter approximately equal to 2.5 cm)

were collected with a portable drilling apparatus and oriented

with an orientation stage that consists of an inclinometer,
Brunton compass, and sun compass.

True azimuths were determined

from the sun compass in the field using a programmable
calculator.

The azimuths determined from the two were compared

in the field to decrease the chance of orientation errors, and to

detect possible lightning strikes.

Inevitably the attempts to

avoid lightning struck areas were not always successful because

all the samples were collected from local topographic highs.
Therefore, the sun compass orientations were used for the data
analysis.
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Care was taken to collect samples from large,
structurally simple blocks that were part of the main mountain
ranges (i.e. small, normal-faulted blocks on the margin of the
main mountain structure were avoided).

Also, the six to eight

samples collected per site were spaced over large enough
exposures to avoid difficulties from small block rotations.

Such

precautions are necessary because the paleomagnetic directions
obtained from a range should be applicable to a crustal block at
least the size of the range (Calderone and Butler,

1984).

Large

crustal blocks within a terrane or microplate will presumably

move in a coherent manner, with adjacent blocks rotating by
similar amounts.

This will afford the opportunity to determine

the motion of a region by combining the results from several
crustal blocks within the region.

Tectonic corrections were made for the lava flows based
on the assumptions that the flows were originally horizontal and

that any deviation from horizontal resulted from rotation about
the strike of the flow.

Bedding attitudes were based on geologic

map data or on measured orientations of basal sedimentary units,
flattened vesicles, and flow contacts.

There were no sedimentary

interbeds in any of the sections of flows sampled, but in four

localites there were basal sedimentary layers where a bedding
attitude could be measured.

Of the five areas sampled, it was

deemed necessary to structurally correct only the stratigraphic

section of volcanics at Soledad Mountain.

The other four

sections did not deviate from horizontal by more than about 5
degrees.

At the Soledad Mountain, bedding planes were measured

on a basal sedimentary layer and on four of the flows.

The five

13

bedding attitudes were similar, so they were vector averaged to

yield a strike and dip for the section of N72 °W and 25.9 °SW.

CHAPTER 4

LABORATORY PROCEDURES

The cores (samples) were cut into one or two cylindrical
specimens, each approximately 2.4 cm long.

The natural remanent

magnetization (NRM) of each specimen was measured on a Schonstedt

(model SSM -2A) spinner magnetometer interfaced with an Altos
68000 computer.

One or two representative specimens from each

site were chosen for stepwise progressive alternating -field (AF)

partial demagnetization (a Schonstedt AC tumbling demagnetizer,

model GSD -5 was used for all of the AF demagnetizations).
Results from a few of these experiments are illustrated in figure
2.

In general, there were two vectorially different components

of NRM present.

One component,

most likely a

secondary

isothermal remanent magnetization component (IRM) caused by
lightning strikes, displays erratic directional behavior and high

intensities.

This low to moderate coercivity component was

usually removed by AF demagnetization to peak fields less than 40
milliteslas (mT).

The other component remains stable up to the

maximum demagnetization field of 100 mT for all the rocks except
those from Clipper Mountain, where usually no stable component of

magnetization remains above fields of 80 mT.

This high

coercivity component is almost certainly a very stable thermal

remanent magnetization (TRM) that represents the primary

14
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magnetization acquired upon cooling.

This primary component was

isolated on the vector demagnetization diagrams as the linear

segment that trends toward the origin.

The following two

sections discuss how this component was used in computing site
mean directions and how we have confirmed that this component is
the primary TRM.

Method of Computing Site Mean Directions

The site mean directions were computed following the

blanket demagnetization of all sites at their individually
selected optimal cleaning field.

The optimal cleaning field was

chosen for each site based on progressive AF demagnetization of
pilot samples.

In the typical demagnetization sequence for our

samples, the NRM intensity decreases and the direction of NRM

changes as the cleaning field is increased up to a point.
Increasing the cleaning field beyond this point causes the NRM
intensity to decrease but causes no change in NRM direction.

On

the vector demagnetization plots (figure 2), the stable direction
for a sample is the straight line segment trending to the origin.

Any one of the demagnetization steps within this straight line
segment can be used as an optimal demagnetization step for the
blanket treatment of the remaining samples in the site. We found

that the site mean is not overly sensitive to which step is
chosen.

However, the sample directions from a site displayed

slightly less scatter when the cleaning field for blanket
treatments was selected from the middle of the straight line
segment.
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Recently, it has become a common practice to determine

the stable remanent magnetization direction by least -squares
fitting of demagnetization data (Kirschvink, 1980).

The analysis

employed here uses an algorithm similar to Kirschvink's (1980) or

simply an eyeball to identify groups of colinear or coplanar
points along a demagnetization path.

For instance, a group of

colinear points for a stepwise demagnetized specimen are
recognized as the straight segments on the vector demagnetization

diagrams or endpoint clusters on a stereonet (Kirschvink, 1980).
A least- squares line through these points gives the paleomagnetic

direction for the specimen.

The least- squares line fitting a

primary NRM component should pass through the origin.
Physically, this implies only one component remains in the
specimen, which in our case would be the high coercivity TRM
component.

The major disadvantage in the least- squares line analysis

is that it requires stepwise demagnetization of every specimen,
and at least two of these steps must be stable endpoints.

Thus,

the amount of time and the cost incurred by using this method is

increased considerably compared to the method of selecting the

best demagnetization step for each site based on progressive
demagnetization of pilot samples. The latter method requires the
stepwise demagnetization of only one or two specimen(s) per site
for the selection of the optimal demagnetization step.

While the

line- fitting method might be necessary for complexly magnetized
rocks,

it does not provide results significantly different from

the best demagnetization step method for the relatively young and
magnetically simple rocks like the Miocene volcanic rocks of this
study.
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To prove this point, all specimens from one site were

stepwise demagnetized.

The best demagnetization step was

selected and the mean direction along with the site statistics
were computed (line 1 in Table 2).

Then least - squares lines were

fit to demagnetization data for each specimen from this site.
The mean direction and attendant statistics from these lines are

displayed on line 2 (lines not anchored to origin) and line 3

(lines anchored to origin) of table 2.

The mean directions

computed from the three methods are statistically indistinguishable.

The same point can be made by examination of the vector

demagnetization diagrams in figure 2.

After removal of secondary

components, the magnetic directions obtained for the specimens do

not change appreciably. Therefore, a selected best demagneti-

zation step for the specimen gives virtually the identical
direction as a least- squares line analysis.

The final step in computing the site mean directions
involved the removal of samples that had erratic NRM directions
even after magnetic cleaning.

Samples with NRM directions that

were further than 2 standard deviations away from their site mean

direction were eliminated from the particular site in question
and the mean was recalculated.

Such spurious sample directions

probably result from severe lightning strikes,

from gross

orientation errors, or from inadvertent sampling of small blocks

that were not exactly in place.
removed from 18 of 42 sites sampled.

A total of 23 samples were
Never was there a need to

remove more than two samples from any site.
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TABLE

when
Comparison of the Site Mean Directions
Computed by the 1.) Best Demagnetization Step

2

Method (blanket demagnetization of all specimens

at the same peak alternating magnetic field),
2.) Least - squares Line Method without Including
the Origin as a Point on the Line, and 3.) Least squares Line Method with the Line Anchored to the
Origin.

MEAN DIRECTION
Inclination
Declination

Method

(o)

k

Alpha 95
(o)

(o)

1.) best demag.
step (40 mT)

-13.0

122.8

499.8

2.5

2.) least -squares
line (without

-12.3

122.3

274.5

3.3

-12.9

123.0

706.5

2.1

origin as point)
3.) least- squares
line with line

anchored to origin

Site SO002 from Soledad Mountain was used in the above
analysis.

This site has 8 samples.

A least- squares line was fit

for each sample through the directions determined when the
samples were cleaned in alternating magnetic fields of
40, and 60 milliTeslas.
k:

20,

30,

the estimate of Fisher's (1953) precision parameter.

Alpha 95:

the radius of the cone of confidence for the mean
direction at the 95% probability level.
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Evidence for Isolation of Primary NRM

Following the above procedure, mean directions for all

the sites displayed excellent within -site grouping,

which

indicates the AF demagnetization has been effective in removing
the erratic component due to lightning strikes.

Also, the sites

within the southern Basin and Range (SBR) province pass a
reversals test at the 95/o confidence level.

Therefore, no

substantial uncleaned secondary components are present.

A

reversal test is not possible for the data from Soledad Mountain

because only one of the 12 sites has a normal polarity (the
statistics for the normal polarity direction would be meaningless).

All paleomagnetic directions from Soledad Mountain are

far removed from the present field direction while those from the

SBR province are distributed around the expected direction for
the area at 20 Ma, which is slightly removed from the present day

field direction.
origin.

Thus,

the magnetization is not of recent

No other field test for stability was possible, but from

the above discussion and the lack of evidence for a remagnetization event in SE California during the late Cenozoic, it is
possible to conclude the primary magnetization has been isolated.

Partial thermal demagnetization of one or two specimens
from each range was carried out as an additional laboratory test
of magnetization stability.

In past studies, thermal cleaning

has not been successful in removing IRM components because their

blocking temperature spectrum is similar to that of the TRM
components.

To avoid this problem, specimens were selected that

either appeared not to have the erratic directional IRM component

or that had the IRM component removed by partial AF demagnetiza-
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tions in peak fields of 20 -40 mT prior to thermal demagnetization. The main point of the experiment was to determine if
secondary components other than those due to lightning strikes
existed. Figure 3 illustrates the typical results from thermal
cleaning. No other secondary components were found as is

indicated by the stability of directions on the vector
demagnetization diagrams. This provides further reassurance that

the primary component has been isolated.

In summary, the volcanic rocks were found to have a

primary TRM that can be adequately isolated by blanket
demagnetization treatments of each site at an optimal magnetic

cleaning field. Therefore, the resulting site means closely
approximate the direction of the earth's magnetic field at time
of extrusion.
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Figure 3. Vector demagnetization diagrams of
EAST
progressive thermal cleaning behavior of repHORIZONTAL
resentative specimens from all five sample
The specimens used in thermal
localities.
cleaning were first cleaned in peak alternating- fields of 20 to 40 mT to remove the IRM
component caused by lightning strikes. Spec- DOWN, SOUTH
imen TM010A3 did not appear to have the er0.15 A/m
ratic directional IRM component, and therefore it was not cleaned in any alternating field.
The intial thermal step for each specimen reached a
maximum temperature = 91 °C, final thermal cleaning step = 598 °C,
and the typical intermediate steps reached maximum temperatures
of 208 °, 251 °, 297 °, 342 °, 400 °, 450 °, 523 °, and 554 °C.

CHAPTER 5

RESULTS AND STATISTICAL ANALYSIS

Table 3 summarizes the results from all 42 sites from
this study plus 6 sites from the Barstow Basin area in the Mojave

block (Burke et al.,

1982) and 2 sites in Soledad Mountain

(Plescia, unpublished data). Three of the sites from the study by

Burke et al. (1982) were not included in this study.

Two of

those sites are located within a separate structural unit with E-

W trending strike -slip faults.

Luyendyk et al. (1985) refer to

this structural unit as the central Mojave block, and they and
Garfunkel (1974) predict this area has a motion history different

from the Mojave block proper. The rocks at the other site not
included had an age of 2.55 ± 0.58 Ma, which does not fit in with
the age of the rocks being examined here (22 -13 Ma).

The within -site grouping is excellent for all sites,
as is indicated in table 3 by the high precision parameters (k)
and small 9570 confidence circles

(alpha 95).

Hence, the site

mean directions are well determined and there is no need to
discard any site from the overall data set (Irving, 1964).

Since the data come from two different tectonic
provinces, they have been separated into two groups for analyzing
potential rotations and translations.

terrane or microplate

Combining the data for a

improves the quality and increases the
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TABLE

3

Directions of Remanent Magnetization for Miocene
Volcanic Rocks of Southeastern California After
Magnetic Cleaning and Tectonic Correction.

DEI4AG .

SITE

STEP

D

(mT)

(o)

k

Alpha 95

N

R

9

6

8.98
7.98
5.97
7.91
5.92
7.96
6.98
7.98
5.95

(o )

CL001
CL002
CL003
CL004
CL005
CL006
CL007
CL008
CL009

20
20
60
30
80
30
30
40
60

45.2
85.0
88.2
56.7
78.1
76.6
83.4
63.3
48.9

286.7
315.2
66.7
23.2
322.6
350.2
308.0
37.1
34.2

501.6
307.8
173.6
79.6
61.5
169.1
268.1
424.1
102.2

2.3
3.2
5.1
6.2
8.6
4.3
3.7
2.7
6.7

PS002

40

-56.0

198.4

531.1

1.9

12

11.98

PD001
PD002
PD003
PU001
PU002
PU003
PU004
PU005
PU006
PU007
PU008
PU009

60
40
60
80
40
80
60
60
40
40
60
90

-48.2
-56.2
-55.3
-46.7
-37.2
46.0
48.1
47.3
46.9
44.4
40.8
54.8

176.5
173.7
166.5
133.2
124.2
10.6
9.8
7.0
4.9
4.3
6.8
5.2

239.5
149.5
164.1
37.8
90.9
166.9
241.3
77.4
424.6
231.6
390.7
71.4

5.0
5.5
5.2
12.6
7.1
5.2
4.3
7.7
3.3
4.4
3.9
9.1

5

4.98
5.97
5.97
4.98
5.95
5.97
5.98
5.94
5.99
5.98
4.99
4.94

TM001
TM002
TM003
TM004
TM005
TM006
TM007
TM008
TM009
TM010

40
40
40
30
40
40
40
60
80
40

46.1
46.3
44.7
45.0
47.0
43.8
48.0
38.2
40.5
38.6

4.2
355.7
359.7
6.6
3.7
358.5
356.8
0.7
358.3
6.0

157.7
92.6
420.2
2080.0
686.1
250.8
331.5
114.5

4.8
7.0
3.7

7

8
6
8
6

8
7

8

6
6
5
6
6

6
6
6
6
5

5

6
5

1.7
2.6

5

6

337.5

4.2
3.7
6.3
4.2

1563.6

1.7

6

6
6
6
5

6.96
5.95
4.99
5.00
5.99
5.98
5.98
5.96
4.99
6.00
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TABLE

3

(continued)
DEMAG.
STEP

SITE

(mT)

SO001
SO002
SO003
SO004
SO005
SO006
SO007
SO008
SO009
S0010
JP001*
JP002

BU001#
BU002#
BU003#
BU004#
BU005#
BU006#

40
20
80
60
20
20

60
20
20
20
30
30
444 44b 4411 4MM

441 40D 4MW 4411

4114 IMP 444 441

OM 414 444 444

4411

4411,

4411 444

I

D

( °)

(o)

Alpha 95

k

(o)

-14.2
-12.4
-11.3
-15.0
- 8.5
-10.1
-16.2
-11.1
-10.0
- 7.1
37.1
-42.9

117.5
122.6
120.9
118.1
121.6
119.7
124.3
117.1
121.2
124.0
310.6
109.6

219.2
853.1
365.0
400.4
327.6
186.4
307.9
577.9
161.1
459.4
128.8
120.9

4.1
1.9
3.5
3.0
3.3
4.1
3.8
2.3
4.4
2.8
3.7
4.2

29.2
48.2
57.8
62.3
30.9
38.3

321.3
327.4
338.9

157.0
334.0
301.0
305.0
41.0
93.0

4.4
3.0
3.0
3.2
12.0

8
8

6.3

7

1.1

334.3
324.7

R1

N

7

8
6
7
7

8
6
8

8
7

8

11

6.97
7.99
5.99
6.99
6.98
7.96
5.98
7.99
7.96
6.99
7.97
10.92

9

8
5

The site letters represent the different areas sampled:
CL, Clipper Mountain; PS, Colton Hills; PD and PU, Piute Range;
TM, Turtle Mountain; SO and JP, Soledad Mountain; BU, Barstow
Basin area.
DEMAG. STEP = the peak value of the alternating magnetic field
used to clean the site.

I = the inclination after magnetic cleaning and tectonic corD

k =

=

rection.
the declination after magnetic cleaning and
rection.

the estimate of Fisher's (1953)

tectonic

cor-

precision parameter.

As
the sample distribution becomes less scattered k gets large.
Alpha 95 = the radius of the cone of confidence at the 95% probability level.
N = the number of samples in the calculation of site mean
direction.
R' = the length of the vector sum of the N sample direction when
each sample treated as a unit length vector.
*:
data from J. Plescia (unpublished).
#:
data from Burke et al. (1982).
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significance of the paleomagnetic direction because problems

involving secular variation are alleviated.

As mentioned

earlier, it is unlikely that the kinematics of juxtaposed large
crustal blocks within a terrane or microplate differ significantly.

Therefore, it is appropriate to vectorially average the

paleomagnetic directions from different crustal blocks to get a
mean direction for the region.

Extreme caution should be used in combining data;
obviously, it would not suffice to combine data from adjacent

blocks separated by a major tectonic feature such as the San
Andreas fault or the Garlock fault.

We used the well established

boundaries of the major tectonic provinces as the controlling
Furthermore, for sample

factor in averaging the data together.

areas to be averaged together, they had to fall within a region
with common fault orientation.

For instance, the central Mojave

block has faults running virtually east -west, whereas the rest of
the Mojave block has NW -SE trending faults.

The motion predicted

for this region is much different than that predicted for the
rest of the Mojave block (Luyendyk et al.,

1980,

1985; Garfunkel,

1974), and so data from the central Mojave block should not be
averaged in with the data from the Mojave block proper.

The 32 sites from the SBR province and the 12 sites from

the Mojave Block are plotted in figures 4 and 5, respectively.

Assigning unit weight to each site,

the mean direction

and

associated statistics were computed for each range and for the

two provinces (Table 4).
(along with their

The rotation and flattening values

957. confidence limits) given in Table 4 are

calculated using the method described by Beck (1980), and the 957.
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SOUTHERN BASIN

SITE MEAN

AND RANGE

DIRECTIONS

0

90

270

180

X LOWER HEMISPHERE

A UPPER HEMISPHERE

LOWER HEMISPHERE STEREOGRAPHIC PROJECTION

Figure 4.
Stereographic projection (Wulff net) of site mean
directions (after magnetic cleaning) from paleomagnetic sampling
localities in the southern Basin and Range province. Data are
listed in table 3.
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MOJAVE
BLOCK

SITE MEAN
0

270

DIRECTIONS

90

180

X LOWER HEMISPHERE

A UPPER HEMISPHERE

LOWER HEMISPHERE STEREOGRAPHIC PROJECTION

Figure 5.

Stereographic projection of site mean directions
(after magnetic cleaning and structural correction) from the

Six of the site means are from the study completed
by Burke et al. (1982). Data are listed in table 3.
Mojave block.
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TABLE

4

RANGE

Range and Tectonic Province Mean Paleomagnetic
Directions Computed from Site Mean Data in Table 3.

I

D

(o)

(o)

Clipper Mtn.

75.2

357.2

Colton Hills

56.0

18.4

Piute Range

49.8

353.7

Turtle Mtns.

43.6

Soledad Mtn.

16.3

Barstow
Basin Area

45.0

Alpha 95

k

N

R'

(o)

13.6
-

14.5
-

R +QR

F +AF

(o)

(o)

9

8.41

-0.8+62.1 -22.1 +11.7

1

1.00

20.4+ ?

25.2

8.8

12

11.56

1.3 368.0

2.5

10

300.7

44.1

6.6

332.1

24.1

Southern Basin
and Range
55.0

358.0

Mojave
Block

308.9

-2.7+ ?

-4.3+11.2

3.7 +7.4

9.98

3.1+4.1

8.7 +3.3

12

11.75

-57.2+6.1

37.1 +5.8

13.9

6

5.79

16.8

6.4

32

30.16

0.0+9.4

-1.9+5.7

12.6

10.1

18

16.65

-49.0+9.4

27.1+8.3

-25.8+15.7

8.4 +11.1

TECTONIC PROVINCE

26.3

EXPECTED DIRECTIONS
Southern Basin
and Range
53.1

358.0

3.0

Mojave
Block

357.9

3.0

53.4

I, D, k, and Alpha 95 same as in table 3.

N = the number of sites used in the calculation of mean directions.
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TABLE

R'

4

(continued)

= the length of the vector sum of the N site mean directions
when each site direction is treated as a unit length vector.

R + OR = rotation parameter and 9570 confidence interval of Beck
(1980),
corrected using factors of Demarest (1983).
Positive values for clockwise rotations.

F ±F =

*

flattening parameter and 95% confidence interval of Beck
(1980), corrected using factors of Demarest (1983).
Positive values for northward translation.

Computed from 20 Na pole
Irving and Irving (1982).

for the

North American craton from
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confidence limits are corrected using the factors of Demarest
(1983).

The expected paleomagnetic directions (last two lines of

table 4 and plotted on figure 8) used in these and the following

rotation and flattening calculations were computed using the
North American 20 Ma average pole of Irving and Irving (1982).

These expected directions differ less than

3° from those

computed using the Harrison and Lindh (1982) 20 Ma pole or using

the 10 Ma average pole of Irving and Irving (1982).

Thus,

conclusions regarding rotations or translations are not
heavily influenced by the choice of reference pole.

During computation of the range mean directions,

it was

noted that there are groups of flows from each range that have

directions statistically indistinguishable from one another.
The similarity of directions for flows in these groups is either

extremely fortuitous or results from the extrusion of several
flows in rapid succession.

We assumed the latter case, since

active volcanic vents are commonly known to extrude several flows
in short time intervals.

The flows extruded in rapid succession

will record a single time interval of secular variation or
"geomagnetic instant" (Bogue and Coe, 1981).

Roughly 10 -100

years between extrusion of flows is necessary to assure that the
flows have recorded paleomagnetically different field directions

(Bogue and Coe, 1981).

If one geomagnetic instant has been

recorded by more than one flow in the data set, then that
geomagnetic instant would be given more weight than others,
thereby biasing the mean direction.

To deal with this problem objectively, a statistical Ftest described by Watson (1956) was applied to the data set.

The

F -test involves the comparison of two stratigraphically adjacent
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If the two flows have sampled the same

flows from a range.

geomagnetic instant (i.e., their directions are statistically
identical at the 9970 confidence level), then they are combined
into a "cooling unit ".

A cooling unit refers to a unit that has

recorded a geomagnetic instant that is paleomagnetically
different from that recorded by any other stratigraphically
adjacent unit in the data set.

Because the volcanic sections

yield different K -Ar ages and differ compositionally between

ranges, a time correlation between sections does not likely
exist.

So, only sites within a volcanic section were combined

into cooling units (figures 6 and 7). Table 5 and table 6,
respectively, display the cooling unit mean directions

and

the

range and tectonic province mean directions recalculated using
the cooling unit directions.

The number of cooling units within each range, N < 7, is

insufficient to
geomagnetic field.

adequately average secular variation of the
Therefore, it is impossible to draw accurate

conclusions about tectonic rotations or translations for the

individual mountain ranges (Calderone and Butler, 1984).
However, we can determine the motion for a region that contains

several of these ranges.

The mean directions for the Mojave

block and SBR province are displayed in table 6 and plotted in
figure 8.

The rotation value and the 9570 confidence interval for

the Mojave block is -43.5° + 12.9° (negative values indicate
counterclockwise rotation) and the flattening is 19.3° + 10.6°

(positive flattening indicate an inclination shallower than
expected).

In the SBR, the observed paleomagnetic direction is

statistically indistinguishable from the expected direction.

The
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TABLE

Cooling Unit Mean Directions

5

COOLING UNIT

I

(°)

D
( °)

SITES (FROM TABLE 3) COMBINED
INTO EACH COOLING UNIT

CL002'
CL003'
CLOO4'
CLOO5'
CLOO6'
CL007'

45.2
87.7
56.7
77.7
83.4
63.3
48.9

286.7
336.0
23.2
337.2
308.0
37.1
34.2

CL001
CL002, CL003
CL004
CL005, CL006
CL007
CL008
CL009

PS001'
PD001'
PU001'
PU002'

-56.0
-53.3
-42.0
45.6

198.4
172.5
128.4
7.2

PU003'

54.8

5.2

PS001
PD001,
PU001,
PU003,
PU007,
PU009

TM001'

45.9

0.8

TM002'
TM003'

39.4
38.6

359.5
6.0

TM001, TM002, TM003, TM004
TM005, TM006, TM007
TM008, TM009
TM010

S0001'
S0002'
S0003'
S0004'

-13.2
-9.3
-16.2
-9.4

119.8
120.7
124.3
120.7

S0001, S0002, S0003, S0004
S0005, S0006
S0007
S0008, S0009, S0010

CL001'

PD002, PD003
PU002
PU004, PU005, PU006
PU008

Cooling Units JP001'- JP002' same as sites JP001 -JP002 (Table 3)
Cooling Units BU001'- BU006' same as sites BU001 -BU006 (Table 3).

I = inclination
D = declination
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SOUTHERN BASIN
AND RANGE

COOLING UNIT
MEAN DIRECTIONS

270

90

180
CIE LOWER HEMISPHERE

A UPPER HEMISPHERE

LOWER HEMISPHERE STEREOGRAPHIC PROJECTION

Figure 6.
Stereographic projection of cooling unit mean
directions from the southern Basin and Range province. Data
listed in table S.
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COOLING UNIT
MEAN DIRECTIONS

MOJAVE
BLOCK

270

90

180

X LOWER HEMISPHERE

A UPPER HEMISPHERE

LOWER HEMISPHERE STEREOGRAPHIC PROJECTION

Figure

7.

Stereographic projection of cooling unit mean

directions from the Mojave. block.

Data listed in table 5.
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TABLE

6

RANGE

Range and
Directions
Table 5.

I

D

(o)

(0)

Clipper Mtn.

72.8

359.8

Colton Hills

56.0

18.4

Piute Range

51.6

347.4

Turtle Mtns.

41.3

Soledad Mtn.

21.4

Barstow
Basin Area*

45.0

Tectonic
Computed

k

Mean Paleomagnetic
from Cooling Unit Data in

Province

Alpha 95

N

R'

(o)

11.0
-

19.1
-

R +OR
(°)

7

6.45

1

1.00

1.8+180
20.4+ ?

F +OF
(o)

-19.7 +15.1

-2.7+ ?

17.8

22.4

4

3.83

-10.6+28.9

2.2 286.1

7.3

3

2.99

4.2 +7.8

11.3+6.0

301.1

26.2

13.3

6

5.81

-56.8+11.5

32.0+10.7

332.1

24.1

13.9

6

5.79

-25.8+15.7

8.4 +11.1

Southern Basin
and Range
59.6

357.8

12.5

11.3

15

13.88

-0.2 +18.2

Mojave
Block

314.4

11.9

13.1

12

11.07

-43.5+12.9

1.9+17.2

TECTONIC PROVINCE

34.1

-6.5+9.2

19.3+10.6

I, D, k, and Alpha 95 same as in table 3.
N = the number of cooling units used in the calculation of mean directions.
R'
= the length of the vector sum of the N cooling unit mean directions
when each cooling unit direction is treated as a unit length vector.
R + 4IR = rotation parameter and 95% confidence interval of Beck (1980),
corrected using factors of Demarest (1983). Positive
values for clockwise rotations.
F + A F = flattening parameter and 95% confidence interval of Beck
corrected using factors of Demarest (1983).
(1980),
Positive values for northward translation.
Computed from Burke et al. (1982).

37

FROM COOLING

TECTONIC PROVINCE
MEAN DIRECTIONS

UN1 DATA

90

270

180
NE OBSERVED DIRECTION

EXPECTED DIRECTION

LOWER HEMISPHERE STEREOGRAPHIC PROJECTION

Stereographic projection of tectonic province mean
Figure 8.
directions (asterisks) and the southern Basin and Range expected
The expected direction for the Mojave
direction (solid square).

block differs less than 1° from the SBR expected direction.
Circles are the alpha -95 confidence intervals.
table 6.

Data listed in
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rotation and flattening values are -0.2° + 18.2°
9.2 °, respectively.

and

-6.5° +

CHAPTER()

INTERPRETATIONS AND DISCUSSION

The data in the previous section were presented without
interpretations so that future investigators may
own hypotheses.

construct their

The following discussion examines the tectonic

implications that can be derived from the data and important
constraints that should be applied to interpretations of the
data.

In the past, there have been several attempts to model

the Neogene tectonic evolution of southern California.

The

models only give a generalized kinematic history for the area;
thus no model is absolutely correct, but some fit observations

much better than others.

The observations made in this study

that will be used to constrain models are that the northern part

of the SBR has not been rotated or latitudinally translated a
paleomagnetically detectable amount and that the Mojave block has
been rotated approximately 30 -55 degrees counterclockwise and may

have been translated northward several hundred kilometers.

Tectonic models that have proposed crustal block motions
different from these observations will be eliminated as possible
solutions.
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Tectonic Models and Discordant Declinations in the Mojave Block

Luyendyk et al. (1980) constructed a geometric model
based primarily on paleomagnetic data collected west of the San
Andreas fault.

The data indicated large clockwise rotations that

were explained by Pacific -N. American plate -related dextral
shearing of structural units.

These structural units consisted

of crustal blocks bounded by conjugate E -W trending sinistral
faults.

Since the Mojave block proper differed from these

structural units, they predicted no rotation.

However, they did

predict clockwise rotation for the eastern Transverse Ranges
(work by Carter et al. (1983) and Terres (1984) have confirmed
this) and for the central Mojave block.

In their model, the "big

bend" of the San Andreas fault was formed by a late Miocene
eastward jump of the southern fault segment.

More recently,

Hornafius (1984) and Luyendyk et al. (1985), following ideas
proposed by Garfunkel (1974) and Davis and Burchfiel (1973), have

altered their old model by allowing the bend in the San Andreas
fault to form gradually prior to the Pliocene.

The bending would

supposedly induce roughly 15° of counterclockwise rotation of the

Mojave block.

While neither form of their model fits

observations exactly, the revised model predicts the appropriate
sense of rotation.

Bird and Rosenstock (1984) produced a hand -fit tectonic

model of southern California based on Quaternary slip rates.
Their figure 3 gives a clockwise rotation rate for the Mojave
block of 3.4 ° /m.y.

If the crustal block velocites they computed

have been continuous for 15 Ma, then the Mojave block should have

rotated clockwise 51 °.

Even if the rates have only been
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continuous over the last 5 Ma, a paleomagnetically detectable
clockwise rotation of 17°

should have occurred.

Their model

clearly fails to account for the counterclockwise rotations found

in this study.

However, a very interesting point can be made

from their model.

Most of the clockwise rotation predicted comes

from their conjecture that the offset on the Garlock fault is

principally caused by the northern Mojave block moving to the

northeast relative to North America.

With their predicted

crustal motion, major convergence would be needed in the area of

the Soda -Avaw altz fault because 48 -60 km of left - lateral
displacement is observed for the eastern Garlock fault (Davis and
Burchfiel,

1973).

Troxel and Butler (1980) observed convergence

in this area, but the faults were considered too young and did

not display the offset necessary to account for the Garlock
displacement (Plescia and Henyey,

1982).

Thus the lack of

convergence to the NE of the Mojave block and the incorrect
rotation sense

must mean that offset on the Garlock fault is not

caused by the Mojave block moving northeastward.

More likely the

offset results from Basin and Range extension on the northern
side of the Garlock fault (Davis and Burchfiel, 1973).

A model formulated from the theory of plasticity was
proposed by Cummings (1976) to describe the pattern of faults and

to interpret the deformation within the Mojave block.
model,

In his

the NW trending sliplines (representing the dextral

faults) were computed to be slightly concave to the NE.

As

offset occurred on these faults, at most 1 or 2 degrees
counterclockwise rotation might be possible, depending on the

curvature of the slip lines.

Thus this model also fails to

account for the observed rotations.
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The model that best fits the geologic, tectonic, and
paleomagnetic observations was advanced by Garfunkel (1974).

The

model is illustrated in figure 9 with some minor alterations.

For a more thorough development of the model and the model
assumptions than is given here, the reader should refer to
Garfunkel (1974).

The model situation in figure 9c shows the Mojave block
15 or 20 Ma.

The NNW -SSE trending faults may have formed in

relation to Basin and Range extension or the Pacific -N. American

plate interactions.

During the last 15 Ma, sinistral shear

between the Garlock fault and the Pinto Mountain fault prompted
counterclockwise rotation of the rigid blocks and
faults.

block bounding

Figure 9b illustrates the model after 30° of counter-

clockwise rotation and figure 9a is the present day fault
configuration (Jennings, 1975).

Some modifications in the original model have been made
to incorporate recent observations.

First, the area west of the

Clipper Mountains and east of the Pisgah fault is treated as a
transition zone between the Mojave block and the SBR province.
No paleomagnetic data exists in this area from which we can infer

rotations, and the Pinto Mountain fault, the southern boundary
for sinstral shear, only continues eastward to the Pisgah fault.
Therefore, only minor counterclockwise rotations or no rotations

are expected for this zone.

Second, a change in the model was

made based on paleomagnetic studies of Miocene basalts in the
eastern Transverse Ranges that indicate circa 38° of clockwise
rotation (Carter et al., 1983; Terres, 1984).

In accord with

this, the Pinto Mountain fault rotates clockwise by 30° which

produces compression on the southwestern corner of the Mojave
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a)

o

50

100 km

Model for counterclockwise rotation of the Mojave
Figure 9.
block, modified from Garfunkel (1974). 9a) illustrates Mojave
block faults (solid lines) and inferred faults (dotted and dashed

lines), after Jennings (1975).

9b) is the rigid block

representation of the present-day Mojave block after rotation of
blocks shown in figure 9c) by 30° in a counterclockwise sense.

The position of the blocks in 9c) is inferred for the Mojave
block about 15-20 Ma, before major northern Basin and Range
extension and before bending of the San Andreas fault.
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Thrust faults active during the Quaternary have been

block.

mapped in this area (see map by Jennings, 1975).

The main problems that have arisen with the model are the

lack of mappable NW trending faults that are continuous through
the Mojave block and, where mappable, the faults do not display
displacements sufficient to permit rotation of the Mojave block
(Dokka,

1983).

The first problem may be a result of recent

alluvium covering the traces of the faults.

COCORP recorded a

seismic reflection event as they crossed an alluviated area in

the northern Mojave block.

They interpreted the

event as a

splay of the NW trending Lockhart fault (Cheadle et al., 1986).

Likewise, other NW trending dextral faults are probably buried
beneath the alluvium.

The second problem concerning the lack of

significant displacement on these faults does not discount

rotation models, but it does limit the extent of rotation
possible.

To illustrate this point, the displacement on the NW

trending faults needed in the model situation was computed.
Garfunkel's parameter K was used where

K = sin( 7) /(sin(ß + 7 ) sin(ß) ),

1= amount of rotation for Mojave block, and

ß = angle between average strike of NW trending
faults and strike of Garlock fault.

For ß = 65° (measured on map by Jennings, 1975) and 7 = 30 °, K =
0.55.

The width of the Mojave block perpendicular to the NW

trending faults is h where h = 160 km.

K x h gives the total
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offset on the NW trending faults, as described by Garfunkel
(1974).

Thus,

about 88 km of cumulative offset should be

observed on the NW trending faults if 30° of counterclockwise
rotation has occurred (0.55 x 160 km = 88 km).

Dokka (1983),

however, estimated that on six major NW trending faults the
cumulative displacement was 20.7 -32.6 km.

Displacements on other

faults within the Mojave block were not included either because

the faults had not been mapped or because no Quaternary
displacement was evident.

In determining the offset for the NW trending faults,

Dokka used the displacement of the NE trending Kanes Spring

fault, the southern edge of early Miocene detachment fault
terrain.

C.

G. Chase (personal communication) noted that Dokka

curves the trace of the Kanes Spring fault in the alluviated
areas in such a manner that the net slip on the faults are a
minimum.

Rather than curving the Kanes Spring fault to minimize

or maximize offset, a constant trend of N65 °E (average trend of
fault where mappable) was used through alluviated areas.

Table 7

summarizes the values of right - lateral displacements that have

been determined in this study and by Dokka (1983).
The cumulative value of approximately 38.8 km is only

large enough to account for about 15° of counterclockwise
rotation. However, it must be kept in mind that there are many
other faults within the Mojave block that have not been included

in the cumulative offset calculation
1975).

(see map by Jennings,

No doubt several faults were active prior to Quaternary

time and have since been covered with alluvium.

Also, there may

have been less counterclockwise rotation in the southern Mojave

block where Dokka mapped fault offset. The only evidence for
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rotations in the northern Mojave block comes from the

larger

present curvature of the NW trending faults.

This curvature

could be caused by westward bending of the faults and associated

counterclockwise rotation of the crustal blocks in the northern
Mojave block.

This is only speculation, since presently our data

does not extend into the southern Mojave block.

TABLE

7

Right - lateral Slip Estimates on the Northwest

Striking Faults in the Mojave Block.

OFFSET (km)
Fault

Dokka (1983)

Helendale

3.0*

3.0*

Lenwood

1.5 -3.0

2.6

Camp Rock

1.6 -4.0

7.0

Calico

8.2

Rodman

[6.4 -14.4]

Cumulative

12.3
1.6

12.3

Pisgah

*

This Paper

20.7 -32.6

38.8

From Dokka (1983) based on estimate of Miller and Morton

(1980).
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Perhaps a better way to evaluate cumulative displacements

would be to examine geodetic and Quaternary slip rates and then
extrapolate them back in time.

Geodetic studies have argued for

between 5 mm /yr. ( Sauber and Thacher, 1984) and nearly 0 mm /yr.

(King, 1985) of net strain rate across the northwest trending
faults.

Bird and Rosenstock (1984) computed an average

Quaternary slip rate of 6.8 mm /yr. for the NW trending faults.
If the maximum rate of 6.8 mm /yr. has been continuous over the
last

15 or 20 Ma, then the cumulative displacement is less than

102 km (6.8 mm /yr. x 15 Ma) or less than 136 km (6.8 mm /yr. x 20
Ma).

Since most of the rocks sampled in this study are around 15

Ma, the value of 102 km will be used as the maximum cumulative
displacement on the NW trending faults.

The range of cumulative

displacements is 39 -102 km which is consistent with models by
Garfunkel for 15 ° -35° of counterclockwise rotation.

Staying

within the data confidence intervals and applying the principle

of least astonishment, a 30° counterclockwise rotation is most
likely for the Mojave block in the Neogene period.

From the above discussion it should be clear to the
reader that the data support a model similar to Garfunkel's.

The

model is obviously a simplification of the real crustal block
kinematics and will be improved upon as more data are collected.

Work in progress by J. L. Morton and J. W. Hillhouse in the SW

Mojave block in general agrees with results given here (J. W.
Hillhouse, written communication).

However, a few of their sites

have directions discordant from any obtained in this study. Also,

a tuff unit sampled just east of the Calico fault (near Barstow)

has the distinctive magnetic direction of the unrotated Peach

Springs Tuff in Arizona and California (Wells and Hillhouse,

49

1986).

Garfunkel's model predicts consistent counterclockwise

rotation for the

whole area, whereas the observed data gives

couterclockwise rotations that vary between 0 -60 °.

The

variability in directions may result from the crust not behaving

as a perfectly brittle solid, from small crustal fragments near

faults being deformed more intensely than the overall area, or
from paleomagnetic field behavior (e.g.,

exursions).

Declinations in the Southern Basin and Range Province

The majority
California.

of our data comes from the SBR province in

These data give an observed paleomagnetic direction

that is virtually identical to the direction expected for the
area if it had remain part of the stable North American craton.

Of course, this area has moved relative to the craton during
Basin and Range extension, but the translation is westerly and
not detectable in studies of this type.

After combining sites into cooling units, there are only

15 cooling units upon which interpretations are based.

The

statistics of small numbers give less reliability to the data.

Also, the F -test used in determining cooling units tends to
selectively preserve sites with a direction discordant from other

sites within a volcanic section.

If we inadvertently sampled a

lava flow not exactly in situ, it would be represented as an
individual cooling unit in the data set.
also cooling unit CL001',
site.

Site CL001, which is

possibly represents such an anomalous

In fact, all the cooling units from Clipper Mountain

display a direction discordant from the other three ranges in the
SBR.

The inclinations from the Clipper Mountain cooling units
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are steeper.

From paleogeographic considerations, we know the flows in

Clipper Mountain were deposited on the northern slope of a mid Tertiary basin (Lukk,

dipping to the south.

1982).

Thus, they may have been deposited

Structural correction errors should not

exceed 5 -10° (see discussion of inclinations).

So if the Clipper

Mountain cooling units are corrected for a maximum 10 °S dip about

a horizontal E -W pole and CL001' is removed from the data set,

then the direction from the SBR is inclination = 54.3° and
declination = 2.1 °, and N=14, k= 21.2 and alpha 95= 8.8 °.

The 95% confidence interval for the best estimate of the

precision parameter for the SBR cooling units is 7.0 <k <19.5
before correction and is 11.9 <k <33.2 after structural correction

(Cox, 1969).

On the basis of secular variation, the predicted

k =35.8 at a latitude of 34.8 °N (McFadden, 1980).

The dispersion

decreases after the correction,

but not quite at the

confidence level (McElhinny, 1964).

In both cases dispersion is

higher than prescribed for models of secular variation.

9570

The

additional dipersion probably results from small horizontal and

vertical axis rotations of the

ranges as they were normal

faulted during Basin and Range extension.

Our original field investigations suggested no structural

correction should be applied to the Clipper Mountain volcanic
section.

Therefore, it might be more appropriate to exclude the

Clipper Mountain cooling units from the data than to hypothesize
about structural corrections.

The direction obtained for the SBR

province is then inclination = 48.7° and declination = 357.1° for
N = 8, k = 26.2, alpha 95 = 11.0 °.

The 9570 confidence interval

for k is 12.6 <k <44.8, which does not differ from the predicted
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value.

Notice also that no matter how the data are analyzed the

observed and expected declinations (Table 4)
identical.

are virtually

Furthermore, when this data set is combined with data

collected by G. Calderone in the Black Mountains, White Hills,
and Cerbat Mountains of Arizona (just east of Needles, CA), the
resulting direction still indicates no statistically significant

rotation or translation (Acton, Calderone, and Butler, work in

progress).

This larger data set has definitely averaged

geomagnetic secular variation adequately.

Calderone and Butler (1984) found

-13.0° + 12.2°

of

rotation for SW Arizona (Figure 10). To account for the counterclockwise rotation,

they suggested the extension of Garfunkel's

The discrepancy in the rotation values

model into this area.

within the SBR province can be explained as follows:

1.) Both studies suffer from the problem of statistics of small
numbers, which results in large confidence intervals.

Therefore,

the entire SBR province might have rotated 2 -6 degrees counter-

clockwise, which is within the error limits of both studies.
Unfortunately, this problem will always exist to some extent in

the SBR because outcrop availability is limited.

Work in

progress by G. Calderone will, however, improve the confidence
intervals significantly.

2.) The structural domain in the northern SBR may be different

than in SW Arizona.

If the Death Valley fault zone extended

southward and eastward as shown in the map by King and Beikman
(1974), then SW Arizona is in a structural domain

similar to the

Mojave block (Gary Calderone, personal communication).

The
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dotted line on figure 10 is the boundary proposed by Calderone to
separate rotated areas from nonrotated areas.

The line is based

on paleomagnetic data and on tectonostratigraphic relationships.

3.) The structural domains may be discontinuous throughout all of
the Basin and Range province.

Results from 12 Ma volcanic rocks

in a left - lateral shear zone near Lake Mead, Nevada indicate a
counterclockwise rotation of 27.1° (Ron et al.,

1986).

Various

structural domains may exist without rotation or with counter-

clockwise rotation.

The exact extent of rotations can not be

made until data from all ranges have been analyzed.

Inclinations

Some degree of caution should be exercised in
interpreting inclination data from rocks of Cenozoic age in
southwestern United States.

The preponderance of paleomagnetism

studies with shallow inclination (positive flattening values),
which imply northward translation relative to the craton, defy
terrane translation hypotheses.

Localities sampled west of the

San Andreas fault zone indicate northward translations much
larger than can be accounted for by cumulative slip on all the NW

trending Basin and Range faults plus the slip on the San Andreas
fault zone.

Similarly, the localities east of the San Andreas

fault zone show a mean flattening of about +10° (see figure 3 of

Luyendyk et al., 1985).

The localities sampled in this study

indicate no significant flattening for the eastern Mojave region

(with or without the inclusion of the Clipper Mountain cooling

units) and a statistically significant flattening of +19.3° +
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10.6° for the Mojave block.

This means at least 8.7° of

flattening or approximately 900 km of northward translation
should have occurred for the Mojave block during the Neogene.
Combined dextral offset on NW trending Basin and Range faults can

only account for about 200 km (Stewart, 1983,
translation.

1985) of

Thus, some other explanation is needed.

Luyendyk et al. (1985) have suggested that the observed
flattening is caused by one or more of the following phenomenon:

1.) Inadequate averaging of secular variation:

Positive

flattening values are observed for most studies in southwestern
U.S.A.

Obviously the combined data from these studies have

averaged secular variation, so some other cause is needed for the

overall flattening effect.
the

However, the 12 cooling units from

Mojave block do suffer from not averaging secular variation

as is indicated by the mean for the reversed cooling units not

being exactly antiparallel to the mean of the normal cooling
units.

In addition, differential rotation between the normal

units (6 normal cooling units from Barstow Basin area) and the
reversed units (all from Soledad Mountain) may be a factor in the
lack of parallelism.

The small differential rotation between crustal blocks

would

increase the dispersion of the cooling unit directions,

but should not affect the mean direction significantly given a
large enough data set.

The Mojave block data set, however, is

not large enough to randomize differential rotation nor to
average secular variation.

We feel at least 5 more cooling units

should be added to the Mojave Block data to sufficiently average

secular variation and differential rotations.

Thus,

in the
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previous interpretations the whole 9570 confidence level has been

used in predicting motion conservatively rather than relying on
the mean direction.

2.) Improper structural correction:

If the depositional attitude

of a lava flow originally had a dip to the east, north, or west,

then structural correction to a horizontal attitude would cause

an apparent low inclination (Kammerling, 1980, 1985).

When

added in with the few degree uncertainty in determining the
horizontal attitude of a lava flow,

this is the most likely

cause for flattening of the inclination up to but not exceeding

10 degrees.

It should be noted that this effect is not as

noticeable on the declination because structural correction of a
flow with depositional attitude to the north or south introduces

no change in declination, and structural correction of a flow
with depositional attitude to the east would cause a deviation in

the declination opposite that for a lava flow originally dipping

to the west.

Eventually any systematic deviation of the

declination cancels out, but an increase in the scatter of
directions would remain (Luyendyk et al.,

1985).

3.) Real tectonic translations: As mentioned above, maximum known

translations alone can not account for positive flattening of
Mojave block data or for positive flattening observed for other
studies in southwestern U.

S.

4.) Offset dipole hypothesis:

A.

Luyendyk et al. (1985) suggested

that a dipole or nondipole components of the geomagnetic field

are positioned such that shallow inclinations result in
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southwestern U.

A.

S.

Studies of the paleomagnetic field

indicate that nondipole components can only account for about 4°
of flattening (Wilson, 1970, 1971).

Moreover, the reference pole

will probably also be flattened to some degree by the nondipole

effects (Beck,

1984).

Consequently,

nondipole effects by

themselves probably cannot sufficiently account for the
flattening.

Presently, there are few ways to test the relevance of
the offset dipole hypothesis to flattening of inclinations in SW
United States.

Because the zonal spherical harmonic terms best

describe most if not all of the geomagnetic field (Merrill and

McElhinny, 1983),

R. Butler (personal communication) has

suggested comparing the SW United States data with a N. American

reference pole compiled from paleomagnetic data in a latitude
band.

The best reference pole might amass data in the band 32 °N

to 38 °N latitude, and the data might also be collected from
nearby areas (e.g., Colorado Plateau and New Mexico).

Such a

reference pole does not exist yet.
The results of this study present another way to test the

significance of nondipole effects.

Flattening caused by

nondipole components should be observed in all data sets in the
SW United States.

study plus G.

The large data set from the northern SBR (this

Calderone's data) indicates a flattening of -2.80°

+ 5.76° (Clipper Mtn. data included) or 2.00° +5.25° (without
Clipper Mtn. data), which does not differ significantly from
zero.

This is the strongest evidence thus far

against

arguments that use nondipole field behavior to explain shallow
inclinations.
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In conclusion, the shallow inclinations observed for the
Mojave block data probably resulted from inadequate averaging of

secular variation and improper structural corrections.

tectonic translations are probably of
Mojave block.

Real

minor importance in the

Furthermore, the major flattening of inclinations

observed in many of the SW United States data sets is not due to

nondipole field behavior.

More likely, improper structural

corrections have caused the overall flattening.
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Figure 10.
Paleomagnetism and major structural elements of southwestern United States
(compiled
by G. Calderone).
The paleomagnetic vectors are plotted in their components of declination and
inclination.
The observed (hollow, small barbed-arrows) and expected (hollow,
large barbed -arrows)
declinations are plotted clockwise from present -day geographic north.
The observed (filled, small
barbed -arrows) and expected (filled, large barbed -arrows) inclination
are plotted as the acute angle
g
from horizontal ( H).
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Figure 10 (continued).

The wedges around each arrow represent
the 957 cones of confidence.
Expected directions have been
computed from the appropriate reference pole from Irving (1979,
1982).

The location of each study is marked with a filled circle

(published or completed but unpublished) or a hollow circle
(work in progress).
Paleomagnetic directions that have averaged
geomagnetic secular variation are starred ( *) and those that have

possibly averaged secular variation have quieried stars ( ? *)
near them.
The locations not starred have not adequately

averaged secular variation, and thus, cannot be used by
themselves to infer tectonic motions.
Locations with only
question marks ( ?) near them have ages that are not known
precisely or have paleomagnetic directions being used to define
their age. The number beside each paleomagnetic direction is
keyed to table 8.

TABLE

Paleomagnetic Data Compiled for Directions in
Figure 10.

8

LOCATION

AGE

D

1 Canelo

151

2 Corral

R +al

I

A95

DX

335

30

6.7

reference direction

i

171

339

20

7.8

reference direction

2

3 Gringo

63

348

60

1.1

reference direction

3

4 Roskruge

76

340

55

6.2

reference direction

3

5 Galiuro

25

356

55

--

356

54

5.0

- - --

6 Apache L

20

342

51

3.6

356

53

5.0

-14 +8

7 Hackber

10

000

55

6.0

reference direction

IX

A95

F +dF

REF

- ---

4

1.7 +6

4
5

8 Verde

5

not reported seems concordant

6

9 SF vol

3

not reported except as concordant

7

10 Sauceda

20

335

42

7.7

356

53

5.0

- 20+14 9+11

8

11 Lit Ajo

19

352

31

3.0

356

53

5.0

- 5 +5

8

21 +7
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TABLE

8

LOCATION

(continued)

AGE

D

I

A95

DX

IX

A95

R +6R

F +OF

REF

12 Growler

14

348

55

3.7

356

52

5.0

- 8 +9

-3 +6

8

13 Plomosa

17

328

49

3.6

356

54

5.0

-28 +8

4 +6

8

14 Buckski

16

341

38

15.2

356

54

5.0

-15 +20 13 +16

8

15 Black M

19

14

64

8.9

356

55

5.0

18 +21 -9 +10

9

16 Cerbat

19

1

46

6.3

356

55

5.0

4 +12

17 White H

15?

2

68

2.1

356

56

5.0

5 +8

18 Piute R

14

347

52

22.4

358

53

3.0

-11 +30

19 Colton

16

18

56

358

53

3.0

20+?

20 Clipper

17

000

73

19.1

358

53

3.0

2 +180 -20+15

21 Turtle

19

2

41

7.3

358

53

3.0

4 +8

22 McCoy

??

335

21

7.7

??

??

??

??

??

10

23 ETR

15?

40

61

3.2

356

52

4.0

40+7

-6+4

11

110

3

49

5.0

335

61

6.0

27 +11 -12 +7

12

25 Barst

15

332

45

13.9

358

53

3.0

-26 +16

8 +11

13

26 Soledad

20?

301

21

13.3

358

53

3.0

-57 +12

32 +11

14

27 Kinnick

16

354

64

6.0

358

54

3.0

- 4 +13 -10+7

28 Bear V

85

22

56

6.0

336

63

4.0

45 +14

8 +6

15

29 Tehach

??

36

35

6.7

? ??

??

? ??

? ??

? ??

16

30 WTR

20

72

36

6.0

357

53

4.0

76 +7

18 +6

17

31 San Gab

20

33

53

7.0

357

53

4.0

37 +12

2 +8

18

32 Diligen

20

106

34

9.3

357

53

4.0

108 +12

20+10

19

33 Ricardo

10

unpublished

000

55

5.0

20+ ??

? ??

20

000

53

5.0

30+11

11 +9

21

24 Penn

34 Valle

5

30

42

-

7.4

8 +8

9

-12 +5

9

2 +17

9

-3 +?

11 +6

9
9
9

15

60

TABLE

8

(continued)

D, I, and A95 are the observed declination, inclination and 95%
cone of confidence. AGE is in units of Ma. DX, IX, and A95 are
expected declination, inclination, and 95% cone of confidence
calculated from reference poles of Irving, 1979. R + OR is the
discordance in declination (positive where observed declination

clockwise of expected). F + OF is the discordance in
inclination (positive where observed inclination is shallower
than expected).
Table 8 is modified from compilation completed
is

by G. Calderone.

1.
2.

3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

References are keyed below.

Kluth, et al., 1982
May, 1985
Vugteveen, et. al, 1981
Calderone, unpublished data
McKee and Elston, 1980
Bressler and Butler, 1978
Tanaka et al., 1986
Calderone and Butler, 1984
Acton, Calderone and Butler, unpublished data
Harding, et al., 1983
Terres, 1984
Tiessere and Beck, 1973
Burke, et al., 1982
Acton, Calderone and Butler, unpublished data
Kanter and McWilliams, 1982
Plescia and Calderone, in prep
Kammerling and Luyendyk, 1979
Terres and Luyendyk, 1985
Terres, 1984
Burbank and Whistler, 1986
Johnson et al., 1983

CHAPTER 7

CONCLUSIONS

Figure 10 summarizes the paleomagnetic directions
obtained from this and other studies in southwestern United
States.

Our

data come from 22 to 13 Ma volcanic rocks, and

indicate that no significant vertical axis rotations or
latitudinal translations have occurred for the southern Basin and

Range province of California in the Neogene.

Because the

inclination data show no sign of flattening,

it is highly

unlikely that an offset dipole is responsible for flattening of
inclinations observed elsewhere in southwestern United States.

The paleomagnetic data from the Mojave block yield
significant counterclockwise rotations of 43.5° + 12.9 °.

A major

crustal discontinuity must exist between the southern Basin and

Range and the Mojave block, which is further substantiated by
geophysical anomalies at this boundary.

The data also indicate

an apparent shallowing of inclination for the Mojave block that
probably results from inadequate averaging of secular variation
and

improper structural corrections.

A model slightly altered from that developed by Garfunkel

(1974) best explains the counterclockwise rotations observed in
the Mojave block. This model also incorporates bending of the San

Andreas fault, right - lateral slip on the NW trending faults of

61

62

the Mojave block, left - lateral slip on the Garlock fault due to
extension in the northern Basin and Range, and clockwise rotation
of the eastern Transverse Ranges.

Mapping displacement on the NW

trending faults places important constraints on the model which
limit the rotation to less than about 35 degrees.
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