
pling has focused on effects of doping [for 
example, O content in YBa2Cu307_8 (7, 
41)]. Our present data suggest similar activi
ty as a function of temperature in the super
conducting onset regime. Second, the large 
fluctuation regime and variations of effective 
ion potential that we have suggested around 
Tc should be reflected in ion and electron 
dynamics, as in conventional perovskite 
transitions. Thus, elastic constants, inelastic 
neutron scattering, nuclear magnetic reso
nance, and electron paramagnetic resonance, 
both in the plane and in the c direction, can 
be expected to become increasingly impor
tant probes to discriminate time scales (39). 
For instance, central peak scattering from 
domain motion and c-direction sound speed 
anomalies can be anticipated. Third, com
plete analysis of EXAFS data in the strong 
anharmonic situations envisaged demands 
extensions of harmonic Debye-Waller factor 
theory (17). Ab initio analysis of our EXAFS 
data is in progress (29). 

Note added in proof: Results from (29) 
indicate that the effective potential for the 
C u l - 0 4 relative motion is a deep double 
well that is present at all studied tempera
tures, and the motion of the 0 4 atom is best 
described in a quantum mechanical regime. 
In the fluctuation region the minima of the 
potential move closer to each other, decreas
ing the separation in distance and the height 
of the potential barrier between the two 
minima of the potential. 
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tonic phenomena as movement on the San 
Andreas and Garlock faults, thrust faulting 
in the Transverse Ranges, rotation of crustal 
blocks, and development of the Big Bend in 
the San Andreas fault (1-4). The importance 
of these features to tectonic and seismic-
hazard studies makes it vital to determine 
the kinematics of deformation in the Mojave 
block. 

North-South Contraction of the Mojave Block and 
Strike-Slip Tectonics in Southern California 

J. M. BARTLEY, A. F. GLAZNER, E. R. SCHERMER 

The Mojave block of southern California has undergone significant late Cenozoic 
north-south contraction. This previously unappreciated deformation may account for 
part of the discrepancy between neotectonic and plate-tectonic estimates of Pacific-
North American plate motion, and for part of the Big Bend in the San Andreas fault. 
In the eastern Mojave block, contraction is superimposed on early Miocene crustal 
extension. In the western Mojave block, contractional folds and reverse faults have 
been mistaken for extensional structures. The three-dimensional complexity of the 
contractional structures may mean that rigid-block tectonic models of the region based 
primarily on paleomagnetic data are unreliable. 
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Neogene deformation of the Mojave 
block has been thought to comprise two 
events: early Miocene northeast-directed 
crustal extension (5, 6), and later strike-slip 
faulting along northwest-trending dextral 
faults (7, 8). This superposition reflects an 
overlap of Basin and Range extension with 
dextral faultlng of the San Andreas fault 
system. Intense early Miocene extension is 
well documented in the eastern Mojave 
block and has recently been extrapolated 
into the western part of the block (9). Our 
field studies and compilation of published 
mapping indicate that the entire Mojave 
block may have experienced significant late 
Cenozoic crustal contraction, and that struc- 
tures in the western Mojave block are domi- 
nantly contractional. These data require re- 
evaluation of the Neogene kinematic evolu- 
tion of the region. 

Macroscopic folds and reverse or thrust 
faults involving early Miocene and younger 

rocks have been mapped in most ranges in 
the Mojave block (Fig. 1) (10). The struc- 
tures generally trend east-west and thus indi- 
cate north-south contraction. This pattern is 
compatible with the kinematics of the 
bounding San Andreas and Garlock faults 
and the smaller dextral faults within the 
Mojave block, as well as with large-scale 
convergence in the Transverse Ranges and 
elsewhere along the San Andreas fault (4, 
11). 

Many of the individual structures have 
long been known, but they have been either 
neglected in regional syntheses or interpret- 
ed individually as local effects at restraining 
bends or at terminations of dextral faults 
(12-14). However, the distribution of these 
structures indicates that north-south con- 
traction is a regional, rather than a local, 
phenomenon (Fig. 1). For example, con- 
tractional structures occur adjacent to the 
Calico fault along its entire length and indi- 

Fig. 1. Map of the Mojave block, wh~ch 1s bounded by the San Andreas fault, the Garlock fault, and the 
southward projecuon of the Death Valley fault zone, showmg locat~ons and orlentauons of Neogene 
contracuonal structures ~dentfied from pubhshed mappmg and h s  study Onlv the domtnant structure 
m a glven area 1s shown Selected Quaternary faults are shown to dustrate the regional pattern 
Northwest s t r h g  faults show predomantly dextral shear, eas t -s t rhg faults (for example, Manlx 
and Cady) have been assumed to be sm~stral but mav be reverse or reverse obhque The mset map gives 
the general dntribuuon of Tertlary rocks (black) and the locat~ons of d t a r v  bases (gray), where the 
geology 1s only known m reconnaissance The numbers mdcate the followmg structures and sources 1, 
western Antelope Valley folds (8); 2, Sand H d s  anuche and reverse fault (81, 3, Horned Toad H d s  
folds (81, 4, Rosarnond H d s  folds (8), 5, folds near Palmdale (8), 6, B~ssell H d s  svnche (81, 7, 
synche near Little Rock ( 4 ,  8, Castle Butte folds (81, 9, S u m t  Dlggmgs antlche (81, 10, Cajon 
Pass folds (81, 11, Kramer H d s  folds (8, 231, 12, Lava Mountams antlche (37), 13, Gravel H d s  folds 
(12), 14, Barstow syncllne (121, 15, Waterman H d s  synche (191, 16, Lenwood anucllne (81, 17, 
folded alluvium between Mitchel Range and Cahco Mountans and (281, 18, folds at Lead Mountam 
(281, 19, folds m alluv~um, Tertlary rocks, and Su Casa basement arch at restrammg bend m Camp Rock 
fault (5, 28), 20, folds m C&co Mountans (28, 381, 21, folds and faults m alluv~um m Lucerne Valley 
(391, 22, Alvord Mountam ant~ches  (29), 23, Kane Wash folds and reverse fault (231, 24, overturned 
synche m northeastern Rodman Mountams (18, 23), 25, antlche m southwestern Cady Mountans 
(40), 26, antlche m southeastern Cadv Mountans (321, 27, folds and reverse faults m alluvium 
between Buhon Mountams and Hldalgo Mountam (41), and 28, Broadwell Mesa synche (42) 

cate significant contraction as well as right- 
slip displacement. North-south contraction 
also may be responsible for some, and per- 
haps most, of the many east-trending range 
boundaries in the Mojave block. East-strik- 
ing faults in the northeastern Mojave block, 
which previously have been interpreted as 
sinistral strike-slip faults (1, 2), may be 
reverse or sinistral-oblique reverse faults; 
limited mapping in this region inchcates that 
these faults typically dip steeply and show 
evidence for significant dip slip (15). 

Although some late Neogene basins, such 
as the Lavic and Bristol Lake basins, may 
have formed by local transtension (14, 16), 
there appear to be an insufficient number of 
transtensional basins to balance the contrac- 
tional structures and maintain constant area 
during slip along the dextral faults. Net 
contraction of the Mojave block therefore 
seems to be required. Because even the 
largest dextral faults in the Mojave block 
appear to have displacements of 10 km or 
less (17), the contractional strain, although 
not readily quantified with available data, 
must represent a significant component of 
the total Neogene crustal strain. 

Geologic relations in several areas of the 
eastern Mojave block indicate that this con- 
traction was superimposed on early Miocene 
extension. The lower Miocene volcanic and 
sedimentary sequence exposed in the Rod- 
man and Newberry mountains (Fig. 2) ac- 
cumulated in an early Miocene extensional 
basin (5, 18), as were correlative strata in the 
nearby Waterman Hills (19). These rocks 
form southwest-dipping homoclines in the 
Rodman, Newberry, and Cady mountains 
that are interpreted to represent tilting dur- 
ing extension along northwest-striking nor- 
mal faults (5, 20). However, the homocline 
in the Rodman Mountains actually is the 
north limb of a large east-trending syncline, 
which, as it converges westward with the 
Calico fault, changes from open and upright 
to tight and overturned (18) (Fig. 2A). 
Adjacent to the fold, the Calico fault is 
locally a reverse fault [(21) (Fig. 2A)l. Even 
where the fold is relatively open, its chevron 
style and associated thrust and reverse faults 
indicate that folding was due to layer-paral- 
lel contraction. 

A similar contraction also afected correla- 
tive Tertiary rocks in the Newberry Moun- 
tains, which were directly west of the north- 
eastern Rodman Mountains before 10 km of 
dextral slip on the Calico fault (1). Along the 
north side of Kane Wash (5) (Fig. 2B), 
Tertiary rocks are folded into an east-trend- 
ing asymmetric anticline with a vertical 
southern limb. This structure previously was 
interpreted as a rollover anticline above a 
north-dipping, listric, oblique-normal fault 
that bounded the rift basin (5). However, 

REPORTS 1399 



the anticline is locally overturned, and pre- 
Tertlary basement In its core is thrust over 
Tertiary sandstone along a reverse fault that 
dips 45" north. The Tertiary sandstone in 
the foomrall is folded into a south-vergent 
overturned syncline. These relations indicate 
that the vertical dips along Kane Wash 
record contractional deformation of the ear- 
lier extensional basin. 

In the western part of the Mojave block, 
blocks of tilted Tertiary strata have been 
interpreted to record normal faulting above 
a low-angle detachment (9 ) .  Field relations, 
however, indicate that steep stratal tilts in 
this area record contraction rather than ex- 
tension. For example, the Kramer Hills 
(Fig. 2C) comprise pre-Tertiary granitoid 
and metamorphic rocks that are overlain by 
tilted strata of the lower Miocene Tropico 
Group (8). The outcrop pattern defines a 
west-plunging, close to tight, basement- 
cored anticline with a faulted hinge (Fig. 
2C). Along both flanks of the anticline, 
Tropico Group limestones and tufs contain 
mesoscopic to macroscopic, east-trending, 
upright, tight to isoclinal folds (Figs. 2C 

and 3). Locally, early isoclinal folds are 
coaxially refolded by open folds, suggesting 
intense shear strain. Concordant orienta- 
tions indicate that the mesoscopic folds are 
related to the macroscopic Kramer Hills 
anticline. The structural style contrasts 
strongly with that of extensional terranes, in 
which upper-crustal strata are moderately to 
intensely extended along small-scale normal 
faults (22). Regional mapping (8, 23) shows 
that most ranges with Tertiary rocks in the 
western ~Mojave block exhibit folding like 
that in the Kramer Hills (Fig. 1). 

Regional Miocene stratigraphy indicates 
that significant extension probably was lim- 
ited to the eastern Mojave block. Lower 
Miocene rift-related strata of the eastern 
Mojave block are dominantly coarse syntec- 
tonic clastic deposits and voluminous inter- 
mediate volcanic rocks, like synextensional 
deposits elsewhere in the Basin and Range 
province (24). By contrast, Miocene depos- 
its of the western Mojave block are mainly 
fine-grained lacustrine rocks, rhyolite plugs, 
and thin basaltic lava flows (8) and suggest 
comparative tectonic stability. In the Tur- 

SOUTH NORTH 

ROCK UNITS 
a Quaternary (+Pliocene 7) 

[7 Miocene sedimentary strata 

Miocene volcanlc and hypabyssai rocks 

~7 Pre-Tert~ary g r a n ~ t o ~ d  and metamorphic rocks 

SYMBOLS 
u Strike and d ~ p  of b e d d ~ n g  

&' Ant~c l i ne  $ Syncline 

Y Thrust or reverse fault / Other fault  
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Fig. 2. Simpltfied geologic maps and cross sections of (A) northeastern Rodman Mo~mtains (18, 23), 
(B) Kane Wash area and Newberrp Mountains (5, 23), and ( C )  Kramer H a s  (8, 23). Orientation of 
reverse fault in Kane Wash area is from measurements of an exposure of the fault plane, whereas the 
orientation of the reverse fault in the Kramer Hills was calculated from deflection of the mapped fault 
trace crossing surface topography. Interpretation of the major folds as fault-propagation folds at bhld 
thrust tips is consistent with, but not required by, our data. 

kana basin of northern Kenya, a similar 
sequence of Miocene lacustrine sediments 
and basalt flows (Koobi Fora Formation) 
appears to have been deposited on what, 
during the Miocene, was the unfaulted outer 
flank of the East African rift system (29.  
Strucnlral and stratigraphic data therefore 
suggest that the western Mojave block lay 
outside of the belt of early Miocene extension. 

Data previously cited by Dokka (9 )  in 
support of Miocene extension of the western 
Mojave block include (i) an apparent normal 
fault imaged in a shallow seismic-reflection 
profile across Antelope Valley (southwest- 
ern Mojave block), (ii) subhorizontal deep- 
crustal reflectors imaged by a COCORP 
seismic-reflection experiment, and (iii) a 
proposed exposure of an extensional detach- 
ment fault near Harper Lake (northwest of 
Barstow, California). The normal fault in- 
terpretation of the Antelope Valley seismic 
profile is plausible, but no data were pre- 
sented to document the ages or lithology of 
rocks imaged at depth. The nearest pre- 
Quaternary outcrops are 12 krn from the 
profile, and no subsurface (drillhole) data 
were presented. The profile therefore per- 
mits, but does not require, Tertiary exten- 
sion in the area. The deep reflectors imaged 
by COCORP could be extensional detach- 
ments, but are equally consistent with other 
interpretations such as thrust faults or sills. 
Li and Henpey (26) reprocessed the CO- 
COW data to enhance imaging of upper- 
crustal structures, and found apparent re- 
verse faults and contractional basins in Ante- 
lope Valley. Reexamination of outcrops in 
the Harper Lake area indicates that the 
inferred detachment is a locally faulted 
Mesozoic intrusive contact (19), as Dibblee 
(12) reported. 

The western and eastern parts of the 
Mojave block have thus undergone digerent 
Neogene tectonic histories. The resulting 
structural geometries in both areas are com- 
plex. Polyphase deformation of Miocene 
strata in the eastern Mojave block resulted in 
complex three-dimensional fold and fault 
geometries (Fig. 2) (19). Even in the ab- 
sence of superposed deformations, the Kra- 
mer Hills of the western Mojave block are 
characterized by cover detached from the 
basement along a complexly folded horizon 
of lacustrine strata (Figs. 2C and 3), form- 
ing noncylindrical plunging folds. In such 
complex structures, the conventional stmc- 
turd correction of paleomagnetic vectors 
(rotation about the strike line) will yield 
declination anomalies that are not a result of 
vertical-axis block rotation (27). Regional- 
tectonic models for this area based on rota- 
tion of rigid blocks defined by paleomagnet- 
ic data (2, 14) are therefore unlikely to be 
accurate. 
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Fig. 3. Field photos and line drawings of folded Tertiary lacustrine strata in the Kramer Hills. See Fig. 
2C for locations. (A) Overturned antiform, north limb of Kramer Hills anticline; view is to the west. 
(B) Refolded isoclinal fold on south limb of Kramer Hills anticline; view is to the east. Compass at top 
is 22 cm long. 

The age of extension in the Mojave is well 
constrained in the early Miocene (19), but 
age constraints on contraction and dextral 
faulting of the Mojave block are few, sug
gesting protracted and diachronous defor
mation. Locally, unconsolidated alluvial de
posits (inferred Quaternary age) are folded 
(7, 28, 29) (Fig. 2C), and thus contraction 
could continue at the present time. The 
Barstow syncline (12) (Fig. 1, location 14) 
formed after deposition of the Barstow For
mation, the youngest part of which is about 
13 million years old (30). However, the 
18.5-million-year-old Peach Springs Tuff 
(31) overlaps folded 23- to 20-million-year-
old synextensional volcanic rocks in the 
Cady and Newberry mountains (5, 32). This 
relation indicates that north-south contrac
tion (and, by inference, dextral faulting) 
locally may have begun as early as 19 million 
years ago, a million years or less after exten
sion ceased. Humphries and Weldon (33) 
argue that slip on dextral precursors of the 
San Andreas fault system also began in the 
early Miocene. 

North-south contraction of the Mojave 
block via folding and thrust faulting would 
contribute to formation of the Big Bend, a 
25° counterclockwise deflection of the San 
Andreas fault trace. Garfunkel (1) proposed 
that the Big Bend is a consequence of north-
south contraction of the Mojave block ac
commodated by dextral faulting and result
ing counterclockwise rotation of rigid crust-
al blocks and their bounding faults. With 
current estimates of the total slip (27 to 38 
km) (17) across major dextral faults in the 
Mojave block, Garfunkel's geometric model 
yields a bulk shear strain of 0.24 to 0.33 and 
predicts a 15° to 20° counterclockwise rota
tion of the San Andreas fault. This estimate 
leaves 5° to 10° of rotation that may be 
accounted for by internal contraction of the 

blocks along folds and thrust faults. Paleo-
magnetic results from relatively undeformed 
Neogene strata in the central Mojave block 
are contradictory, with some results sup
porting this rotation estimate and others 
indicating little or no rotation (30, 34). 
Whether GarfunkePs model is valid or not, 
some of the rotation to form the Big Bend 
probably was achieved by folding and 
thrusting within the Mojave block. 

North-south contraction of the Mojave 
block may also account for part of the 
discrepancy between plate-tectonic and neo-
tectonic estimates of Pacific-North Ameri
can relative plate motion. Studies indicate 
that present-day displacements across active 
strike-slip faults in southern California fail 
to account for a significant portion of the 
relative plate motion (4, 35). The vector of 
missing neotectonic displacement trends ap
proximately north and represents a displace
ment rate of about 10 mm per year (35). 
Seismic and geodetic studies in the area (36) 
suggest that modern deformation in the 
Mojave block is dominated by dextral slip 
and the present contraction rate may be 
insufficient to account for all of the missing 
displacement. More data are needed to de
termine the total amount and present rate of 
north-south contraction of the Mojave block 
and thus to evaluate how much of the 
relative slip between the North American 
and Pacific plates may be absorbed in this 
way. 
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