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THE EVOLUTION OF THE SOUTHERN CALIFORNIA UPLIFT,
1955 THROUGH 1976

By RoBERT O. CASTLE, MicHAEL R. ELLIOT, JacK P. CHURCH, and SpENCER H. Woob

ABSTRACT

The southern California uplift culminated in 1974 as a 150-
km-wide crustal swell that extended about 600 km eastward
and east-southeastward from Point Arguello to the Colorado
River and Salton Sea, respectively; it was characterized by re-
markably uniform height changes between 1959 and 1974 of
0.30-0.35 m over at least half of its 60,000-70,000 km? area. At
its zenith, the uplift included virtually the entire Transverse
Ranges geologic province and parts of the Coast Ranges, San
Joaquin Valley, Sierra Nevada, Basin and Range, Mojave Des-
ert, Peninsular Ranges, and Salton Trough provinces. The aline-
ment of the western part of the uplift closely paralleled the
east-trending Transverse Ranges, whereas the southern flank
of the eastern lobe roughly coincided with the west-northwest-
trending San Andreas fault. The position and configuration of
the uplift associate it with a singularly complex section of the
boundary between the North American and Pacific plates that
has certainly sustained major modification during the past 5
million years and probably during the past 1 million years.

Surface deformation can be categorized as tectonic or non-
tectonic. Nontectonic vertical displacements associated with
the activities of man have overwhelmed natural compaction and
areally significant soil expansion in the southern California
area. Because tectonic displacements are implicitly defined as
those that cannot be otherwise explained, those vertical move-
ments that can be reasonably attributed to artificial processes
have been subtracted from our reconstructed configurations of
the uplift. Hence this reconstruction has necessarily included
the assembly and evaluation of an enormous volume of data on
oil-field operations, changes in ground-water levels, and mea-
sured subsidence (or rebound) associated with changes in the
underground fluid regimen.

Measured changes in height at various stages in the evo-
lution of the uplift have been based chiefly on first-order lev-
elings carried out between 1953 and 1976. Exceptions to this
generalization consist largely of the resuits of pre-1953 surveys
through the western Transverse Ranges and the eastern Mo-
jave Desert. Errors in measured height differences derive from
blunders, systematic survey errors, random survey errors, im-
properly formulated orthometric corrections, and intrasurvey
movement; the last of these has created the most serious prob-
lems encountered in our reconstruction of the basic data. A
variety of independent tests indicate that survey error asso-
ciated with the utilized levelings was generally small and fell
largely within the predicted random-error range. Moreover, the
redundancy and coherence displayed by the entire data set pro-
vide convincing evidence of survey accuracy and the virtual
absence of height- and slope-dependent error in particular.

Our reconstructions of the changing configuration of the
uplift derive chiefly from comparisons among sequentially de-
veloped observed elevations along the same route. Most of the
observed elevations from which the vertical displacements were
computed have been reconstructed with respect to bench mark

Tidal 8, San Pedro, as invariant in height. Because the San
Pedro tide station has been characterized by a history of modest
relative uplift, vertical displacements referred to this station
are biased slightly toward the appearance of subsidence. Where
the observed elevations cannot be conveniently tied to Tidal 8,
they have been referred to secondary control points whose his-
tory with respect to Tidal 8 can be independently established.
Each of the lines of observed elevation changes provides, ac-
cordingly, a section athwart or along the axis of the uplift from
which the changes in the configuration of the uplift can be
roughly generalized. Because relatively few surveys were run
in 1955, which we choose as a representative temporal datum,
we have commonly incorporated the results of earlier or of some-
what later levelings as the equivalents of 19556 surveys. Al-
though this procedure introduces a certain subjectivity, the
probable equivalence between the results of these earlier or
later surveys with those that would have been obtained had
this leveling been carried out in 1955, usually can be indepen-
dently tested. Wherever the calculated vertical displacements
are based on comparisons between the results of levelings over
different routes, the observed elevations have been orthomet-
rically corrected to agree with those that would have been pro-
duced had each of these surveys been along the same route.
The growth of the southern California uplift consisted of
two well-defined spasms of positive movement, the second of
which was closely followed by partial collapse. Our reconstruc-
tion, although it clearly errs in detail, indicates that the uplift,
together with marginal and apparently ephemeral tectonic sub-
sidence, nucleated in the west-central Transverse Ranges near
Ozena, sometime between the spring of 1959 and the spring of
1960. The uplift expanded rapidly eastward (and probably west-
ward as well), and by the fall of 1961 much of the Transverse
Ranges and the Mojave Desert at least as far east as Twen-
tynine Palms had risen by as much as 0.25 m. Between 1962
and 1972 the area inciuded by the initially developed (1959-61)
uplift sustained additional but clearly decelerating uplift ac-
companied locally by oscillatory displacements. Between 1972/
73 and 1974 a second crustal spasm extended the uplift eastward
to the Colorado River and elevated much of the eastern Mojave
Desert by values that equaled or exceeded those developed
within the western lobe. Between 1974 and 1976, at least the
central part of the uplift sustained partial collapse that nowhere
amounted to less than 50 percent of the cumulative uplift since
1959. Whether this collapse affected the entire uplift is conjec-
tural, but we now recognize well-defined evidence of major
down-to-the-north tilting that must have occurred within the
eastern part of the uplift at some time between 1974 and 1976.
Accumulating evidence indicates that nearly all the area
included with the southern California uplift underwent similar
uplift and partial collapse during the early part of the 20th
century. Thus we infer that the recent uplift represents but a
single event in an ongoing, more or less cyclic deformational
process characterized by a period of about 50 years. Even
though less than two full cycles are expressed in the geodetic
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2 THE EVOLUTION OF THE SOUTHERN CALIFORNIA UPLIFT, 1955 THROUGH 1976

record, the cumulative rate of uplift near the center of the
recent uplift probably has averaged about 5 mm/yr, a value that
is roughly consistent with the uplift rates that have been de-
duced for the late Quaternary emergent marine terraces along
the south flank of the Transverse Ranges.

Although the evolution of the recent uplift is relatively well
defined, its correlation with the regional seismicity is poorly
defined. A comparison between the occurrence of southern Cal-
ifornia earthquakes of magnitude =4 during the period 1932 to
1976 with the 1974 configuration of the uplift demonstrates the
existence of (1) relatively aseismic areas within the western
lobe of the uplift (in the western Transverse Ranges), in the
central part of the uplift (in the western Mojave Desert), and
along an east-trending zone that extends into the eastern Mo-
jave athwart the south flank of the uplift (north of the Salton
Sea) and (2) localized concentrations of seismic activity along
the flanks of the uplift. Moreover, 9 of the 10 largest earth-
quakes recorded within or around the area of the southern
California uplift during the period 1932 to 1976 (the 1933 Long
Beach, the 1941 Santa Barbara, the 1946 Walker Pass, the 1947
Manix, the 1948 Desert Hot Springs, and the four major 1952
Kern County shocks) occurred before the inception of the uplift
in 1959 or 1960,

The area embraced by the southern California uplift has
been identified with geodetically defined horizontal strain, part
of which may have accumulated as a major north-south con-
tractional event that roughly coincided with the first spasm of
uplift. Nonetheless, continuing contractional strain associated
with regionally developed partial collapse argues that the uplift
cannot be fully explained simply as the vertical expression of
continuing north-south compression. Consideration of the two
well-defined historical episodes of uplift and partial collapse
indicate that the southern California uplift may be the product
of decoupling and viscous flow beneath the seismogenic zone,
presumably driven by continuing motion between the irregu-
larly margined plates south of the great bend of the San An-
dreas fault. Because the magnitude of the maximum uplift as-
sociated with each episode was approximately the same, there
may be some threshold value above which collapse (viscous flow)
may ensue; the absence of total collapse may be a function of
precollapse strain hardening within the postulated subseis-
mogenic viscoelastic layer.

INTRODUCTION

Examination of the vertical-control record after
the 1971 San Fernando earthquake disclosed a
sharply defined tilt developed between 1961 and
1964 along a survey traverse extending west-south-
westward from Palmdale across what has since
been identified as the south flank of the southern
California uplift (Castle and others, 1974; Castle
and others, 1976). The surprisingly large magni-
tude of this tilt (about 0.17 m over a distance of 30
km), together with its rapid growth, subsequently
provoked a systematic examination of the vertical-
control record along a number of level lines ath-
wart the San Andreas fault in southern California.
These studies, together with other investigations
of continuing crustal deformation in the western
Mojave Desert (fig. 1) (Church and others, 1974),

culminated in the first published representation of
the southern California uplift (Castle and others,
1976). However, this representation (fig. 2) was de-
liberately conservative, and both the lateral and
vertical dimensions were based on what was ex-
plicitly defined as a preliminary examination of the
geodetic record within an area between and adja-
cent to the San Andreas and Garlock faults and
eastward from Maricopa to Barstow.

Because our initial reconstruction of the uplift
was clearly skeletal, both with respect to the areal
coverage and the volume of survey data that had
been generated by various agencies operating in
southern California, and because this earlier re-
construction incorporated several then-unverified
assumptions, the resulting portrayal (fig. 2) was
highly generalized. We have since attempted to as-
semble all the data that could be recovered through
querying those southern California jurisdictions
that are known to have carried out level surveys
of at least third-order accuracy. We have, in addi-
tion, commissioned new leveling along several lines
in order to better define the extent and history of
the uplift. This report, accordingly, summarizes
and synthesizes all the vertical-control data known
to have been produced through 1976, thereby per-
mitting a still-generalized but far more detailed
description of the four-dimensional configuration
of the southern California uplift than was here-
tofore possible.

The results of the relatively detailed study pre-
sented here indicate that the southern California
uplift may have been at least twice as long and far
more complex—both in its geometry and its evo-
lution—than could have been deduced from our
earlier reconstruction. Although the eastern third
of the uplift is much more poorly defined than is
that to the west, owing chiefly to the relatively few
repeated surveys east of long 117°W., by 1973/74 it
probably ranged eastward to Arizona and east-
southeastward to the Salton Sea. Similarly, syn-
thesis of data from west of Maricopa shows that at
its zenith the uplift extended as far west as the
western end of the Transverse Ranges. Hence by
1973/74 the total length of this feature probably
exceeded 600 km—roughly the distance between
San Francisco and Los Angeles. Moreover, in spite
of continuing uncertainties, certain aspects of its
configuration can now be defined relatively pre-
cisely. For example, the southern boundary of the
uplift lay generally south of the coastline eastward
as far as Ventura, where it projected inland and
south of the Santa Susana fault system; east of the
San Fernando Valley this boundary turned south-
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4 THE EVOLUTION OF THE SOUTHERN CALIFORNIA UPLIFT, 1955 THROUGH 1976

eastward, and thence eastward along the frontal
fault system of the Transverse Ranges and the
south branch of the San Andreas fault system,
respectively.

The evolution of the southern California uplift
includes two well-defined spasms of uplift, the sec-
ond of which was closely followed by partial col-
lapse. The uplift apparently began in the west-cen-
tral Transverse Ranges at some time between the
spring of 1959 and the following spring; it spread
rapidly eastward, and probably westward as well,
such that by the fall of 1961 much of the Transverse
Ranges and the Mojave Desert eastward as far as
Twentynine Palms had been elevated by as much
as 0.25 m. The second major spasm, probably con-
fined largely to the period 1972/73-74, extended and
amplified the uplift eastward to the Colorado
River, elevating much of the eastern Mojave by
values that equalled or exceeded those developed

EXPLANATION
_—H+OO0—
Iscbase of equal elevation change
Dashed where inferred. Contour interval 005 m

\\—_‘_‘—“‘——\\

Fault

O Mancopa

San Pedro

MOJAVES

in the western lobe between 1959 and the fall of
1961. The distribution of the subsequent collapse,
which could have begun as early as the end of 1974
but no later than 1976, remains poorly defined; it
certainly encompassed the central part of the uplift
and probably extended east-southeastward to the
Salton Sea. Local oscillatory movement associated
with the changing configuration of the uplift may
prove to have been an integral part of its growth.
Moreover, although our knowledge of its occur-
rence is very limited, apparently ephemeral down-
warping along the leading edges of the propagating
uplift has been recognized in enough places that
it can now be regarded as a generally occurring
aspect associated with the growth of the uplift.
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GEOLOGIC FRAMEWORK

The geology of the area embraced by the south-
ern California uplift is characterized by a com-
plexity that may be unparalleled in North America.
Hence, while a detailed consideration of the geol-
ogy of this area is clearly beyond the scope of this
report, any interpretation of the movements de-
scribed here requires at least arudimentary knowl-
edge of the major geologic features, especially of
the major tectonic elements that fall within and
adjacent to the area of the uplift. For simplicity
and brevity, these features are summarized here
chiefly in map form. Moreover, because it is cer-
tainly germane to the origins of the uplift, we also
present a brief sketch of the recent tectonic history
of this area. Because the uplift shows several as-
sociations with the naturally defined physio-
graphic or tectonic provinces of southern Califor-
nia (pl. 1), our description of the geologic framework
is organized by province.

The Coast Ranges province (pl. 1) is character-
ized by a generally northwest-trending structural
and topographic grain. The rocks exposed at the
surface in the southern Coast Ranges consist
chiefly of clastic Mesozoic and Cenozoic sedimen-
tary rocks that generally rest unconformably upon
or are in fault contact with older highly deformed
and mildly metamorphosed rocks commonly in-
cluded with the Franciscan Complex (Jahns, 1954,
p- 9). The deep crust and upper mantle beneath the
central to southern Coast Ranges are apparently
devoid of unusual features; Bateman and Eaton
(1967, p. 1409-1413) show that the Mohorovi¢ié¢ dis-
continuity underlies this region at a “normal”
depth of about 25 km, and that both crustal and
upper-mantle P-wave velocities are characterized
by more or less expectable values. The physio-
graphically defined southern Coast Ranges prov-
ince is transected along its northeastern edge by
the San Andreas fault (pl. 2), which crudely defines
the northeastern tectonic boundary of this prov-
ince. The southern boundary, on the other hand,
is obscurely and almost arbitrarily defined by the
gradual change in topographic and structural -
trend from northwest to east-west.

The San Joaquin Valley (pl. 1) has served as a
vast depositional basin throughout much of Late
Cretaceous and Cenozoic time (Jahns, 1954, p. 9—
13). The southern end of the valley contains an
enormously thick terrestrial section; south of Bak-
ersfield these deposits, which comprise nearly half
the section from basement to surface, are as much
as 4,000 m thick (de Laveaga, 1952, p. 102-103). The
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depth to basement, moreover, increases from
4,000-5,000 m northwest of Bakersfield to as much
as 9,000 m at the southern end of the valley (de
Laveaga, 1952, p. 102-103). Most of the 4,000-m ter-
restrial section in the southern part of the valley
consists of the Kern River Formation, which
ranges in age from latest Miocene to early Pleis-
tocene(?) and is probably no more than 8-9 m.y. old
(Bartow and Pittman, 1983, p. D12-D13). Owing to
the enormous thickness of the Kern River For-
mation in the southernmost part of the valley, it
is likely that the southern San Joaquin Valley has
sustained periods of accelerating tectonic subsi-
dence during latest Neogene and (or) Quaternary
time, although it is uncertain whether accelerating
downwarping has characterized the Holocene his-
tory of this area. The western, and in particular,
the southern margins of the San Joaquin Valley
province are associated with severe deformation.
We know nothing of the deep-crustal and upper-
mantle structure beneath the southern end of the
valley; nevertheless, if this region is in isostatic
equilibrium, the great thickness of low-density ma-
terials suggests an arching of the Mohoroviéié¢ dis-
continuity similar to that shown by Bateman and
Eaton (1967, p. 1411) along the eastern edge of the
valley north of Bakersfield. The physiographically
defined eastern boundary (pl. 1) of the San Joaquin
Valley province lies only slightly downslope from
the contact between the underlying crystalline
basement and the eastward- thinning, unconform-
ably overlying Cenozoic sedimentary deposits
(Smith, 1964). The southern boundary is essentially
coincident with a well-defined zone of thrust fault-
ing (Jennings, 1973), whereas the southwestern
boundary, as we have already observed, virtually
coincides with the San Andreas fault.

The Sierra Nevada province (pl. 1) is expressed
as a “huge, asymmetric, westward-tilted block”
that disappears to the west beneath the sedimen-
tary rocks of the San Joaquin Valley (Jahns, 1954,
p- 13). The province is underlain chiefly by Mesozoic
plutonic rocks, “together with older metamorphic
rocks that appear in most areas as inclusions, roof
pendants, and screens in the igneous terrane”
(Jahns, 1954, p. 13). The structural complexity of
the Sierra Nevada block increases toward the
south, particularly at the “triple point” with the
San Joaquin Valley and Coast Ranges provinces
(pl. 1). Much of this province, moreover, has been
involved with major faulting during Pleistocene
time, especially along its eastern and southeastern
boundaries. The deep-crustal and upper-mantle
structure of the Sierra Nevada province is rela-

tively well known. Bateman and Eaton (1967, p.
1411-1413) show alow-velocity crustal root beneath
the Sierra Nevada that depresses the Mohoroviéié
discontinuity to depths of as much as 50 km, an
observation consistent with the seeming isostatic
balance exhibited by this block (Oliver, 1960). The
eastern boundary of the Sierra Nevada province
virtually coincides with the generally high-angle
Sierra Nevada fault zone (pl. 2), whereas the west-
ern boundary of this province is again defined by
the zone where this giant, tilted block dips beneath
the veneer of sedimentary deposits underlying the
San Joaquin Valley. The southern or southeastern
boundary of the Sierra Nevada province coincides
almost precisely with the Garlock fault (pl. 2),
against which it is sharply truncated.

The small part of the Basin and Range province
(pl. 1) that impinges on this study “is characterized
by north-trending ranges, intervening valleys and
basins, and an interior drainage” (Jahns, 1954, p.
13). Many or most of the individual ranges included
with this province are clearly distinguishable fault
blocks that show conspicuous differences in geol-
ogy from block to block. Expressions of both Me-
sozoic and Tertiary deformation are abundant
throughout the Basin and Range province; it is,
however, the “widespread Quaternary faulting and
warping reflected by many elements of the present
topography” (Jahns, 1954, p. 13) that is especially
significant here. While the deep-crustal structure
beneath the Basin and Range province probably is
generally similar to that beneath most of southern
California, several large-scale crustal features as-
sociated with this province may be especially ger-
mane to the contemporary deformation described
in this report. Thus the Mohorovi¢ié discontinuity
lies at a depth of about 30 km beneath the Basin
and Range province (Bateman and Eaton, 1967, p.
1141), a depth indicative of a crust slightly thick-
ened over that identified with the Coast Ranges
but of roughly the same thickness as that associ-
ated with the Transverse Ranges, the Mojave Des-
ert, and the Peninsular Ranges provinces (Hadley
and Kanamori, 1977a, p. 1474). Similarly, Braile
and others (1974) recognize a low-velocity layer be-
tween 10 and 15 km deep which they interpret as
a zone of low rigidity underlying the Basin and
Range province; however, because their conclusion
is based on seismic refraction studies carried out
500-600 km northeast of the area described here,
we cannot conclude with certainty that this low-
velocity layer pervades the entire province. The
western boundary of the Basin and Range province
is, of course, well defined by’its coincidence with
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the Sierra Nevada fault zone, whereas the south-
ern boundary is much less clearly defined. East-
ward from the Sierra Nevada province to about the
meridian of Baker, the southern boundary of the
Basin and Range province closely coincides with
the Garlock fault (pl. 2); still farther east, however,
it tends to lose both its physiographic and tectonic
identity and is almost arbitrarily defined.

The Transverse Ranges province (pl. 1), as its
name implies, owes its definition to a generally
east-west topographic grain that transects the pre-
vailingly northwest trends that characterize most
of southern California; it is perhaps the most sig-
nificant of the several provinces described here, for
it has been spatially identified with the southern
California uplift from its inception to its partial
collapse. Although the Transverse Ranges prov-
ince is treated as a single feature owing to its
unique and disruptive trend, it may consist of two
fundamentally different structural units sepa-
rated by the San Andreas fault where it cuts
through Cajon Pass north of Colton (pl. 2). The east-
west grain of the Transverse Ranges is displayed
not only in the physiography, but by faults, fold
axes, other internal structural features, and major
chemical trends as well (Jahns, 1954, p. 17; Baird
and others, 1974). Upper Mesozoic and Tertiary
sedimentary and volcanic rocks characterize the
western Transverse Ranges; eastward, the rocks
of this province are generally older and of a more
crystalline aspect. Physiographic evidence of in-
tense Quaternary deformation is widespread
throughout the Transverse Ranges. Locally, as in
the Ventura basin, the combined stratigraphic and
structural records provide compelling evidence of
major and probably accelerating deformation and
associated denudation and sedimentation during
Quaternary time (see, for example, Yeats, 1977, p.
296). Because the Transverse Ranges straddle the
San Andreas fault, whatever may be responsible
for the existence of these ranges seemingly either
is independent of massive displacement on the San
Andreas or has persisted or regenerated in spite
of continuing right-lateral movement along this
fault system. Accumulating evidence suggeststhat
the deep-crustal and upper-mantle structural con-
figuration beneath the Transverse Ranges may be
unique. Hadley and Kanamori (1977a) conclude
from an analysis of seismic traveltime data that a
high-velocity upper-mantle ridge underlies much
of the Transverse Ranges and, like the Transverse
Ranges themselves, projects across the San An-
dreas with little apparent offset. In order to explain
the uninterrupted persistence of this postulated

mantle ridge (and perhaps the Transverse Ranges
as well) athwart the San Andreas, Hadley and Kan-
amori (1977a) suggest that the crustal and mantle-
plate boundaries diverge north of the Salton Sea
in such a way that the mantle-plate boundary pro-
jects northwestward toward and beyond the east-
ern end of the Transverse Ranges. There is no di-
rect evidence of decoupling between crust and
mantle of the sort implicit in the Hadley-Kanamori
model; nevertheless, the gravity high over the San
Gabriel Mountains is consistent with the absence
of a root beneath this elevated structural block
(Hanna and others, 1975) and hence with decou-
pling beneath the San Gabriel Mountains. While
the extreme northwestern boundary with the
Coast Ranges province and the extreme south-
eastern boundary with the Mojave Desert province
are arbitrarily defined, the margins of the Trans-
verse Ranges elsewhere generally coincide with
well defined faults: the San Andreas, the Pinto
Mountain, the south-flanking frontal fault system,
and the steeply dipping reverse fault system along
the north side of the San Bernardino Mountains
(pl. 2).

The Mojave Desert province is generally defined
as that great westward-pointing structural wedge
of relatively monotonous physiographic aspect
sandwiched between the Sierra Nevada and Basin
and Range provinces on the north and the Trans-
verse Ranges on the south (pl. 1). Of the several
provinces described here, the Mojave Desert prov-
ince is second only to the Transverse Ranges prov-
ince in the clarity of its association with the south-
ern California uplift. The Mojave Desert province
is characterized by great geologic diversity. It con-
sists largely of erystalline rocks ranging from Pre-
cambrian to Mesozoic in age together with complex
assemblages of middle and upper Cenozoic rocks
deposited in apparently separate basins (Jahns,
1954, p. 13-17). The entire province apparently
“was subjected to widespread erosion from late Me-
sozoice to middle Tertiary time, and, unlike the re-
gions to the north, south, and west, it contains no
lower Tertiary sedimentary rocks”; the “younger
fluvial and lacustrine sediments indicate a complex
history of basin formation that began in middle
Miocene time and continued to the present” (Jahns,
1954, p. 17). The west-central part of the Mojave
Desert province, in particular, is transected by a
series of northwest-trending right-lateral faults,
many of which show evidence of Quaternary activ-
ity (pl. 2). Moreover, the northwest- to north-north-
west-trending boundary that separates an area of
Quaternary faulting on the west from one of little
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if any Quaternary faulting to the east coincides
roughly with the boundary that separates a region
of conspicuous seismicity on the west from a vir-
tually aseismic terrain on the east (Hileman and
others, 1973, p. 64-65). This boundary, in fact, ef-
fectively divides the Mojave Desert province into
two subprovinces of markedly contrasting tectonic
character. The northwest-trending faults identi-
fied with Quaternary activity form one of the most
distinctive features of the western Mojave, and
many of them project into the San Bernardino
Mountains of the eastern Transverse Ranges as
gouge and breccia zones; however, none of these
faults offset significantly the northern steeply dip-
ping reverse faults that separate the Mojave Des-
ert from the Transverse Ranges (F. K. Miller, oral
commun., 1977). Although the Mohorovié¢ié discon-
tinuity lies at a near-normal depth of about 30 km,
other deep-crustal and upper-mantle features as-
sociated with the Mojave Desert province depart
from the usual. Thus, the high-velocity mantle
ridge under the Transverse Ranges apparently
projects northeastward into the western Mojave
(Hadley and Kanamori, 1977a). Moreover, Hadley
and Kanamori (1977b) also suggest a velocity re-
versal at a depth of 15-20 km that could be inter-
preted as similar in its origins and rheologic sig-
nificance to that recognized by Braile and others
(1974)in the Basin and Range province. The bound-
aries of the western subprovince of the Mojave Des-
ert province coincide neatly with a series of well-
defined faults or fault systems. Moreover, even
within the eastern subprovince, the southern
boundary of the Mojave Desert is roughly defined
by the San Andreas system (pl. 2), and only in the
northeastern part of the province is there neither
a clearly defined tectonic nor physiographic bound-
ary.

The Continental Borderland province (pl. 1) is
characterized by a northwest-trending ridge-basin
configuration. It is “underlain chiefly if not en-
tirely by Catalina Schist basement of Franciscan
aspect” and has in this sense “both physiographic
and geologic relevance” (Yerkes and Wentworth,
1965, p. 19). The Continental Borderland thus con-
trasts sharply with the adjacent Transverse
Ranges and Peninsular Ranges provinces, both of
which are devoid of basement rocks of this nature.
Although Shepherd and Emery (1941) applied the
term “Continental Borderland” to the entire off-
shore domain between the coastline and the con-
tinental slope, we have adopted the usage of Yerkes
and Wentworth (a usage that includes only that
part of the offshore tract lying generally south of

the Channel Islands), simply because the Conti-
nental Borderland of Yerkes and Wentworth’s def-
inition can be viewed as a tectonic entity. We have
no direct knowledge of either the deep crust or the
upper mantle beneath the Continental Borderland
province; we infer, in any case, that the high-ve-
locity ridge of Hadley and Kanamori (1977a) pro-
jects at least a short distance seaward into the
Continental Borderland and that the Mohorovi¢ié
discontinuity shallows somewhat toward the Pat-
ton escarpment. The Continental Borderland
shares a common border on the north with the
western Transverse Ranges, where it roughly co-
incides with the north-dipping Santa Monica
thrust or reverse fault system of Barbat (1958, p.
38). The eastern boundary of the Continental Bor-
derland province is defined by the Newport-Ingle-
wood zone and its southeastern projection, which
takes it seaward south of Newport and thence in-
land again along the Rose Canyon fault north of
San Diego (Jennings, 1975).

The Peninsular Ranges province (pl. 1) is iden-
tified with a northwest-trending topographic grain
truncated abruptly against the southern fault-
bounded margin of the Transverse Ranges prov-
ince. Jahns (1954, p. 19) has characterized the en-
tire Peninsular Ranges province “as an uplifted
and westward tilted plateau that has been broken
into several large, elongate, subparallel blocks by
major [northwest-trending] faults,” many of which
have been active during Quaternary or at least
later Cenozoic time. The Peninsular Ranges prov-
ince is underlain largely by crystalline rocks of Pa-
leozoic and Mesozoic age that show a number of
seeming affinities with the Sierra Nevada prov-
ince. The western margin of the Peninsular Ranges
consists of a coastal plain underlain chiefly by
“clastic marine and nonmarine strata of Upper Cre-
taceous, Tertiary, and Quaternary age, as well as
by scattered volcanic rocks of Tertiary and Qua-
ternary age” (Jahns, 1954, p. 19); this coastal-plain
section, moreover, thickens sharply toward the
boundary with the adjacent Transverse Ranges
province to the north. The nature of the upper man-
tle and the depth of the Mohorovi¢ié discontinuity
beneath the Peninsular Ranges probably are
roughly comparable to that elsewhere in southern
California. According to Hadley and Kanamori
(1977a, p. 1474), however, a relatively high-velocity
(6.7 km/s) layer at the base of the crust thickens
southward across the Transverse Ranges and per-
sists into the Peninsular Ranges without apparent
thinning. Although both the northern and western
margins of the Peninsular Ranges province coin-
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cide almost exactly with well-defined fault systems,
the eastern boundary is less explicitly associated
with major faults. It seems instead to step east-
ward to the north, where the northwest-trending
faults through the eastern Peninsular Ranges
province lose their surface expression beneath the
thick sedimentary cover of the adjacent Salton
Trough.

The Salton Trough province (pl. 1), as its name
implies, is a broad crustal depression, the surface
of which lies in part below sea level; it is virtually
identical with the Colorado Desert province of
Jahns (1954, p. 11). The wedge-shaped region in-
cluded within this province trends generally north-
west and expands almost uniformly southeastward
from the confluence between the south and east
boundaries of the Transverse Ranges province and
Peninsular Ranges province, respectively. Over-
lying the basement complex beneath the Salton
Trough is a sequence of chiefly nonmarine lacus-
trine and alluvial deposits that, together with var-
ious volcanic rocks, may be as much as 6 km thick
(Biehler and others, 1964, p. 132); Muffler and White
(1969, p. 170) have, in fact, described a 4.1-km strat-
igraphic section obtained from a well in the central
part of the depression that seems to consist en-
tirely of deltaic sediments of the Colorado River.
The age of these deposits is conjectural, but they
may be entirely Pliocene and younger (Sharp, 1972,
p. 4-7). To the best of our knowledge, the presum-
ably crystalline basement complex underlying the
Salton Trough is unique within southern Califor-
nia. Specifically, seismic-refraction studies indi-
cate that the velocity transition (at an average
depth of about 5 km) between the sedimentary
cover and the underlying basement is relatively
smooth; it passes from less than 5 km/s through a
zone about 1 km thick into basement velocities
=5.65 km/s (Fuis and others, 1981). The basement
in turn overlies what Fuis and others (1981) term
the “subbasement,” the top of which is character-
ized by velocities of about 7.2 km/s. The relief on
the top of the subbasement ranges through about
5 km within the study area alone; the high point,
at a depth of about 10 km, occurs at or near the
international border. A gravity model developed
by Fuis and others (1981, fig. 11) suggests that the
Mohorovic¢ié discontinuity beneath the Imperial
Valley occurs at an average depth of about 22-24
km, and that the subbasement is about as thick as
the basement and sedimentary fill combined. Al-
though the western margin of this province is ir-
regularly outlined by the northwest-trending
faults that transect the Peninsular Ranges and

project southeastward into the Salton Trough, the
eastern margin is relatively smooth and coincides
approximately with the easternmost mapped
strand of the San Andreas system (pl. 2).

The rocks associated with the southern Califor-
nia uplift range from Early Proterozoic (1,750 m.y.,
Silver, 1971) to Holocene in age; nevertheless, be-
cause we are concerned here chiefly with an anal-
ysis of the historical deformation, we may legiti-
mately lump the numerous mapped units into
several broadly defined groups, provided that
these generalizations do not impede reasonable
interpretations of the evolution of the uplift. Ac-
cordingly, we have simplified the complex geologic
section exposed at the surface by combining all of
these rocks into three categories (pl. 2): (1) undif-
ferentiated crystalline rocks composed chiefly of
Early Proterozoic to Cretaceous units; (2) gener-
ally well-indurated unmetamorphosed sedimen-
tary and volcanic rocks composed chiefly of Upper
Cretaceous and Tertiary units; and (3) unconsoli-
dated to poorly consolidated sedimentary deposits
composed almost entirely of Quaternary units. Al-
though this simplification (pl. 2) obscures the full
(and very involved) geologic history of southern
California, it provides a reasonable basis both for
assessing the very recent geologic history and for
distinguishing between movements of clearly tec-
tonic origin from those attributable to artificial or
other natural processes. We have similarly simpli-
fied the structural configuration by showing only
those faults known or suspected to have been ac-
tive during Quaternary time (pl. 2). Many of these
same faults, of course, were active during pre-Qua-
ternary time, but it is doubtful that the literally
hundreds of mapped faults that show no evidence
of Quaternary activity are germane to our analysis
of the historic deformation.

The tectonic history of southern California per-
tinent to this investigation can be said to have be-
gun with the initiation of contractional strain ath-
wart the present-day Transverse Ranges or,
alternatively, with the inception of bending of the
San Andreas fault north of Los Angeles. Precisely
when either commenced is uncertain, but it is likely
that the compressional stress system presently op-
erating across the Transverse Ranges began no
earlier than Pliocene time (Jahns, 1973). Moreover,
whether this stress system was derivative from the
bending of the San Andreas fault or vice-versa can
only be inferred, but the two clearly are related.
Powell (1981, p. 387) has suggested that as the re-
gional stress system changed in orientation during
the period 5-9 m.y. ago “the great keeled [Sierran
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and Peninsular Ranges] batholiths were rotated
clockwise by right-lateral couples *** whereas the
rootless Mojave Desert-Transverse Ranges block
responded as an easily deformable ‘soft’ zone be-
tween the left-lateral couple of the rigid, rotating
batholithic blocks.” However, while it is this pos-
tulated rotation that led to the bending, the spatial
confinement of the bend is believed to have been
inherited from an earlier deformational event that
imparted a unique structural aspect to what we
now recognize as the Transverse Ranges-Mojave
block. Thus, according to Powell (1981, p. 374-378),
at some point during early Cenozoic time “the Mo-
jave Desert-Transverse Ranges block was shal-
lowly underthrust by a relatively young, hot seg-
ment of oceanic crust, whereas the Sierra Nevada
and Peninsular Ranges were underthrust at
steeper angles by older, cooler oceanic segments.”
It is this contrasting history between adjacent ter-
ranes that led to the creation of the “soft” zone
that both permitted and localized the bending of
the main strand of the San Andreas fault (if not
the plate boundary itself). Acceptance of the basic
scenario outlined by Powell invites several corol-
lary conclusions of varying tectonic significance:

(1) The formation of the bend and its perhaps
continuing accentuation during the period 5-9 m.y.
ago or later, coupled with continuing right-lateral
plate motion on the order of 60 mm/yr (Minster and
Jordan, 1978, p. 5345), forced the generation of con-
tractional strain across “crustal boundaries whose
general east-west trends were established by ear-
lier deformation” (Campbell and Yerkes, 1976, p.
555)—an observation that argues that the great
bend in the San Andreas fault is more cause than
effect.

(2) As both rotation of the batholithic blocks and
right-lateral translation continued along the
North American-Pacific plate boundary, it imposed
a left-lateral couple across or within the interven-
ing block that resulted in the relatively recent in-
ception of left-lateral movement on the Garlock
fault. Indeed, Carter (1980) has argued that strike-
slip displacement on the Garlock fault, which sums
to about 60 km, originated in Pliocene time—and
probably late Pliocene time. If the displacement on
the Garlock fault and the growth of the present-
day Transverse Ranges are linked, which seems
likely if not compelled, the evolution of the Trans-
verse Ranges probably occurred within a small
fraction of Cenozoic time—perhaps during the past
2-3 m.y.

(3) Comparison between the results of experi-
mental modeling and the inferred recent tectonic

evolution of southern California (Powell, 1981, p.
390) tend both to support Powell’s reconstruction
and suggest mechanical explanations for what is
observed or reasonably inferred. Experimentally
induced deformation generated within an overly-
ing and partially decoupled layer in response to
right-lateral motion between adjoining blocks of
the underlying layer and attendant underthrust-
ing of one beneath the other closely matched the
geologically inferred pattern and sequence of de-
formation described by Powell (1981, p. 387-390).
Powell’s comparison suggests to us that horizontal
or near-horizontal decoupling within the lithos-
phere has contributed significantly to the recent
tectonic evolution of southern California.

(4) Even if the postulated opposing rotations be-
tween the rooted batholithic blocks have ceased,
the clearly persisting right-lateral motion between
the North American and Pacific plates has com-
pelled continuing left-lateral displacement on the
Garlock fault (or similarly oriented faults within
the North American plate originating in the region
of the great bend). Specifically, if we assume that
the Pacific plate is fixed, that the relatively dis-
crete rupture that defines the surface trace of the
San Andreas extends to a depth of about 15 km (the
base of the seismogenic zone), and that decoupling
between upper and lower layers of the lithosphere
occurs at this or some greater depth (but probably
above the high-velocity mantle ridge of Hadley and
Kanamori, 1977a—see below), owing to the con-
straint imposed on the motion of the upper layer
by the present position of the San Andreas, parallel
trajectories of upper and lower layers north of the
great bend probably have diverged south of the
bend (whatever its location) during much or most
of Quaternary time. North of the bend, eastward
displacement of the upper layer accompanying this
divergence would tend to horizontally load the up-
per layer. This loading, in turn, could be accom-
modated through east-west extension of the North
American plate north of the bend together with
left-lateral displacement along a zone originating
at the bend and trending at a high angle to the
San Andreas fault (whether the Garlock, the White
Wolf, or any similarly positioned fault), a mecha-
nism seemingly compatible with (if not identical to)
one first proposed by McKenzie (1972, p. 175).

There are several reasons for believing that the
decoupling which plays an integral part in this
model probably operates at some relatively modest
depth within the erust (15-20 km) and, hence, that
the lithosphere is a rheologically layered system:
(1) The configuration of the high-velocity mantle
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ridge described by Hadley and Kanamori (1977a) is
difficult to reconcile with significant right-lateral
slip through the full thickness of the lithosphere
eastward from the Newport-Inglewood zone to the
eastern Mojave Desert; accordingly, although we
recognize the limited resolution of the data-that
permitted definition of this feature, it seems un-
likely that major right-lateral displacement
through this part of the upper mantle could have
occurred while leaving so little evidence. (2) Were
the lithosphere not multilayered, the loading ef-
fects proposed here could certainly have occurred
as a result of slip at the base of the lithosphere.
However, the Quaternary contractional effects
within and around the margins of the Transverse
Ranges would be much more difficult to explain if
the upper- and lower-plate boundaries coincided
(that is, if there were no decoupling between these
layers); the very occurrence of major thrusts and
reverse faults along both the northern and south-
ern boundaries of the Transverse Ranges argues
for a form of decoupling that is reasonably ex-
tended to depth along progressively shallowing
surfaces (see, for example, Thatcher, 1976, p. 693).
(3) The studies of Lachenbruch and Sass (1973, p.
192) argue that the heat-flow distribution along the
San Andreas is compatible with a model that “at-
tributes the [thermal] anomaly to mechanical heat
generation in a broad shear zone between the
North American and Pacific plates.” Acceptance of
this internally consistent model requires that de-
coupling be generated at the base of the seismo-
genic zone (Lachenbruch and Sass, 1973, p. 204). (4)
Hadley and Kanamori (1978) have described as
nearly horizontal the preferred fault planes for two
small shocks that occurred near the base of the
seismogenic zone within and adjacent to the af-
tershock zone of the 1971 San Fernando earth-
quake, an observation that suggested to them that
the Transverse Ranges may form an evolving de-
collement. The infrequency with which focal mech-
anisms of this sort have been detected probably is
due to the relative infrequency of brittle failure at
or near the base of the seismogenic zone. (b) Fi-
nally, observational evidence, coupled with various
theoretical considerations outlined in the section
on “The Origin of the Southern California Uplift,”
indicates that decoupling not only can occur but
should be occurring at relatively shallow crustal
depths.

We see no insurmountable arguments that refute
the operation of plate-motion divergence as an ex-
planation for the geologically recent left-lateral
slip along the Garlock fault and the extensional

strain effects recognized east of the San Andreas
and north of the Garlock. However, this notion may
carry within it the seeds of its own destruction.
With continuing migration of the North American
plate past the Pacific plate, pile-up between the
lower layers is implied by the more sharply defined
bends along the edges of the plate boundaries; it
is this pile-up that may ultimately lead to a
straightening of the entire system and a resultant
narrowing of the shear zone that lies beneath the
seismogenic zone south of the great bend.

HISTORICAL SURFACE DEFORMATION

Historical surface deformation within the area
of the southern California uplift can be character-
ized as either tectonic or nontectonic. Nontectonic
deformation is further divisible into artificially and
naturally induced movement. Because the purpose
of this report is the consideration of a certain cat-
egory of tectonically derived surface movements,
we have attempted to provide a basis for discrim-
inating between tectonic movements and those of
nontectonic origin. Qur approach, which is both the
most conservative and the only practical procedure
open to us, has been to simply disregard those
movements that are certainly or probably contam-
inated by a nontectonic signal, even though it re-
quires that we discard a good deal of data that
might have assisted in an assessment of the tec-
tonic process.

NONTECTONIC DEFORMATION

Compaction, together with the much more subtly
defined expansion of unconsolidated to incom-
pletely consolidated basinal deposits produced
through changes in the underground fluid-pres-
sure regime, accounts for nearly all of the nontec-
tonic surface deformation recognized in southern
California. Surface movements of this derivation
are, in fact, so significant in relation to all other
types of nontectonic deformation that we may
safely exclude from any further consideration the
generally trivial and easily distinguished move-
ments due to slope and free-face failures or to hy-
drocompaction. Because man-induced changes in
the subsurface fluid-pressure regime have created
the most dramatic examples of nontectonic defor-
mation in southern California, this category of
movement is examined first.

ARTIFICIALLY INDUCED DEFORMATION

Artificially induced surface deformation is
clearly associated with both ground-water with-
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drawals and oil-field and gas-field operations
throughout southern California (pls. 3 and 4). This
type of deformation is most conspicuously ex-
pressed as differential subsidence (pl. 4), but it also
includes elastic rebound, horizontal movement,
faulting, and surficial fissuring (Church and oth-
ers, 1974; Castle and Yerkes, 1976; Morton, 1977).
However, even though all of these movements can
be shown to be related, whether directly or indi-
rectly, to fluid-pressure declines and resultant com-
paction at depth or to changes in ground-water lev-
els, this discussion is restricted to a consideration
of the vertical displacement field—that is, to dif-
ferential subsidence and uplift.

The application of consolidation theory to the
analysis of differential subsidence associated with
changesin the fluid-pressure regime has been sum-
marized by Poland and Davis (1969). It begins with
the acceptance of Terzaghi’s principle of effective
stress, which states that within a porous, fluid-
filled medium, p = p’ + u, where p = total stress
or pressure, p' = effective (grain-to-grain, inter-
granular, “solid”) stress or pressure, and « = fluid
(pore-water, reservoir, neutral, internal) stress or
pressure. In a confined water system in which the
compressibility of the fluid is disregarded, unit
head decline (which may be equated with fluid-
pressure reduction) will produce an equal increase
in effective pressure; in an unconfined water sys-
tem any reduction in liquid level will produce an
increase in effective pressure through loss of buoy-
ancy, and the total pressure will decrease slightly
owing to loss of fluid mass (Poland and Davis, 1969,
p- 193-196). Because the overburden is supported
by both fluid and effective pressure, a decrease in
fluid pressure to a point approaching zero will in-
crease the effective pressure to a value approach-
ing the lithostatic pressure, whereas an increase
in fluid pressure to a point approaching the lith-
ostatic pressure will decrease the effective pres-
sure to a value approaching zero. Reservoir com-
paction thus becomes a function of both the
magnitude of the increased effective stress (or ap-
plied load) and the compressibility of the materials,
whereas any expansion of the reservoir skeleton is
afunction of the magnitude of the reduced effective
stress and the elastic component of the compres-
sibility.

VERTICAL DISPLACEMENTS ASSOCIATED WITH
GROUND-WATER WITHDRAWAL AND RECHARGE

Easily measured subsidence has accompanied ar-
tificially induced water-level declines in many of

the ground-water basins of southern California
(pls. 3 and 4). The subsiding areas are typically
underlain by unconsolidated to semiconsolidated
alluvial or lacustrine clastic deposits of chiefly Qua-
ternary age. Water is generally extracted from
semiconfined and confined sand or gravel aquifers
of low to moderate compressibility that are com-
monly interbedded with relatively impermeable
and highly compressible clay-rich aquitards. In the
absence of recharge, continuing extraction reduces
pressure head within the aquifers and sets up pres-
sure gradients across aquifer-aquitard boundaries,
ultimately leading to the dewatering of the aqui-
tards and the compaction of both aquifers and aqui-
tards. The magnitude of this compaction and of any
resultant surface subsidence depends, of course, on
the thickness of the affected system. Several local
ground-water basins have shown little if any sub-
sidence in spite of major head declines (>30 m).
Most of those basins in which there has been rel-
atively little subsidence are characterized by co-
alescing fan deposits that consist of relatively
coarse clean gravel generally devoid of silt and clay
beds. Examples include the Raymond basin north-
east of Los Angeles (Lofgren, 1971a) and much of
the San Fernando Valley (pls. 3 and 4).

Owing to limited preconsolidation produced
through natural oscillations of the water table,
there is generally some critical piezometric head
decline at which compaction and resultant subsid-
ence begin to accelerate in response to continuing
exploitation. Although there are relatively few ex-
amples where there is good control on both head
decline and changing elevation, significant subsid-
ence in the semiarid southwestern United States
typically begins following initial head declines of
15-20 m (Poland and Davis, 1969). During recharge,
whether seasonal or long term, compaction com-
monly is almost completely arrested and slight
elastic expansion and accompanying surface re-
bound may oceur (Riley, 1969; Poland, 1969, p. 291).

Water levels in the several ground-water basins
of southern California have been affected by var-
ious combinations of secular meteorological
changes, changing land use, artificial recharge
practices, and importation of water, as well as with-
drawals. Regional drought, combined with in-
creased land development and ground-water with-
drawals, produced major water-level declines in
southern California during the periods 1924-36 and
1945-64. In many of the coastal basins, unusually
high precipitation during the winters of 1965/66 and
1968/69, coupled with increased use of imported
water, led to recoveries in water levels that were
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apparently retained through at least 1974. How-
ever, water levels in the western Mojave Desert
continued to decline through this period of general
recovery (California Department of Water Re-
sources, 1975a).

We have summarized in plates 3 and 4 a current
appraisal of water-level declines and associated dif-
ferential subsidence in southern California. Al-
though this pair of illustrations is largely self-ex-
planatory, several points merit amplification.
While much of the Los Angeles basin has sustained
significant differential subsidence due to ground-
water withdrawals, a large fraction of this subsid-
ence is indistinguishable from that attributable to
natural compaction or even to tectonic downwarp-
ing, and it is locally masked by subsidence associ-
ated with oil-field and gas-field operations (pls. 3
and 4). For example, the so-called La Cienega sub-
sidence bowl, which lies along the northern edge
of the basin about 10-12 km west of Los Angeles
(pl. 4), probably is attributable to a combination of
causes including ground-water withdrawal, tec-
tonic downwarping, and, perhaps, oil-field opera-
tions (Castle and Yerkes, 1976, p. 10—11). Similarly,
southeastward from Los Angeles along the axis of
the basin, most of the localized differential subsid-
ence (pl. 4) clearly is associated with ground-water
extraction (pl. 3). Nevertheless, from 1968 to 1974,
during a period of rising water levels that appar-
ently began in 1962/63, a broadly defined area cen-
tering about 10-15 km south of Los Angeles con-
tinued to subside at about 10 mm/yr. While this
continuing subsidence could be the product of aqui-
tard dewatering and compaction attributable to
the persistence of a pore-pressure gradient be-
tween aquifer and aquitard long after fluid pres-
sures within the various aquifers had begun to re-
cover, it is just as likely to be related to natural
causes.

The basinal complex extending westward from
Colton to and beyond Ontario has undergone major
water-level declines (pl. 3) that may have begun as
early as 1904 (Mendenhall, 1908). Because the Qua-
ternary stratigraphy and structural history of this
area are so complex, most of the artificially induced
subsidence is sharply localized; thus, unlike the
situation in the Los Angeles basin, the occurrence
of this subsidence has not generally constrained
our reconstruction of the southern California
uplift. Some fraction of this localized subsidence
could be tectonic downwarping (analogous to that
postulated to have occurred within the La Cienega
subsidence bowl). However, because we usually are
incapable of distinguishing between tectonic and

artificially induced subsidence, we are forced to
assume that all of the measured subsidence in this
area is related to ground-water withdrawals.

The well-defined subsidence in the Bunker Hill
ground-water basin, which lies between the San
Jacinto and San Andreas faults east of Colton (pl.
4), seems to be closely tied to the Quaternary stra-
tigraphy. That is, even though substantial water-
level declines have been recognized on both sides
of the San Jacinto fault (pl. 3), the subsidence is
largely restricted to the east block. This seeming
inconsistency may be easily explained, however,
for the section northeast of the San Jacinto fault
is unlike that to the southwest and consists of a
sequence of clay and silt layers interbedded with
sands and gravels (Eckis, 1934, p. 160), a sequence
that virtually invites compaction and subsidence
as a result of even modest head declines. Rising
water levels in the Bunker Hill basin during the
period 1968/69-75 apparently arrested the subsid-
ence that had characterized this area during the
preceding decades. This apparent cause-and-effect
relation suggests accordingly, that the previously
recognized subsidence east of the San Jacinto fault
cannot be attributed to phenomena other than
ground-water extraction.

VERTICAL DISPLACEMENTS ASSOCIATED WITH
O1L-FIELD AND GAS-FIELD OPERATIONS

The most dramatic examples of artificially in-
duced surface deformation recognized in southern
California are those associated with oil-field and
gas-field operations (Castle and Yerkes, 1976). Com-
paction and resultant subsidence attributable to
the extraction of oil and gas (and the water that
generally accompanies petroleum production) are
mechanically analogous to that associated with the
production of water from confined aquifer systems.
Similarly, fluid injection and attendant increases
in reservoir fluid pressure not only tend to retard
further compaction and subsidence, but can ac-
tually induce limited elastic rebound. Allen and
Mayuga (1969), for example, interpret most of the
0.34 m of rebound in the Wilmington oil field east
of San Pedro (pl. 3) during the period 1965-69 as
the product of elastic expansion accompanying
massive water flooding of this field. While other
mechanisms may figure in rebound around the
margins of producing oil fields (see, for example,
Castle and Yerkes, 1976, p. 73-75), broadly distrib-
uted rebound associated with injection is generally
attributable to decreased effective stress accom-
panying repressurization.
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Although fluid-pressure reductions and result-
ant increases in effective stress necessarily lead to
a tendency toward compaction and surface subsid-
ence, accumulating experience indicates that the
occurrence of clearly measurable subsidence as-
sociated with oil-field and gas-field operations is
generally restricted to a particular class of fields.
Yerkes and Castle (1969, p. 56) show that subsid-
ence is almost invariably identified with those
fields characterized by production “from uncon-
solidated to poorly lithified and poorly sorted
sands, generally Miocene or younger in age,” where
the “median depths of production range from about
360 to 3900 m and exceed 1800 m in only four cases.”

Owing in part to the small scale of the map (pl.
4), we show only the better documented and most
impressive examples of subsidence associated with
petroleum production. However, nearly every oil
field shown on plate 3 meets one or more of the
subsidence-susceptibility criteria listed above. Be-
cause vboth spatial and temporal coincidence be-
tween oil-field operations and subsidence have
been demonstrated repeatedly (Castle and Yerkes,
1976), differential height changes within or around
these fields (pl. 3) should be attributed to processes
other than oil-field operations only in the presence
of overwhelming evidence to the contrary.

NATURALLY INDUCED DEFORMATION

Natural compaction probably is continuing, in
some measure, throughout the sedimentary basins
of southern California. It may be an especially im-
portant process in those areas characterized by
rapid deposition of fine-grained materials during
recent geologic time—such as the central Los An-
geles basin, the southern San Joaquin Valley, and
the Oxnard Plain. However, although natural com-
paction and resultant surface subsidence probably
have continued during historical time within much
of the area embraced by the southern California
uplift, it is generally very difficult to distinguish
surface deformation of this type from that due to
ground-water extraction.

The Los Angeles basin, which contains about
1,400 m of Quaternary deposits alone and a com-
bined upper Pliocene and Quaternary section over
3,500 m thick (Yerkes and others, 1965, pl. 4), is a
case in point. Grant and Sheppard (1939) have out-
lined a trough of differential subsidence that in-
creases progressively south-southeastward from
Los Angeles along a zone that roughly coincides
with the axis of the basin. Furthermore, compar-

ison of 1968 and 1974 level surveys through the
central part of the basin shows that subsidence
during this period persisted at rates of about 10
mm/yr, whereas during the period 1962-76 ground-
water levels in this same general area rose roughly
10 m. Hence, while there is a strong likelihood that
the subsidence identified by Grant and Sheppard
(1939) is due in part to natural compaction asso-
ciated with rapid loading of the underlying section,
we cannot be certain that it is not entirely man
induced. That is, as suggested earlier, it is con-
ceivable that the subsidence detected during the
period 1968-74 is attributable to nothing more than
the drainage of aquitards in response to earlier
head declines in amounts significantly greater
than the 1962-76 10-m water-level recovery. Simi-
larly, while well-defined subsidence in the southern
part of the Oxnard Plain (pl. 4) is reasonably at-
tributed to natural compaction of Holocene la-
goonal or marsh deposits (Castle and others, 1977,
p. 220-225), the modest declines in ground-water
levels recognized in this area (pl. 3) indicate that
this subsidence is not necessarily due to natural
phenomena.

TECTONIC DEFORMATION

Implicit in the preceding discussion is the notion
that geodetically defined vertical-displacement
fields of tectonic origin can be described in no more
than an exclusionary sense—namely, as those ver-
tical displacements that cannot be attributed,
whether directly or indirectly, to natural compac-
tion or to artificial processes. Accordingly, plates
3 and 4 provide a convenient guide for distinguish-
ing between vertical movements of tectonic deri-
vation and those of a probable or possible nontec-
tonic origin. The value of these illustrations is
enhanced, moreover, if they are used in conjunc-
tion with the physiographic map showing the nat-
ural provinces (pl. 1) and the generalized geologic
map (pl. 2). Together, these two maps (pls. 1 and 2)
provide a basis for assessing the form of those sed-
imentary basins that are especially susceptible to
nontectonic deformation. Thus, in evaluating the
changing configuration of the southern California
uplift we have relied heavily on these data (pls. 1-
4) in detecting (and discarding as irrelevant) those
nontectonic vertical signals that appear in the pro-
files of height changes shown below.

VERTICAL-CONTROL DATA

The basic data used in the reconstructed height
changes described in this report are drawn from
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repeated level surveys between two or more bench
marks. While the determination of any change in
height difference between marks is a basically sim-
ple procedure, it is commonly complicated by the
fact that measured height differences are both
path and time dependent. Moreover, because most
of the survey data that we have assembled here
have been developed for engineering or carto-
graphic purposes (where crustal stability among a
widely spaced array of bench marks usually has
been assumed), the thrust of our effort has been
directed toward reconstructing and interpreting
the leveling data in such a way that the effects of
any crustal movement during a given level survey
can be assessed and considered in calculating
height changes referred to a common datum (or
reference bench mark).

Vertical-control surveys are divisible into sev-
eral orders and classes of accuracy, each of which
meets certain procedural and instrumental re-
quirements (Federal Geodetic Control Committee,
1974). Although these requirements have been
strengthened over the years, there have been no
significant instrumental changes since 1916 (with
the introduction of the invar rod) and relatively
few procedural changes since 1925 (Rappleye,
1948a, p. 1-3, 7-9, 15-23; Federal Geodetic Control
Committee, 1974, p. 9); hence the most recently es-
tablished standards of the Federal Geodetic Con-
trol Committee provide a convenient basis for char-
acterizing those requirements especially germane
to the error estimates of the National Geodetic Sur-
vey. Moreover, although most all the height
changes described in this report are based on com-
parisons between first-order level surveys (pl. 5),
because we have used the results of lower-order
surveys locally, the procedural specifications for
each of the three orders of geodetic leveling are
briefly summarized here. )

All first-order leveling is, by definition, double
run over sections of 1-2 km. Balanced sights are
required, and the maximum sight lengths permit-
ted since 1974 are 50 m for class I and 60 m for
class II surveys (Federal Geodetic Control Com-
mittee, 1974, p. 9). Prior to 1961, maximum sight
lengths of 150 m were authorized, but their use
was permitted “only under the most favored con-
ditions” (Rappleye, 1948a, p. 7). In 1961, sight
lengths were reduced to a maximum of 75 m; in
1964 they were further reduced to 50 m for all first-
order surveys utilizing instruments other than the
Fischer level (formal class distinctions were not
introduced until 1974) (E. 1. Balazs, oral commun.,
1979). The rejection limits (or maximum permissi-

ble closures) over individual double-run sections
are 3 mm VK for class I surveys and 4 mm VK
for class II surveys, where K is the distance in
kilometers; the rejection limits for lines or loops
are 4 mm VK and 5 mm VK for class I and class
II surveys, respectively (Federal Geodetic Control.
Committee, 1974, p. 9). The 3 mm VK section-re-
jection limit, which is the singularly significant re-
quirement for class I leveling, was not introduced
untilthe 1950’s; hence prior to the 1950’s first-order
leveling can be said to have consisted of a single
class characterized by a section-rejection limit of
4 mm VK.

Second-order leveling may be either single or
double run and is similarly divisible into two
classes: class I leveling is in all cases double run,
whereas class II work may be either single or dou-
ble run (Federal Geodetic Control Committee, 1974,
p- 9). Both class I and class Il second-order surveys
again require balanced sights, but the difference
between forward and backward sights may be as
much as 10 m. Maximum sight lengths currently
range from 60 m for class I to 70 m for class 11
surveys (Federal Geodetic Control Committee,
1974, p. 9); they apparently have never exceeded
150 m (Rappleye, 1948a, p. 7), and because the U.S.
Geological Survey (since 1928, at least) has per-
mitted sight lengths no greater than 92 m for third-
order leveling (Birdseye, 1928, p. 132), it is likely
that the sight lengths used in second-order leveling
rarely have exceeded 90 m. The rejection limits for
both section closures and loop or line closures are
given as 6 mm V'K for class I second-order surveys
and 8 mm VK for class II surveys (Federal Geo-
detic Control Committee, 1974, p. 9). Prior to 1974,
and at least as far back as 1928, the rejection limit
for all second-order leveling was 8.4 mm VK (Birds-
eye, 1928, p. 130; Rappleye, 1948a, p. 2-3; U.S. Geo-
logical Survey, 1966, p. 2).

Third-order leveling is again divisible into single
or double run, but because the procedural require-
ments are otherwise the same for both there is no
formal “class” distinction for surveys of this order
(Federal Geodetic Control Committee, 1974, p. 9).
In practice, virtually no third-order leveling is dou-
ble run unless a blunder or other major error is
suspected. The maximum permissible sight length
for modern third-order surveys is given as 90 m
(Federal Geodetic Control Committee, 1974, p. 9).
The older standards, moreover, were almost as
stringent; since 1928 the Geological Survey has
stipulated that maximum sight lengths not exceed
92 m except at river crossings or ravines (Birdseye,
1928, p. 132; U.S. Geological Survey, 1966, p. 20).
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The loop- or line-rejection limit currently is given
as 12 mm VK (Federal Geodetic Control Commit-
tee, 1974, p. 9); this is the same maximum closure
that has been in effect for third-order leveling since
1928 (Birdseye, 1928, p. 130; Rappleye, 1948a, p. 2-
3).

ERRORS IN HEIGHT DETERMINATIONS

Errors in height differences, with the exception
of usually easily detected blunders or “busts,” are
attributable to four major sources: (1) systematic
survey error, (2) random survey error, (3) surface
deformation (bench-mark motion) during the
course of a specified level survey, and (4) an im-
precisely formulated orthometric correction (see
below). The magnitude of both the second and last
of these error sources generally can be closely es-
timated; systematic error and errors inherent in
crustal deformation during the leveling are much
more difficult to assess, and there is no single tech-
nique that permits their clear discrimination.

SYSTEMATIC ERROR

Although the distinction between systematic
and random error is poorly defined, the recognition
or suspicion of various types of systematic error
has dictated many of the procedural requirements
stipulated for geodetic leveling. Systematic level-
ing errors are of two general types: those that can
be assessed through loop closures and those that
are independent of closure. Because many of the
lines considered here do not close a loop and be-
cause the larger misclosures that we have identi-
fied are attributable chiefly to deformation that
occurred during completion of the respective loops,
misclosures are usually inadequate indices of sys-
tematic error—at least in southern California.

Systematic errors independent of closure are
generally functions of topography and, hence, are
either height or slope dependent. Thus, an unde-
tected error in rod length can be expected to pro-
duce errors in measured elevation differences that
are directly proportional to the error in rod length.
For example, where the approximate elevation dif-
ference between marks is defined as Ae, an error
of 0.03 mm in a 3-m rod would produce an error of
Ae x107°—or about 24 mm in the maximum ele-
vation difference (2,400 m) considered in this re-
port. Similarly, “unequal refraction” (in which the
refraction introduced in the foresight is un-
matched by that in the backsight) may lead to sig-
nificant gradient-dependent errors. Bomford (1971,

p. 240-241) suggests that refraction errors may be
as large as Aex2Xx 10— or about 480 mm for the
maximum elevation difference considered here—
although they generally must be much less than
this “worst case” situation.

Because rod and refraction errors are height and
slope dependent, they are most easily detected by
searching for a correlation between topography
and measured elevation discrepancies disclosed
through repeated surveys. If the results of either
survey are contaminated by significant rod error,
the correlation between height and any seeming
vertical displacement should be almost perfect. Al-
though one could expect to see, for various geologic
reasons, a rough correlation between height and
apparent movement, the one-to-one correlations
between height and apparent height changes as-
sociated with rod error are generally absent in the
comparisons developed for this report. Hence, it
seems unlikely that rod error has had any signif-
icant effect on the vertical signals described here.
Refraction errors are less specifically correlated
with terrain than are rod errors. That is, because
refraction is a function of the atmospheric density
along the line of sight, and thus is dependent on
the vertical temperature gradient, short-term va-
garies of climate superimposed on the normal diur-
nal and seasonal variations will tend to diffuse any
correlation between slope and seeming height
changes between surveys. Although the correla-
tions are generally poor, several comparisons be-
tween height changes and topography within the
area of the southern California uplift suggest that
the apparent vertical displacements may be due in
part to refraction error in one or the other of the
comparative surveys. Nonetheless, because the as-
sociated misclosures are very small, these postu-
lated refraction errors (if of any significant size)
would have to have been almost precisely self-can-
celling—a somewhat surprising conclusion in view
of the path dependency of this error and that, in
the general case, it should be expressed as a mis-
closure. It is conceivable, of course, that the at-
mospheric refraction error is so overwhelmingly
slope dependent that it tends to cancel, regardless
of weather, length of day, and so forth. The implicit
corollary—namely, that refraction errors have con-
taminated successively measured height differ-
ences to about the same degree—carries with it the
conclusion that refraction errors could not have
contributed significantly to the calculated vertical
displacement values. (Because “balanced slopes”
are certainly the exception rather than the rule,
the generally small misclosures produced during
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periods of tectonic quiescence (see below) suggest
that refraction errors tend to randomize over dis-
tances of more than a few kilometers.) In any case,
rigorous examination of the data assembled for
this study has produced very little evidence that
indicates that the vertical-control data have been
seriously fouled by refraction error.

Systematic error may be the most elusive prob-
lem we face in utilizing the results of repeated level
surveys as indices of historical crustal deforma-
tion. Further complicating this problem is that var-
ious types of unrecognized or unsubstantiated sys-
tematic error may have contaminated these
measurements. For example, spirit leveling may
be characterized by a directional bias, a possibility
suggested by the existence of the so-called sea-
slope problem (Fischer, 1977). However, even
though recent investigations (Castle and Elliott,
1982) suggest that the discrepancy between geo-
detic and steric (oceanographic) leveling cannot be
dismissed as the product of a postulated direction-
ally dependent systematic error in geodetic level-
ing, we infer that the north-south component as-
sociated with each successive survey over the same
route has been approximately equally, if at all, con-
taminated. It is sometimes possible to search for
the existence and significance of systematic error
even if the physical source of the error cannot be
specified. Specifically, systematic error may ap-
pearin the cumulative divergence between the for-
ward and backward runs of a double-run line.
Granted that we have investigated the cumulative
divergence in only a handful of surveys utilized in
this report, only one of those that we did examine
showed divergence of a significant magnitude and
character that could be interpreted as the product
of systematic error; nonetheless, even this diver-
gence was but a small fraction of the vertical signal
disclosed through a comparison of the results of
this particular survey against those of an earlier
leveling.

In the final analysis, the very strong likelihood
that the large vertical signals described in this re-
port have not been seriously distorted by system-
atic error rests heavily on circumstantial but very
persuasive evidence, much of which is developed
in detail in the body of the report. In the first place,
replication of elevation determinations both before
and after the large vertical displacements that are
critical to our reconstruction, supports the argu-
ment that these determinations are free of mea-
surably significant systematic error of whatever
origin. Moreover, because the earlier set of con-
cordant elevations is based on levelings that brack-

eted the procedural change that halved the max-
imum permissible sight length, it is especially
unlikely that any subsequent displacements can
be easily dismissed as refraction-induced (sight-
length-dependent) artifacts. Similarly, Mark and
others (1981, p. 2792-2794) show that successively
developed elevation differences between Saugus
and Palmdale (fig. 2) probably are no more than
trivially contaminated by either rod or residual re-
fraction error. In particular, the Saugus-to-Palm-
dale line is at once that part of the reach between
San Pedro and Palmdale within which the south
flank of the uplift is largely confined and which
shows by far the clearest correlation between sig-
nal and terrain of any of those lines examined in
this study. Yet levelings bypassing the Saugus-to-
Palmdale line, over a variety of routes in which
signal and topography are generally poorly cor-
related, have produced approximately the same
pre- and post-uplift heights for marks in the Palm-
dale area as have those contemporary levelings
propagated directly eastward from Saugus. Sec-
ondly, the generation of widely distributed large
vertical signals (along five separate lines that oc-
cur within a zone more than 175 km in length)
within a relatively tight time frame of only about
2 years argues that these signals are other than
the products of survey error. In other words, inter-
pretation of these broadly distributed signals as a
time-constrained concatenation of errors would
carry with it a probability approaching zero, for
comparable signals (or errors) were undetected in
this same general region during the decades before
and after this 2-year interval. Thirdly, the detec-
tion of very subtly defined artificially induced
movements (based on repeated levelings over lines
where systematic error could be reasonably antic-
ipated) that agree almost precisely with their pre-
dicted occurrence and configuration, testifies to
the nearly error free nature of these measure-
ments within and around the area of the southern
California uplift (see, for example, Castle and oth-
ers, 1974, p. 62, 65). Fourthly, the discovery of a
similar uplift that apparently evolved during the
early part of the 20th century suggests that the
modern uplift represents but a single pulse in a
continuing cyclic process (Castle and others, 1977)
and supports by analogy the reality of both the
southern California uplift and the validity of the
measurements that permitted its identification. In
other words, it would be very difficult to accept the
contention that the remarkable correspondence in
both the configuration and general history of these
two episodes of uplift is simply the product of a
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cyclically distributed systematic error. Finally, ac-
cumulating geologic evidence (McCrory and Lajoie,
1977; Wehmiller and others, 1977a; Bull and others,
1979) indicates that the pattern of crustal defor-
mation disclosed through the analysis of the his-
torical geodetic record is consistent with the pat-
tern of vertical displacements generated within
the area of the southern California uplift during
late Quaternary time. All in all, the preceding ob-
servations indicate that if the geodetically defined
signals that permitted the identification and char-
acterization of the southern California uplift are
no more than measurement artifacts, chance co-
incidence has operated on a truly remarkable scale.

RANDOM ERROR

Random error developed during any double-run
leveling may be assessed through statistical ex-
amination of the section closures, provided only
that the sample population is sufficiently large.
Double-run procedures are so specified that the ex-
pected random error in the measured elevation dif-
ference between any two bench marks a distance
L apart is approximately normally distributed and
hence proportional to L. While the results of single-
run leveling are less amenable to statistical anal-
ysig, it is assumed that the random error in the
measured elevation difference between any two
marks is also normally distributed, if only because
the procedures stipulated for both single- and dou-
ble-run surveys are otherwise identical. This as-
sumption is supported, moreover, by the experi-
ence of the Geological Survey in assessing the
results of thousands of loop or line closures.

The higher the order and, in general, the more
recent the leveling, the greaterthe accuracy. First-
order leveling procedures currently are such that
for class I and class II surveys the estimated stan-
dard error—which can be treated as the equivalent
of o, or the standard deviation over a unit dis-
tance—is 0.5 mm/km* and 0.7 mm/km!, respectively
(Federal Geodetic Control Committee, 1974, p. 3).
However, the experience of the National Geodetic
Survey with all first-order leveling indicates that
o was about 1.5 mm/km* and 1.0 mm/km* during the
periods 1917-55 and 1956-74, respectively (Vaniéek
and others, 1980, p. 507). For simplicity, we have
assumed in all of our calculations that o has in no
case dropped below 1.0 mm/km?. Thus, one standard
deviation in the measured elevation difference
based on first-order leveling between two bench
marks at opposite ends of a 600-km line—roughly
the length of, the longest line considered in this

report—would be about 37 mm had the survey been
carried out between 1917 and 1955, whereas it
would be about 24 mm had it been carried out since
1955. Second-order leveling specifications today
are such that o is given as 1.0 mm/km! and 1.3 mm/
km? for class I and class II surveys, respectively
(Federal Geodetic Control Committee, 1974, p. 3).
Again, however, the experience of the National
Geodetic Survey with all second-order leveling in-
dicates that o was about 3.0 mm/km! and 2.0 mm/
km! during the periods 1917-55 and 1956-74, re-
spectively (Vaniéek and others, 1980, p. 507-508).
Moreover, we have again assumed for purposes of

‘this report that o has not dropped below 2.0 mm/

kmt for any second-order survey. Thus, one stan-
dard deviation in the measured elevation differ-
ence based on second-order leveling between two
bench marks at opposite ends of a 150-km line—
approximately the length of the longest second-
order line examined in this report—would be about
37 mm had the leveling been carried out between
1917 and 1955, whereas it would be about 24 mm
had it been carried out since 1955. Third-order lev-
eling procedures currently are such that o is given
as 2.0 mm/km! (Federal Geodetic Control Commit-
tee, 1974, p. 3). The experience of the U.S. Geological
Survey, based chiefly on the results of loop and line
misclosures developed from third-order leveling in-
dicates that before 1956 o was close to 6 mm/km},
whereas since that time it has been about 4 mm/
kmt, The specifications for third-order leveling are
such, however, that these estimates almost cer-
tainly err on the conservative side. Nonetheless,
we have extended this conservatism by assuming
for the purposes of this study, that o has in no case
dropped below 4 mm/km! for any third-order lev-
eling. Thus, one standard deviation in the mea-
sured elevation difference based on third-order lev-
eling between two bench marks at opposite ends of
a60-km line—nearly the length of the longest third-
order line considered in this report—would be
about 46 mm had the survey been run before 1956
and about 31 mm had it been carried out since 1955.

Calculation of the standard deviation of the mea-
sured elevation difference between the end points
of a single line composed of several segments of
differing survey class or order (or simply of differ-
ing o) requires, in effect, that the standard devia-
tion be calculated for each of these separately de-
fined segments. Thus, in the most general case, oz,
or one standard deviation in the measured eleva-
tion difference between any two marks based onn
combinations of orders or classes of leveling, may
be given as:
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0,5= V(0 L)2+ (0.2 + ... + (0,.L,4)?]
= \/[012L1 +0,2L,+... +0,2L,],

1)

where o,, 0,, etc., are the estimated standard de-
viations applicable to each successive segment of
length L,, L,, etc. For example, one standard de-
viation in the measured elevation difference be-
tween the end points of a 1974 survey consisting
of a 150-km segment of first-order leveling joined
to a second 150-km segment of second-order level-
ing would be about

V[1mm2/km-150 km + 4.0 mm#km-150 km]=27 mm.

In comparing measured elevation differences
based on repeated levelings between any two
marks, one standard deviation in the discrepancy
between any two determinations of the measured
elevation difference, o,,z, is given as:

2

where o,z and o,g, are the calculated standard
deviations for each of the separately determined
differences. The more usual (and less general) sit-
uation dealt with here consists of comparisons
based on successive levelings of the same order
overthe same route; in this case o, is given simply
as oy}, where o, is one standard deviation in the
discrepancy between two successively measured el-
evation differences over a unit distance. Thus, one
standard deviation in the discrepancy between the
measured elevation differences obtained through
two post-1955 first-order surveys over a distance of
300 km (roughly the length of the level route be-
tween San Pedro and Bakersfield) would be about
1.4 mm/km? - (300 km)}, or 24 mm.

Although we show one-standard-deviation error
bars for the serially determined heights for various
representative bench marks, we have not generally
attempted to show the estimated random-error
content in the calculated vertical displacements
described here. That is, while the construction of
one-standard-deviation error envelopes has cer-
tain merit, several arguments suggest that it is
unnecessary (and perhaps undesirable): (1) The
vertical signals recognized within the area of the
southern California uplift generally dwarf the es-
timated random error. (2) Because both systematic
errors and those associated with continuing crus-
tal deformation may be difficult to assess, random
error estimates may by themselves misrepresent
the error content. (3) The addition of yet another
item to an already complex graphical representa-
tion is unnecessary. (4) Finally, if the random error

Osar = \/(0'2AE1 +0%,p,),

associated with a particular vertical displacement
should be desired, it can be easily calculated from
the information presented with the profiled height
changes and the accompanying text.

ERRORS ASSOCIATED WITH
CONTINUING CRUSTAL DEFORMATION

Although it is provisionally assumed that each
vertical control line remained free of movement
during the course of a specified continuous or dis-
continuous leveling, dogmatic acceptance of this
assumption may obscure significant errors in the
measured elevation differences between marks.
Obviously, the shorter the survey interval, the
more valid the assumption. Nevertheless, accu-
mulating experience has shown that measurable
aseismic deformation may occur within months or
even weeks.

Perhaps the simplest illustration of how move-
ment may lead to the generation of specious ele-
vation determinations can be obtained from a con-
sideration of the effects of movement at a junction
bench mark during an interruption in the leveling,
albeit very short. For example, if as shown in figure
3, junction bench mark B sustained unrecognized
subsidence, Ae, with respect to either A or C during
an interruption of At, duration, continuation of the
leveling during the period At; based on a starting
elevation at B equal to that which existed at the
end of At; would produce a set of elevations between
B and C Ae greater than those that actually ob-
tained during the period At; and, furthermore,
would produce an exaggerated elevation difference
between A and C (AFE) of Ae. Hence, while the set
of measured elevation differences between A and

A 8 [+

1 I 1

ELEVATION
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J— 8 (an) = 450 a5) }
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FIGURE 3.—Effect of subsidence Ae at junction bench mark B
during the period At, on the observed elevations derived from
discontinuous leveling along line ABC, where A and C have
remained invariant. Dashed-line extension between B and C
shows the calculated elevations based on leveling between A
and B during the period At, and between B and C during the
period At;; actual elevations shown by solid lines.
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B and that between B and C are appropriate to the
periods At, and At;, respectively, there exists no set
of measured elevation differences appropriate to
either interval over the full length of the line (I, +
l;). Similarly, were movement to occur during the
course of so-called continuous leveling, it could lead
to errors of a conceptually similar nature. That is,
although the magnitude of the movement that
might occur at the mark defining the end of one
segment and the beginning of the next might be
barely detectable, whether the leveling consisted
of single-run segments or 1-2 km double-run loops,
the cumulative effect of these otherwise trivial dis-
placements (provided that the sense of movement
remained the same throughout the indicated lev-
eling) could lead toincreasingly distorted elevation
determinations toward the end of the line. In prac-
tice this “error,” which is in no sense a function of
measurement accuracy, is akin to systematic error.
Because we have identified height distortions pro-
duced both by rapid elevation changes at junction
bench marks and apparently continuous defor-
mation accompanying continuous leveling, com-
parisons based on these surveys should have been
seriously in error had we been unmindful of these
possibilities.

Since crustal stability among a widely spaced ar-
ray of bedrock bench marks generally has been
assumed in the development of the survey data,
we are left with showing either that there has been
no movement at a junction bench mark (or at those
marks that define the separate segments that to-
gether define a single continuous line) or, alter-
natively, showing both the sense and the magni-
tude of any movement that may have occurred
during the indicated leveling. Regrettably, we
have not always been able to address the second
problem and have sometimes been forced to dis-
regard otherwise useful data owing to demonstra-
ble deformational contamination. We should add,
however, that recognition that movement has oc-
curred during the course of a given survey is not
necessarily detrimental to our objectives, for it
commonly provides a relatively precise basis for
dating episodes of tectonic activity.

We have developed several tests for assessing
crustal stability during the course of a given level
survey. These tests are individually fallible, but
when used together they provide a sound basis for
determining whether measured elevations have
been significantly distorted due to movement dur-
ing the survey interval. Perhaps the least ambig-
uous index of the stability of a junction bench mark
derives from the elevation history of the mark, as

determined through repeated levelings between
the junction mark and the mark selected as the
basic control point (or reference point). If, for ex-
ample, repeated surveys between the selected con-
trol point and the junction bench mark indicate
that a constant elevation difference has persisted
between these marks over some finite period, any
leveling emanating from the junction mark during
this period of apparent stability may be treated as
ifit had been produced through leveling emanating
directly from the basic control point. A second ob-
jective procedure is based on misclosures defined
by level circuits completed within the indicated in-
terval. If an individual circuit consists of a series
of temporally distinct legs, and if the misclosure is
well below the stipulated rejection limit, it is es-
pecially likely that the junction bench marks have
remained invariant in elevation with respect to
each other and equally likely that the entire loop
has remained free of tectonic deformation during
the period required for the completion of the sur-
vey. This test is less than definitive, however, for
we have identified several circuits where large tilts
generated along opposite sides of the loop have so
closely balanced each other that very small mis-
closures have been fortuitously preserved. On the
other hand, misclosures well above the stipulated
rejection limits are virtually certain indices of de-
formation somewhere along the level route during
the survey interval. (Alternatively, of course, these
misclosures may be due to a blunder or other major
error, but these possibilities are generally easily
assessed). Finally, the locations of the junction
bench marks may provide at least subjective in-
dications of their probable stability. For example,
if a junction point lies along or adjacent to a rec-
ognized active tectonic element, such as a major
fault, there is an a priori reason for questioning
the usefulness of this mark as a starting point for
any precise survey. A repeatedly surveyed junc-
tion bench mark at Colton (pl. 2) provides a case in
point. This mark, which has served as a starting
point for much of the precise leveling in southern
California, is located adjacent to the San Jacinto
fault, and those ties that we have been able to make
between Colton and other southern California con-
trol points show that Colton has had an oscillatory
history. Hence, we would be reluctant to accept any
starting elevation for the Colton mark that had
been established more than a few months before
any subsequent leveling emanating from Colton.
Similarly, if a junction bench mark is located
within an area of demonstrable or probable ex-
traction-induced subsidence (pls. 3 and 4), it is



VERTICAL-CONTROL DATA 21

highly probable that this mark sustained measur-
able vertical displacement during the interval be-
tween the completion of the survey leading into
the mark and the beginning of the survey leading
away from it. In practice, however, this problem is
less acute than might be anticipated, for network
junction bench marks are generally established
outside of areas of recognized subsidence (pl. 4),
and leveling through these areas usually has been
completed as rapidly as possible in order to mini-
mize any distortion in the measured elevation dif-
ferences. Moreover, given a reasonably detailed
height history, we can estimate the subsidence
that should have occurred during the junction in-
terval. The most troublesome vertical-control prob-
lems associated with eontinuing subsidence can be
traced to ignorance of its existence. It is largely
for this reason that so much effort has been de-
voted to the preparation of a map showing areas
of significant fluid extraction and concomitant
changes in the subsurface fluid pressure regime
(pl. 3).

In developing the reconstructions presented
here, we have begun with the implicit assumption
that all of the referenced surveys were completed
during periods of tectonic quiescence. While this
operating premise has proved tenable in most
cases, werecognize that it is unsupportablein part.
Hence, where we know or suspect that this as-
sumption is invalid, we have included the basis for
this conclusion in our discussion of the history of
vertical movement along the line in question.

ERRORS ASSOCIATED WITH IMPRECISELY
FORMULATED ORTHOMETRIC CORRECTIONS

Although nearly all the vertical displacements
described in this report are based on changes in
observed elevation differences developed from re-
peated levelings along the same (or nearly coinci-
dent) lines, those at certain critical bench marks
are based on successive levelings over significantly
different routes, a consideration that requires that
a gravity-dependent (nonmeasurement related)
geodetic correction, known as the “orthometric cor-
rection,” be applied to these successively observed
elevation differences before any comparisons are
made. Because this correction, although gravity
dependent, is insensitive to temporal variations in
gravity, it can be disregarded if we confine our
comparisons to the results of repeated levelings
over the same line. The orthometric correction can
be formulated in various ways depending on the
height-precision requirements and the availability

of suitably accurate gravity measurements. Be-
cause it can be shown that increasingly rigorous
formulations of the orthometric correction can lead
to significantly improved height determinations—
on the order of deecimeters (Vani¢ek and others,
1972; Nassar and Vanicek, 1975; Vanicek and oth-
ers, 1980, p. 510-513)—it is imperative that we ex-
amine the extent to which discrepancies between
rigorously calculated orthometric corrections and
the more generally employed approximations im-
pinge on studies of height changes in southern Cal-
ifornia. In order to explain both the nature of the
orthometric correction and its significance to the
problem at hand, we begin by considering several
pertinent height concepts.

The orthometric height may be defined as the
length of the plumb between a point, P, on the
surface -and the geoid and, hence, is usually other
than a straight line (Heiskanen and Moritz, 1967,
p. 50, 166); it is this height to which reference is
made in most engineering and geologic studies.! In
the general case, the orthometric height difference
between two points, A and B, is unequal to the sum
of the leveled height differences (leveling incre-
ments) between the points. That is,

B B
Anyg=D.dn= L dn#Hy—H,, (3)
A

where An,g = the sum of the leveling increments,
dn = a leveling increment between two
closely spaced points, and
the orthometric height difference
between A and B (Heiskanen and
Moritz, 1967, p. 161-162).
The basis of the inequality is the nonparallelism
between successive level or potential surfaces; the
magnitude of the inequality is a function of the
path of integration (that is, the survey route). On
the other hand, the potential difference between
the same two points is given as

HB_HA

1Because the geoid is a time-dependent surface, changes in orthometric height
cannot be equated directly with changes in length with respect to some invariant
datum—such as the reference ellipsoid. Nevertheless, in dealing with features of
significantly less than continental dimensions, perturbations of the geoid are gen-
erally very small in comparison with concomitant changes in orthometric height. In
fact, worst-case calculations indicate that geoidal height changes rarely exceed more
than 5 percent of the corresponding changes in orthometric height (Vani¢ek and
others, 1980, p. 516-517). On the other hand, Whitcomb (1976) contends (on the basis
of a postulated density change of —0.001 g/cm3 through a disk-shaped volume of 66-
km radius and 10-km thickness and an associated gravity change of —0.433 mGal)
that a precursive orthometric height change of +0.10 m in the epicentral region of
the San Fernando earthquake exceeded the calculated geometric or geocentrically
referenced height change by 88 percent. However, observational experience indicates
that a gravity change of the magnitude calculated by Whitcomb associated with an
orthometric height change of only 0.10 m is unrealistically large. For example, Oliver
and others (1975) show that a measured coseismic gravity change of —0.45 mGal
(and, hence, nearly identical to that calculated by Whitcomb) in the epicentral region
of the San Fernando shock was associated with a measured height change of about
2m.
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B B
Wy~ Wy=—Sgon=— gin @
where Wy —W, = the potential difference between
A and B and
g = gravity at the leveling station or
point of observation along the
survey route (Heiskanen and
Moritz, 1967, p. 161).
The potential difference, Wy — W,, is independent
of path and is “the result of leveling combined with
gravity measurements,” a true physical quantity.
It is “basic to the whole theory of heights; even
orthometric heights must be considered as quan-
tities derived from potential differences” (Heiska-
nen and Moritz, 1967, p. 161-162).

Because orthometric height differences and po-
tential differences can be developed through the
measurement of gravity along the level route, an
orthometric correction can be derived, whereby
An,g can be corrected to a true orthometric height
difference even though

B
Son#Hy—H, (5)
A
(Heiskanen and Moritz, 1967, p. 162—-169). The or-
thometric correction to be applied to An,g is given
by Heiskanen and Moritz (1967, p. 168-169) as:

B — o — qoo—
0Cap=> (u)sn + (M) H,- (@‘YJ’) H,, (6)

A 'YO o o

where OC,; = the orthometric correction,

g = gravity at the leveling station or
point of observation along the sur-
vey route,

ga = mean value of gravity along the
plumbline between A and the geoid
(a value that can be calculated
from the geopotential number,

A
CA( f gdn), at point A),

gs = mean value of gravity along the
plumbline between B and the
geoid, and

Y, = normal gravity at 45° latitude.

An exact determination of the orthometric cor-
rection clearly requires an explicit knowledge of
gravity along the path of integration. However,
because g commonly is unknown in detail along the
survey route, it generally has been approximated
(at least in the United States) in the following way:

g=0s1—acos2d+Bcos22b — kh), (M

where g, is the normal acceleration of gravity at
sea level at latitude 45° (980.624 cm/s), a and B are
dimensionless constants (0.002644 and 0.000007, re-
spectively), k is a constant functionally dependent
on the unit of height measurement, ¢ is the lati-
tude, and % is the orthometric “elevation” (Rap-
peleye, 1948b, p. 157). Because the only variables
in equation 7 are latitude, ¢, and orthometric
height, k, it follows that an approximation for the
orthometric correction, dh, to be applied to the ob-
served elevation difference between any two
nearby points, may be formulated in terms of h and
¢. That is,

dh= —2ha sin 2¢[1 + (a -gaﬁ) cos 2¢]d¢, 8
where d¢ is generally expressed in minutes of arc
(Rappeleye, 1948D, p. 158-159). This correction can

be further reduced to

dh=—-C,hdd, 9

where C, is the factor 2a sin 2¢ [1+<a—

gE>cos 2¢] sin 1', h is the average elevation of the
a

instrument between two nearby points, and d¢ is
the difference in latitude in minutes. C, can be cal-
culated for each minute of latitude; d¢ is positive
where the second point is north of the first (Rap-
peleye, 1948b, p. 1569). Thus, the orthometric cor-
rection to be applied to An,g finally can be approx-

imated as

B
0C,5=Y.dh. (10)
A

Because the orthometric correction (0OC,p) is
very small with respect to the orthometric height,
and because we are concerned here with changes
in orthometric height (vertical displacements),
changes in the orthometric correction associated
with historic height changes may be dismissed as
trivial. Nevertheless, because An,; and, hence, the
magnitude of the orthometric correction are path
dependent, we need to consider any differences in
the magnitude of this correction both as functions
of path and as functions of their formulation. That
is, if the “orthometric closure,” which is simply the
algebraic sum of the orthometric corrections be-
tween A and B and between B and A along two
significantly different paths (or OC 3+ OCga,
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which, as a matter of convention, we consistently
compute in a clockwise sense), is a large number
with respect to the vertical signals reported here,
the precision of its formulation may be critical to
our reconstruction.

The results of repeated levelings around the
same loops support the argument that the ortho-
metric closures in southern California are gener-
ally small. For example, the observed misclosures
around the Saugus-Lebec-Bakersfield-Mojave-
Palmdale-Saugus circuit based on 1926 and 1953/55
surveys were +0.0257 m and +0.0244 m, respec-
tively (fig. 4)2. Because these misclosures are
nearly identical and fall well below the first-order
rejection limit for this loop (about 0.07 m), neither
should be dismissed as the product of compensating
error. Were the precise orthometric closure around
this loop (fig. 4) on the order of a decimeter, we
would expect that at least one of these misclosures
would approach this value. Because both of the
measured misclosures are relatively small, the or-
thometric closure is itself probably very small.
Moreover, since the addition of the orthometric cor-
rection based on normal gravity actually enlarges
these misclosures (fig. 4), and because the mea-
sured misclosures are nearly identical, it is espe-
cially likely that a perfectly formulated orthomet-
ric correction around this loop is opposite in sign
and probably departs from the value shown by no
more than a centimeter or two. We have made sim-
ilar comparisons around many of the loops shown
in plate 5; with the exception of those cases in
which one or the other of the surveys can be in-
dependently shown to have been contaminated by
movement during the leveling, these comparisons
all show similarly small, repeated misclosures.
Hence, this subjective analysis argues that the or-
thometric closures in southern California are gen-
erally near or below the 1-¢ random-error level
(roughly 0.026 m for the first-order misclosures
around the Saugus-Lebec-Bakersfield-Mojave-
Palmdale-Saugus circuit; see fig. 4).

Alternatively, we can compare calculated ortho-
metric closures based on observed gravity with
those based on normal gravity. Computer-based
numerical integrations around the circuits Los An-
geles-Saugus-Mojave-Barstow-Colton-Los Angeles
and Colton-Victorville-Lucerne Valley-Big Bear
City-Colton (pl. 5) produce observed-gravity ortho-
metric closures of +0.0282 m and +0.0376 m, re-

2Dates separated by slashes refer to surveys performed during the stated years.
The convention “1953/55” indicates that leveling done during 1953 and leveling done
during 1955 are combined and treated as a single survey.

spectively. These compare with normal-gravity or-
thometric closures arcund the same loops of
+0.0142 m and +0.0276 m, respectively. The dif-
ferences between these separately determined val-
ues are 0.0140 m and 0.0100 m, respectively, values
which are well within the expected random error
range for both loops.

Because the observed-elevation data and ob-
served-gravity data have not been generally avail-
able in the machine-readable form that permits
computer calculation of the observed gravity or-
thometric correction, we have also produced a num-
ber of manually calculated numerical integrations
based on an expression developed by Petr Vaniéek
(written commun., 1977). Vanic¢ek’s expression pro-
vides for a correction to be added to the approxi-
mate (normal-gravity) orthometric correction,
given the existence of a suitable Bouguer gravity-
anomaly map—in this case, the new gravity map
of California (Oliver and others, 1980). Thus, ac-
cording to this formula,

0GCy= —-EGE(SAgE— 0.1119Akh;), 08}

where OGC;; = the correction (in meters) to be
added to the normal-gravity ortho-

metric correction applicable to the

measured elevation difference (1)

between two nearby points, i and

Js
h; = the mean height in m between i
and j,
G = 10° mGal
3Ag® = the difference in Bouguer gravity
values between i and j,
0.1119 = a constant in mGal/m, and
Ah;; = the height difference (in meters)

between i and j.

Based on this expression (equation 11), we have
calculated: (1) observed-gravity orthometric clo-
sures around five loops that range from less than
200 to nearly 1,000 km in length and (2) repeatedly
determined observed-gravity orthometric heights
at eight widely separated marks developed from
successive levelings over significantly different
routes. The orthometric closures based on observed
gravity differ from those based on normal gravity
by amounts ranging from a few millimeters to
slightly less than 0.04 m. The magnitudes of the
discrepancies between the two sets of closures
seem to be independent of circuit length, but they
may be crudely correlative with the occurrence of
steep gravity gradients. Comparisons of the eight
sets of successively determined observed-gravity
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orthometric heights with those based on normal
gravity show, as might have been anticipated, that
the two categories of heights differ significantly
(by as much as 0.2 m). However, the differences
between the measured height changes developed
from orthometric heights corrected for observed
gravity versus those corrected for normal gravity
are generally trivial and range up to about 0.03 m.

The evidence developed in the preceding para-
graphs indicates that, while orthometric heights
based on observed gravity clearly are to be pre-
ferred over those based on normal gravity, use of
the approximate (or normal-gravity) orthometric
correction should result in no more than very slight
errors in any of the comparisons described here.
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In fact, those bench marks that seem especially
critical to our reconstruction, are just those marks
at which we find the smallest discrepancies be-
tween orthometric heights based on observed grav-
ity and those based on normal gravity. Accord-
ingly, unless otherwise specified, the orthometric
corrections and orthometric heights used or cited
in subsequent parts of this report are based on
normal rather than observed gravity.

THE RECONSTRUCTION

The basic data used in our reconstruction of the
southern California uplift consist almost exclu-
sively of corrected observed-elevation differences.
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FIGURE 4.—Misclosures around the circuit Saugus-Lebec-Bakersfield-Mojave-Palmdale-Saugus based on levelings in 1926 (4) and
1953/55 (B). Data source for each survey segment indicated by National Geodetic Survey line number or by book or line
number (if available) of originating agency; bench marks identify junction points at each end of the indicated segment or
line; dates of leveling for each segment shown in parentheses. Measured misclosure is based on rod- and (commonly) instru-
ment-corrected observed elevation differences derived, unless otherwise stipulated, from results of first-order leveling; or-
thometric correction based on normal gravity. Misclosures based on clockwise summations.
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Corrections applied to the measured (field) eleva-
tion-differences consist of: (1) a temperature cor-
rection intended to account for any expansion or
contraction of the rod with respect to the length
of the rod at the calibration temperature, (2) a rod
excess correction obtained through periodic cali-
brations and intended to compensate for differ-
ences between the nominal and actual lengths of
the rod, and (3) relatively rarely (since it is gen-
erally tightly controlled through field procedures),
an instrument correction (Rappleye, 1948b, p. 17—
30). Although the observed data are not explicitly
reiterated here as such, they are presented in a
comparative format, chiefly as profiles of observed
elevation changes (which can be equated with
changes in orthometric height). These data could
just as easily have been presented as tabulations
of observed elevations and elevation changes; how-
ever, graphic representations provide a readily
understood and much more useful way of showing
how the uplift has evolved in different parts of the
affected area. Each set of vertical-displacement
profiles is accompanied by a terrain profile, a bar
diagram specifying the interval during which each
segment of leveling was completed, the order and
rejection limit (if applicable) of the leveling, and
the source of the data (by NGS line number if con-
tained within their files).

The successive elevations used in calculating the
vertical displacements described here have been
reconstructed, insofar as possible, with respect to
bench mark Tidal 8, San Pedro (pl. 5).The recon-
struction process consists simply of correcting the
observed elevations by some constant along a con-
tinuous line of leveling, whereby the starting ele-
vation is brought into conformity with the ending
elevation at the junction between two connecting
segments of continuous leveling. Hence, for any
specifically defined leveling, the reconstructed el-
evations are ideally equivalent to those that would
have been produced had they been based on con-
tinuous leveling emanating directly out of Tidal 8.
Where the routes of successive levelings locally di-
verge, the difference in measured elevation differ-
ences implicit in leveling over different paths is
disregarded if the orthometric closure around the
divergent legs is less than 1 mm. Since the recon-
structed elevations may vary by a millimeter or
two (depending on the choice of mark at the junc-
tions between segments of continuous leveling)
there is little point in introducing a correction of
even lesser magnitude.

Bench mark Tidal 8 has been chosen as our pri-
mary reference point chiefly because it is virtually

the only control point through which we may relate
the observed elevations over the entire area of the
southern California uplift. This bench mark is, in
addition, adjacent to an automatic tide gauge
(Berth 60) that has been in operation since 1924.
Because continuous measurements at this gauge
show that this site has been characterized by rel-
atively negative sea-level changes with respect to
most of the other primary tide stations in Califor-
nia (Hicks and Shofnos, 1965, p. 24-25; Hicks and
Crosby, 1974, p. 4-5), height changes referred to
Tidal 8 probably are biased against the detection
of uplift. For example, comparison of the mean sea-
level record obtained at Berth 60 with that ob-
tained from San Diego (the nearest long-term, con-
tinuously operating station) shows that mean sea
level at Berth 60 has been generally falling with
respect to San Diego (fig. 5) or, alternatively, that
Tidal 8 has been rising with respect to the San
Diego tide station. A simple linear regression for
the full period of comparison (1927-75) indicates
that San Diego has been subsiding with respect to
Tidal 8 at about 1.3+ 0.1 mm/yr, a figure that is only
slightly less than the long-period sea-level rise of
about 1.5+0.3 mm/yr established for the conter-
minous United States (Hicks and Crosby, 1975). The
remarkably close correspondence between these
two values suggests that the San Diego tide station
has been rising at such a slow rate with respect to
any arbitrarily defined invariant datum that it can
be treated as if it were tectonically stable. This
conclusion is, in fact, supported by uplift rates de-
veloped from dated marine terraces, which show
that San Diego has been rising at about 0.2 mm/yr
(with respect to present sea level) during late Qua-
ternary time (Wehmiller and others, 1977b, table
13). Thus, we may safely infer that over any recent
15-year interval, “absolute” uplift of 18-27 mm
could be completely masked were it based on suc-
cessive surveys referenced to Tidal 8 as invariant.

We have chosen 1955 as our primary reference
datum chiefly because it falls within a period (1953—
58) that probably was characterized by tectonic
quiescence over most of the area embraced by the
southern California uplift. Nevertheless, even if we
are incorrect in this assessment, we are obliged to
choose some datum of about this vintage simply to
ensure that we have described as completely as
possible those vertical displacements that have
been involved in the evolution of the uplift. Most
of that part of southern California with which we
are concerned was not covered by first- or second-
order leveling during 1955 (pl. 5); hence, we have
been forced to resort to several artifices in order
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to at least approximate the cumulative vertical dis-
placements since 1955. In the absence of 1955 lev-
eling along a primary vertical control line, we have
generally adopted the most recent pre-1955 datum
as an equivalent base; the validity of this proce-
dure usually can be appraised through various in-
dependent tests. If we can show that the indicated
survey route sustained (or probably sustained) sig-
nificant movement during the interval between
the earlier leveling and 1955, or if the most recent
pre-1955 datum predates 1955 by more than a
qguarter of a century, we have rejected any as-
sumed equivalence with a 1955 datum. Alterna-
tively, we have from place to place adopted the
earliest post-1955 datum as the equivalent of one
that would have been produced in 1955, provided
that the collective evidence supports this postu-
lated equivalence. We have, however, been reluc-
tant to accept post-1959 datums as 1955 equivalents
simply because we are virtually certain that the
deformation associated with the uplift began no
later than 1960 and may have begun by the end of
1959. Finally, there are a number of cases where
an equivalence between either a pre- or a post-1955
and a 1955 datum cannot be directly determined,
and the acceptability of such an equivalence ulti-
mately depends on the resulting coherence of our
interpreted reconstruction over the entire area of
the uplift.

The histories of vertical movement along each of
a number of primary control lines are separately
described in the following sections. Displacements
recognized along relatively short lines or spurs,
where the reconstructed elevations and height

changes can be tied to Tidal 8 through the primary
control line, are discussed together with the as-
sociated primary line. Special procedures, required
assumptions, and problems involved in the gen-
eration of particular reconstructed elevations or
height changes are also considered in the line dis-
cussions. Because each successive leveling along a
given line generally has been accompanied by new
monumentation, because there has almost inevit-
ably been some destruction of marks between lev-
elings, and because elevation changes between lev-
elings would not otherwise be clearly evident, each
set of profiles has been reconstructed with respect
to a series of progressively later datums. Presen-
tation of the data in this form tends to minimize
any ambiguity yet preserves as much detail as
possible.

THE VENTURA-AVILA BEACH LINE
GENERAL REMARKS

Calculated height changes between Ventura and
Avila Beach (pl. 6) depend principally on the results
of only two levelings. The earlier leveling consists
of a combination of 1956 and 1960 surveys; the sec-
ond was completed during the period 1970/71. Be-
cause significant vertical displacements probably
occurred during junction intervals that accom-
panied both of these surveys, each of the resulting
sets of observed elevation differences is almost cer-
tainly distorted. That is, a simple comparison of
the survey data that disregards the likely occur-
rence of movement at Surfduring the 1956-60 junc-
tion interval and that at Point Conception during
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FIGURE 5.—Changes in mean sea level (Ak) at Berth 60, Los Angeles (San Pedro), with respect to Municipal Pier, San Diego.
Based on unpublished data of the Tides and Currents Division of the National Ocean Survey (J. R. Hubbard, written commun.,

1977).
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the 1970-71 junctioning produces a seeming 0.23-
m uplift of Avila Beach that is clearly inconsistent
with the sea-level records and apparently an ar-
tifact of the reconstruction.

The probable occurrence of intrasurvey move-
ment during the 1956/60 and 1970/71 levelings ef-
fectively limits useful comparisons to two parts of
the main line: the section between Ventura and
Gaviota and that between Surf and Avila Beach.
Because the results both of repeated levelings and
of discontinuous sea-level measurements indicate
that the Santa Barbara tide station remained vir-
tually invariant with respect to San Pedro during
the interval 1920-60, 193948 surveys emanating
from Santa Barbara can be treated as the equiv-
alent of those propagated directly out of Tidal 8.
Thus the results of the 1939/42/48 leveling tied to
the reference tidal bench mark at Santa Barbara
provide a reasonable preuplift datum for the sec-
tions between both Ventura and Gaviota and Gav-
iota and Los Olivos. Similarly, because the vertical
displacement history of the Avila Beach tide sta-
tion with respect to San Pedro can be assessed
through differencing of the sea-level means, and
because we are concerned here with height
changes rather than with heights as such, the 1956
observed elevations provide an equally useful pre-
uplift datum between Avila Beach and Surf.

A comparison of the results of the 1960 leveling
against the preuplift datum shows that the uplift
reached a maximum of about 0.07 m at Carpinteria
and diminished westwardly to almost zero in the
area of Gaviota. Two independent assessments in-
dicate major tectonic subsidence at Surf during the
interval 1956—60. Because the larger value is based
on what we believe to be an unsupportable pre-
sumption of stability along the entire line during
the 1970/71 leveling, subsidence at Surf of about
0.16 m, suggested by a 1960 misclosure on the 1956
height of Surf, is thought to be the more accurate
estimate. By 1970, the uplift had increased to
roughly 0.10 m within the reach between Carpin-
teria and Gaviota and the tectonic subsidence had
diminished to about 0.08 m at Surfand to still lesser
values northward to Avila Beach.

DETAILED RECONSTRUCTION

The Ventura-Avila Beach line consists of a pri-
mary control line between Ventura and Avila
Beach, together with a single spur between Gavi-
ota and Los Olivos incorporated in an alternative
representation of the vertical movement history
along this line (pl. 6). Starting elevations at Ven-

tura are based on continuous first-order levelings
between Tidal 8 and Ventura in 1960 and 1970/71.
The 1960 starting elevation at Ventura derives
from leveling between Tidal 8 and Ventura during
the period March—May 1960 (NGS lines L.-17850 and
L-17847). Continuation of the “1960” datum north-
ward from Surf to Avila Beach is based on 1956
leveling and an assumption of invariance between
1956 and 1960 at the junction bench marks at Surf.
The 1970/71 starting elevation at Ventura is based
on leveling between Tidal 8 and Ventura during
the period October 1970-March 1971 (NGS line L-
22292). The 1970 elevations between Pismo Beach
and Avila Beach are based on the results of 1956
leveling, coupled with the assumption that the el-
evation differences remained invariant over this
10-km reach between 1956 and 1970.

The latest pre-1956 datum between Ventura and
Avila Beach (or Pismo Beach) is based on 1920 lev-
eling and is, as such, the only possible alternative
to a combined 1956/60 datum as an approximation
of a hypothetical 1955 primary datum. Even
though its use violates our operating principle that
this datum be no earlier than 1930, a 1920 datum
is clearly preferable in the sense that it certainly
predates any deformation associated with the in-
itial development of the southern California uplift,
whereas the 1956/60 datum probably does not.
Nevertheless, the period 1920-56 includes the 1925
M = 6.3 Santa Barbara earthquake and the 1927
M = 7.5 Lompoc (or Point Arguello) earthquake,
both of which occurred along or adjacent to this
survey route (Richter, 1958, p. 534; Gawthrop, 1975,
p. 89, 9-14). Morever, the relatively large misclo-
sure around the 1920/27 circuit Gaviota-Surf-Pismo
Beach-Buellton-Gaviota (fig. 6) suggests signifi-
cant crustal deformation in this area during the
period 1920-27. Accordingly, because we have no
way of assessing the preseismic, coseismic, or even
postseismic vertical movements that may have
been associated with these shocks, we are espe-
cially reluctant to identify the 1920 elevations
along this line with a hypothetical 1955 datum.

Comparison of the results of the 1970/71 surveys
against a combined 1956/60 datum discloses modest
uplift along the generally east-trending coastline
between Ventura and Point Conception, together
with sharply increasing uplift where the coast
turns northwestward at Point Conception (pl. 6A).
The 1960-70/71 uplift increased from virtually zero
at Ventura to 0.05-0.06 m immediately east of Car-
pinteria and ranged generally between 0.05 m and
0.10 m westward from Carpinteria to about bench
mark G 1050 near Point Conception. Northward
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from Point Conception, the apparent uplift in-
creased to about 0.17 m at bench mark W 536 at
Surf. Continuation of the comparison beyond Surf
indicates that the 1956/60-70/71 uplift seemingly
persisted (together with locally developed differ-
ential subsidence attributable to fluid extraction;
see pl. 3), rising gradually toward the northern end
of the line to a maximum of about 0.23 m.

An alternative reconstruction is suggested by
several relatively large misclosures based on 1956
and 1960 levelings in the western Transverse
Ranges (fig. 7). The 1956—60 misclosures, both of
which are well above first-order limits, are con-
sistent with crustal instability and are indicative
of down-to-the-west tilting between Buellton-Los
Olivos and Surf of 0.09-0.13 m during the period
1956-60. This probable instability, accordingly, pre-
cludes the use of the results of the 1960 surveys as
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FIGURE 6.—Misclosure around the circuit Gaviota-Surf-Pismo
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a primary datum—that is, one that roughly
matches the datum that would have been gener-
ated through 1955 leveling along this same route.

The development of an alternative primary da-

tum derives from the recognition of relative sta-
bility at Santa Barbara during the period 1920-74
and sea-level measurements at the Avila Beach
tide station as a basis for establishing elevations
with respect to Tidal 8. Thus, the elevations of
bench mark 0 28, Santa Barbara, with respect to
Tidal 8, are:

1920—3.0915 m (the observed elevation at 0 28
has been reduced by 3 mm to account for the
difference between the orthometric correction
based on the 1920 interior route and that as-
sociated with the two subsequent levelings
which followed nearly identical routes along
the coast; it is assumed that bench mark I 33,
San Pedro, remained invariant with respect to
Tidal 8 during the period 1920-26)

1960—3.0911 m

1970/71—3.1278 m

(NGS lines 74203, 82583, L-17847, L-17850, L.-21366,
L-21587, L-21729, and L-22292). Because 0 28 re-
mained virtually invariant with respect to Tidal 8
during the period 1920-60 (a conclusion supported
by discontinuous sea-level measurements at Santa
Barbara which show that Santa Barbara subsided
less than 0.01 m with respect to Tidal 8 during the
period 1933/34-74; J. R. Hubbard, National Ocean
Survey, written commun., 1977), leveling emanat-
ing from 0 28 between 1920 and 1960 may be treated
as if it had emanated directly from Tidal 8. Ac-
cordingly, the results of 1942 and 1948 levelings
originating at 0 28 should closely approximate
those that would have been obtained had these
surveys originated at Tidal 8. Because the 1942
surveys extended eastward only as far as Carpin-
teria, we have used the results of 1939 leveling to
develop a pre-1960 datum between Carpinteria and
Ventura. Use of this 1939/42/48 datum as the ap-
proximate equivalent of a hypothetical 1955 datum
is supported by a relatively small misclosure
around the 505-km loop Santa Barbara-Santa
Maria-San Luis Obispo-McKittrick-Maricopa-Ven-
tura-Santa Barbara based on leveling carried out
over the full interval 1934-57 (fig. 8). Morever, were
it not for various differential displacements that
almost certainly occurred at several junctions
along this route, this misclosure (fig. 8) could have
been even less. (For example, differential subsid-
ence at I 30 during the period 1934-39 or at M 569
during the period 1939—-42 would inerease any po-
sitive clockwise misclosure.) Hence, we have pro-
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visionally accepted the combined results of the
1939, 1942, and 1948 levelings emanating from
bench mark 0 28 as the approximate equivalent of
a 1955 datum emanating from Tidal 8.

Although there are no data permitting the de-
velopment of a pre-1960 datum between Gaviota
and Surf (other than those obtained from the 1920
leveling), a 1956 datum between Avila Beach and
Surf can be reconstructed through a combination
of levelings between Tidal 8 and Avila Beach and
sea-level measurements at both Avila Beach and
San Pedro. Thus, the 1970/71 elevation of bench
mark Tidal 11, Avila Beach, is determinable
through the results of more or less continuous 1970/
71 leveling between Tidal 8 and bench mark X 25
and 1956 leveling between X 25 and Tidal 11, where
it is assumed that the elevation difference between
X 25 and Tidal 11 remained unchanged between
1956 and 1970 (NGS lines L-15972 and L-22292). The
1956 elevation of Tidal 11 with respect to Tidal 8
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is based on a comparison of annual sea-level means
that show that the Avila Beach tide station sub-
sided 21.4 mm between 1956 and 1970 (J. R. Hub-
bard, National Ocean Survey, written commun.,
1977). The random error alone in the reconstructed
1956 elevations between Avila Beach and Surf
probably is at least 50 percent greater than that
based on leveling that proceeded directly out of
Tidal 8. Morever, some uncertainty is occasioned
by the probable noise level inherent in the differ-
encing of sea-level measurements over the 300-km
distance between San Pedro and Avila Beach.
Nevertheless, both of these errors are probably in
the centimeter range and the only necessary pro-
cedural assumptions are: (1) that the elevation dif-
ference between X 25 and Tidal 11 remained in-
variant during the period 1956-70/71, (2) that any
changes in eustatic sea level have been expressed
equally at both tide stations, and (3) that any
changes in salinity, temperature, and other factors
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Surf and Surf-Harris-Gaviota-Surf (B) based on 1956 and 1960 levelings. See figure 4 for adopted conventions and explanation

of symbols.
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that affect the length of the water column can be
disregarded over the 300-km distance between San
Pedro and Avila Beach. Accordingly, the recon-
structed 1956 datum should roughly approximate
a 1956 (1955-equivalent) datum based on leveling
emanating from Tidal 8.

The alternative representation of elevation
changes between Ventura and Avila Beach (pl. 6B)
provides further insight into the history of vertical
movement in the western Transverse Ranges and
contradicts, in part, the simple comparison be-
tween the results of the 1970/71 leveling against a
1956/60 datum (pl. 6A). Westward from Ventura,
uplift during the period 1939/42/48—60 increased
sharply from about —40 mm to roughly 70 mm at
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Carpinteria, declined to a nearly uniform figure of
40-50 mm between Carpinteria and Santa Bar-
bara, and dropped still further between Santa Bar-
bara and Gaviota to about 20 mm (pl. 6B). Cumu-
lative vertical displacements during the period
1939/42/48-70/71 increased westward from about
—40 mm at Ventura to well over 100 mm at Car-
pinteria, and held at or slightly below 100 mm be-
tween Carpinteria and Gaviota (pl. 6B).

The height changes between Surf and Avila
Beach shown in the alternative reconstruction (pl.
6B) differ strikingly from those shown on profile
A. Specifically, rather than uplift increasing north-
ward from Surf during the period 1956-70, as
shown in profile A, the alternative reconstruction
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FIGURE 8.—Misclosure around the circuit Santa Barbara-Santa Maria-San Luis Obispo-McKittrick-Maricopa-Ventura-Santa Bar-
bara based on 1948, 1956/57, 1934/35, 1939, and 1942 levelings. See figure 4 for adopted conventions and explanation of symbols.
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indicates that this reach sustained tectonic sub-
sidence that accumulated more or less uniformly
southward from Avila Beach. Similarly, a compar-
ison of 1960 elevations based on leveling originat-
ing at Tidal 8 against the reconstructed datum in-
dicates that Surf sustained tectonic subsidence of
about 0.25 m during the period 1956-60. Moreover,
even though major uplift is inferred to have oc-
curred at Surf between 1960 and 1970/71 (pl. 6A), it
was apparently insufficient to restore Surf to its
preuplift (1956) height. Hence, while the 1956-60
tectonic subsidence at Surf seems surprisingly
large (pl. 6B), it is certainly not impossible.
Although we are convinced that the alternative
reconstruction (pl. 6B) is a much more realistic and
generally more consistent appraisal of height
changes along the Ventura-Avila Beach line than
that shown on profile A, the cumulative evidence
suggests that certain aspects of this reconstruction
(especially the 0.25-m 1956-60 subsidence at Surf)
may be significantly in error. For example, if it is
assumed that the western Transverse Ranges
were characterized by crustal stability during the
period 1934-57, unqualified acceptance of the al-
ternative reconstruction coupled with the invari-
ance of bench mark I 30 between 1939 and 1960 (see
section on “The Ventura-Maricopa Line”), argues
that the clockwise misclosure around the loop Surf-
San Luis Obispo-McKittrick-Maricopa-Ventura-
Gaviota-Surfbased on 1960, 1956,1957,1956/567, and
1934/35 levelings should be about —0.25 m. More-
over, if allowance is made for the probable tectonic
subsidence of 0.06 m at bench mark H 326 (fig. 8)
during the 1952 Kern County earthquake (see sec-
tion on “The Ventura-Maricopa Line”), this pos-
tulated misclosure would enlarge to about —0.3 m.
In fact, however, the actual misclosure is only
about —0.06 m (fig. 9). Several explanations may
account, in whole or in part, for this seeming con-
tradiction. (1) To the extent that it may indicate
an error in the represented misclosure (fig. 9), an
imprecisely formulated orthometric correction
seems an especially plausible partial explanation
for this apparent discrepancy. Not only might the
orthometric closure be a good deal smaller than
shown here, it might even be opposite in sign. More-
over, this possibility is consistent with the positive
misclosure around the somewhat shorter loop that
excludes the results of the 1960 leveling (fig. 8).
That is, given the occurrence of 0.06 m of tectonic
subsidence at H 326 during the 1952 earthquake,
this misclosure (fig. 8) might otherwise have been
even larger; algebraic reduction of the orthometric
correction could reduce even the displacement-cor-

rected misclosure to a value well within first-order
limits (0.0899 m). Nevertheless, all of our experi-
ence in this area indicates that errors in the or-
thometric closure in excess of 0.05 m must be very
rare. Hence, while rigorous calculation of the or-
thometric closure (based on observed gravity)
could lead to a corrected misclosure involving the
results of the 1960 leveling (fig. 9) of as much as
~0.11 m, a value more in keeping with that pre-
dicted by the alternative reconstruction (pl. 6B), it
could account for only a small fraction of the ap-
proximately 0.2-m discrepancy. (2) It is conceivable
that the junction marks around that part of the
loop north and east of Surf (fig. 9) sustained arti-
ficially induced differential displacements between
connecting levelings. This possibility is challenged,
however, by the relatively small misclosure that
excludes the results of the 1960 leveling (fig. 8). (3)
Finally, the indicated discrepancy may, in fact, be
more apparent than real. Specifically, clockwise
around the nearly congruent circuits shown in fig-
ures 8 and 9, the misclosures are based on the re-
sults of the same levelings between bench marks
G 740 and I 30. Thus, if we assume that the actually
measured elevation difference over the relatively
short reach between N 761 and G 740 produced
through 1948 leveling between N 761 and U 64 and
1956 leveling between U 64 and G 740 is the same
as that that would have been obtained through
1948 leveling between N 761 and W 536 and 1956
leveling between W 536 and G 740, and if we dis-
regard the trivial difference in the orthometric cor-
rection around these two loops (figs. 8 and 9), the
misclosure around the exterior loop must have en-
larged by —0.16561 m during the period 1956-60.
This inferred change in the misclosure is much
more consistent with the tectonic subsidence de-
duced from the alternative reconstruction (pl. 6B),
and while it could have occurred for whatever rea-
son, it is presumably attributable to tectonic ac-
tivity within the reach between bench mark I 30
and W 536 during the period 1956—60.

The validity of the reconstructed 1956-60 height
changes at Surf (pl. 6B) ultimately depends on the
validity of the 1970/71 height difference between
Tidal 8 and the Avila Beach tide station, a value
that is currently suspect. Balazs and Douglas
(1979) present fairly convincing evidence that the
1968/71 San Francisco-San Pedro height difference,
based on leveling that includes the results of the
1970/71 survey between X 25 and Tidal 8, may be
in error by 0.5 m or more. Thus there is areasonable
basis for assuming that a sizable fraction of this
error occurred between Avila Beach and San
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Pedro. And, in fact, recent investigations (Castle
and Elliott, 1982, p. 7012-7021) have shown that a
0.2-m displacement could easily have occurred (and
probably did occur) at Point Conception during a
3-month interruption in the 1970/71 “continuous”
leveling. Accordingly, the indicated 195660 tec-
tonic subsidence at Surf is almost certainly in er-
ror, whereas the 1956-70 displacements between
Avila Beach and Surfare muchless subject to ques-
tion (pl. 6B). That is, while all of the possible ex-
planations set forth in the preceding paragraph
may have contributed in some measure to the dis-
crepancy between the orthometrically corrected
misclosure (fig. 9) and the represented 1956-60
height change at Surf (pl. 6B), the change in mis-

SAN LUIS
OBISPO

|—35°oo'
121°00'

GAVIOTA

o 10 20 30 40 50 KM
[ — -

121°00'

L34°00'

L-17847 3-4/60)

closures between 1956/57 and 1960 (figs. 8 and 9)
probably closely approximates the actual 1956-60
tectonic subsidence at Surf. Hence the represen-
tation shown on plate 6B probably exaggerates the
195660 tectonic subsidence at Surf by about 0.1 m.

Height changes along the Gaviota-Los Olivos
spur (pl. 6B) are based on comparisons between the
results of 1948 (1955-equivalent).leveling emanat-
ing from 0 28, 1956 (1955-equivalent) leveling em-
anating from Avila Beach (NGS lines L-15972 and
L-15975), and 1960 leveling emanating from Tidal
8. While the apparent subsidence of U 64 of 4.2 mm
during the period 1948-60 contrasts sharply with
the much greater (orthometrically corrected) sub-
sidence of 113.4 mm between 1956 and 1960, both
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values indicate that the southern California uplift
could not have extended significantly west of Los
Olivos by 1960. Moreover, the relatively tight clo-
sure around the 505-km circuit that involves both
the 1948 and the 1956 levelings (fig. 8) suggests that
the discrepancy between the 1948-60 and the 1956
60 subsidence of U 64 cannot be attributed solely
to uplift of U 64 between 1948 and 1956. Hence we
again suspect that this discrepancy is a measure
of the inaccuracy of the reconstructed 1956 ele-
vations (based on a 1970/71 tie between Tidal 8 and
Avila Beach and the 1956 leveling originating at
Avila Beach). That is, the 1956-60 tectonic signal
at Los Olivos probably was virtually zero.

THE VENTURA-MARICOPA LINE
GENERAL REMARKS

Assessments of the vertical displacements along
the Ventura-Maricopa line (pl. 7) are complicated
by the absence of an unambiguous preuplift datum
and the probable occurrence of intrasurvey move-
ment during one of the three surveys along the full
length of this line. Although we have provisionally
adopted a combined 1934/35 Ventura-Maricopa and
1942/43 Ozena-Frazier Park datum as the approx-
imate equivalent of a hypothetical 1955 datum, it
is virtually certain that the northern end of this
line sustained at least modest coseismic deforma-
tion during the 1952 Kern County earthquake. Ac-
cordingly, in calculating post-1955 uplift along this
line, use of the pre-1952 datum requires that we
subtract out, wherever possible, any coseismic ver-
tical displacements associated with this earth-
quake.

The near invariance of the southern end of the
Ventura-Maricopa line during the 1952 earth-
quake, together with the results of 1953 leveling
into the northern part of this area, provides a basis
for a reasonably good characterization of the 1952
coseismic movements along much of this line. Spe-
cifically, immediately north of Ozena, the 1934/35
heights were as much as 0.10 m above the 1953 post-
earthquake heights, whereas northward toward
Maricopa this height difference diminished to
about 0.06-0.07 m and, less certainly, to values ap-
proaching zero southward toward Wheeler Springs.
Eastward from Ozena to Frazier Park, on the other
hand, the coseismic subsidence inverted to uplift
of about 0.06 m in the Lebec area. Thus, during the
period 1953-59/60 aseismic uplift of about 0.21 m
accumulated in the Ozena area and uplift of nearly
this magnitude apparently persisted northward to-
ward Maricopa, yet diminished southward to no

more than 0.08-0.10 m in the Wheeler Springs area
and eastward to roughly 0.18 m at Lebec. However,
the exclusion of equivocally defined 1953-57 post-
seismic adjustment along the northern end of the
line suggests that the 1955-59/60 uplift may have
been somewhat less than these actually measured
values. By 1968, the heights along most of the line
had increased by 0.08-0.10 m over those that ob-
tained in 1959/60, and the uplift reached a cumu-
lative maximum at Ozena of about 0.31 m. Finally,
comparisons of the results of 1974 surveys (limited
to the southern half of the main line) against a
1968 datum indicate that a significant change in
the displacement pattern, expressed as 0.05 m of
tectonic subsidence over a 15-km reach between
Ventura and Wheeler Springs, apparently occurred
during this latest interval.

An alternative reconstruction of the data is sug-
gested by the nearly certain stability of central
Bakersfield during the period 1953-59 and a 0.29-
m misclosure interpreted as the product of intra-
survey movement during the course of 1959-61 lev-
elings through the west-central Transverse
Ranges. Accordingly, because the 1953 heights of
the Bakersfield marks are based on levelings tied
directly to Tidal 8, the 1959 leveling emanating
from Bakersfield may be treated as the equivalent
of that propagated directly out of Tidal 8. Contrary
to our expectation, this alternative reconstruction
indicates that our basic presumption of stability at
Ozena is invalid, and that Ozena actually rose 0.16
m between the 1959 and 1960 levelings into (or out
of) Ozena. This same reconstruction also indicates
that Lebec sustained tectonic subsidence of 0.11—-
0.14 m during the period 1959-60/61 and, hence, that
a 1959-60/61 up-to-the-west tilt between Lebec and
Ozena accounts for nearly the entire 1959-61 mis-
closure. Acceptance of this alternative reconstruec-
tion effectively divides the vertical displacement
history along the Ventura-Maricopa line into two
parts: one extending northward and eastward from
Ozena to Maricopa and Lebec, respectively, and a
second extending southward from Ozena to Ven-
tura. The chronology of the uplift and partial col-
lapse is much more clearly documented along the
southern half of the line, whereas the magnitude
of the uplift (through 1968) is less ambiguously de-
scribed along the northern half. The ultimate effect
of this preferred reconstruction is to reduce the
calculated maximum aseismic uplift along the Ven-
tura-Maricopa line from 0.31 m to about 0.28 m.
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The Ventura-Maricopa line consists of a primary
vertical-control line between Ventura and Mari-
copa, together with a single spur between Ozena
and Frazier Park (pl. 7). Starting elevations at Ven-
tura are based both directly on a series of virtually
continuous first-order levelings between Tidal 8
and Ventura and indirectly on repeated first-order
surveys between Tidal 8 and bench mark 0 28,
Santa Barbara. The 1934 starting elevation at
bench mark I 30, Ventura (pl. 7), is based on the
results of a combination of surveys of various vin-
tages. Because bench mark 0 28 remained nearly
invariant with respect to Tidal 8 during the period
192060 (see section on “The Ventura-Avila Beach
Line”), and because the observed elevation differ-
ence between bench marks 0 28 and D 29, Carpin-
teria (pl. 6), increased by less than 12 mm between
1920 and 1942 (NGS lines 74203 and 1.-9449), 1939
leveling emanating from D 29 may be treated as if
it had originated at Tidal 8. Accordingly, combining
the 1939 elevation difference between D 29 and I
30 (NGS line L-8470) with the 1920 elevation of D
29 (NGS lines 74203 and 82583—rather than with
the more complexly determined 1942 elevation
based on leveling emanating from 0 28, a deter-
mination that would increase the length of the
Tidal 8-D 29 survey route by about 40 kmm—produces
a 1939 observed elevation for I 30 of 5.2464 m. The
reconstructed 1920 and 1960 orthometrically com-
patible observed elevations of I 30 are given as
5.3078 m and 5.2157 m, respectively (NGS lines
74203, 82583, L-17847, and L-17850); because the
resulting 1939 interpolated elevation of I 30 is only
about 0.01 m greater than the 1939 reconstructed
elevation (5.2589 m versus 5.2464 m), it supports
the validity of the reconstruction. Nonetheless, the
1934 starting elevation of bench mark I 30 finally
depends on an assumed invariance of this mark
between 1934 and 1939. The likelihood that I 30 in
fact remained unchanged in height during this pe-
riod is significantly enhanced by its relative sta-
bility during the full period 1939-73, and especially
during the period 193960 (fig. 10). The 1960 start-
ing elevation is based on leveling between Tidal 8
and Ventura completed during the period March—
May 1960 (NGS lines 1.-17847 and 1.-17850). The 1968
starting elevation has been reconstructed from
surveys carried out during the period February-
September 1968 (NGS lines L-21366, L-21537, and
L-21729). The 1974 starting elevation of the junec-
tion bench mark at Ventura is based on leveling
completed during the period March—October 1973

THE EVOLUTION OF THE SOUTHERN CALIFORNIA UPLIFT, 1956 THROUGH 1976

(NGS lines L-23693, L-23697, L-23701, L-23709, and
L-23891) and the presumed invariance of this mark
during the period 1973-74. The 1953 orthometri-
cally compatible starting elevation at Maricopa is
based on the results of 1953/55 leveling propagated
directly out of Tidal 8 (NGS lines L-14796, L.-14799,
and L-15577). The 1957 starting elevation at bench
mark H 326 is based on an assumption of stability
at this mark during the period 1953-57.

Several lines of evidence indicate that much or
most of the Ventura-Maricopa line remained rel-
atively free of regional deformation from 1934
through at least 1957 and, hence, that the recon-
structed 1934/35 observed elevations roughly ap-
proximate those that would have been developed
from the results of 1955 leveling originating at
Tidal 8. Implicit in this judgment is the probable
invariance of junction bench mark K 174 (fig. 8)
during the interval between the 1934 and 1935 lev-
elings; the 1934-35 stability of this mark seems
especially likely since there is no evidence of phys-
ical disturbance (which would be revealed as a step
in the profiled elevation changes), nor is there any
indication that K 174 might have sustained any
artificially induced or coseismic displacements dur-
ing this period (pls. 3 and 4; Hileman and others,
1973, p. 16-17).

Arguments suggestive of relative stability along
the Ventura-Maricopa line during the period 1934—
57 include: (1) Between 1934 and 1939, bench mark
M 173 sustained differential uplift with respect to
I 30 of no more than 15-16 mm (pl. 7). Moreover,
because 1 30 subsided at an average rate of about
2 mm/yr during the period 1920-60 (fig. 10), it is
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likely that even this modest tilt is attributable in
part to compaction-induced subsidence beneath 1
30. In any case, it is reasonably certain that the
20-km reach between I 30 and M 173 experienced
little, if any, deformation (exclusive of the artifi-
cally induced differential subsidence centering on
the Ventura oil field—see pls. 3 and 4 and Buchanan-
Banks and others, 1975, p. 118, 123-124) during the
period 1934-39. (2) The vertical displacement his-
tory of bench mark I 30 (fig. 10) indicates that at
least the southern end of this line sustained little
tectonic displacement between 1939 and 1960. (3)
A comparison of the results of 1935 levelings
against 1957 levelings between bench marks H 326
and Q 326 shows very little evidence of regional
tilting along this 20-km segment at the northern
end of the Ventura-Maricopa line during the whole
interval 1935-57 (pl. 7). (4) The results of repeated
levelings along the National Geodetic Survey mon-
itor line athwart the San Andreas fault (fig. 11)
indicate that this section of the Ventura-Maricopa
line remained virtually free of regional deforma-
tion during the period 1935-59. Although recon-
struction of these data with respect to bench mark
N 326 indicates that measurable movement oc-
curred between 1935 and 1938 (fig. 114), this move-
ment seems to have been confined largely to the
area of the monitor line, for the more inclusive
section between bench marks H 326 and Q 326 was
devoid of significant tilting during the period 1935-
57 (pl. 7). In any event, the relative stability of the
monitor line during the interval 1938-59 is clearly
evident, and such deformation as did occur be-
tween 1935 and 1959 was certainly much less than
subsequent deformation recognized along this line
(fig. 11). (5) The misclosure around the 505-km loop
based on the results of first-order levelings during
the 23-year interval 1934-57, which includes the
results of the 1934/35 leveling between I 30 and H
326, is only 6 mm over first-order limits (fig. 8).
Moreover, the indicated orthometric correction
around this loop may be significantly in error (see
section on “The Ventura-Avila Beach Line”); uti-
lization of a correction based on observed gravity
could diminish this misclosure to an even smaller
value. Nonetheless, this relatively small misclo-
sure (fig. 8) suggests that the western Transverse
Ranges sustained no more than modest height
changes during the period 1934-57.

The same set of arguments that supports the
equivalence of the reconstructed 1934/35 elevations
between Ventura and Maricopa with a hypotheti-
cal 1955 datum also supports the use of the 1942/
43 reconstructed elevations between Ozena and

Frazier Park as the approximate equivalents of
those that would have been obtained had the lev-
eling been carried out in 1955. The 1942/43 starting
elevation at Ozena is necessarily based on the re-
constructed 1934/35 observed elevation of junction
bench mark 3450 (Tri-Co) (pl. 7) and the acceptance
of the vertical stability of this mark during the
interval 1934/35—42/43. The likelihood that the en-
tire Ozena-Frazier Park spur, including 3450 (Tri-
Co), remained free of significant vertical displace-
ment during the interval 1934/35-42/43 is supported
by the very small misclosure around the loop San
Pedro-Ventura-Ozena-Lebec-San Pedro completed
during the period 1920-42/43, which includes the
results of both the 1934/35 surveys between Ven-
tura and Ozena and the 1942/43 surveys between
Ozena and Lebec (fig. 12). The sense of this small
misclosure, moreover, is consistent with the simi-
larly slight subsidence at Ventura (bench mark 1
30) during the period 1920-39 (fig. 10). The likeli-
hood that at least the eastern end of the Ozena-
Frazier Park spur remained invariant during the
period 1934/35—42/43 is reinforced by the elevation
history of bench mark E 54, Lebec (pl. 7). Thus, the
1926 observed elevation (1097.5131 m) of bench
mark E 54 based on first-order leveling originating
at Tidal 8 (NGS lines 82466, 82583, and 82598) very
nearly matches the reconstructed observed ele-
vation (1097.4877 m) or the orthometrically com-
patible elevation (1097.4869 m) based on 1942/43 lev-
eling via Ozena. Furthermore, had the 1934/35
starting elevation at I 30 been based on a 1934
interpolated elevation, rather than on a recon-
structed 1939 elevation, the difference between the
1926 and 1942/43 elevations of E 54 would have been
reduced by 16 mm. Thus, the very small misclosure
incorporating the results of the 1934/35 and the
1942/43 surveys (fig. 12) and the excellent corre-
spondence between the reconstructed 1926 and
1942/43 elevations of bench mark E 54 support both
the likelihood of tectonic quiescence in the western
Transverse Ranges between 1926 and 1942/43 and
the validity of the reconstructed 1934/35 and 1942/
43 elevations along the Ventura-Maricopa line.
However, whether the inferred quiescence along
the Ozena-Frazier Park spur persisted signifi-
cantly beyond 1942/43 is much less certain.

In spite of the various indications of crustal sta-
bility cited in the preceding paragraphs, there is
fairly compelling evidence of at least modest de-
formation along the Ventura-Maricopa line during
the period 1934-55, particularly in the area be-
tween Wheeler Springs and the San Andreas fault
and eastward from Ozena to Frazier Park (pl. 7):
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(1) A comparison of the results of 1953 leveling
against the 1934/35 datum indicates that measur-
ably significant post-1934/35 tectonic subsidence oc-
curred along the northern end of the line and ap-
parently increased southward to Ozena (pl. 7).
Moreover, the form of the profiled height changes
between D 326 and Q 326 during the period 1934/
35-53 is nearly congruent with that developed from
a comparison of the results of the 1959 surveys
against the 1934/35 datum, and, to a somewhat
lesser extent, with that developed from a compar-
ison of the results of the 1957 leveling against the
1934/35 datum (pl. 7). Hence, we infer that the el-
evation differences in this part of the Transverse
Ranges remained virtually invariant during the
period 1953-59 and that we may use measured dif-
ferences obtained at any time during this interval
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as a basis for extending the 1953 elevations south-
ward from D 326 to Ozena—whereby the height of
junction bench mark 3450 (Tri-Co) dropped about
0.12 between 1934/35 and 1953. (2) The 1926 ob-
served elevation (1097.5131 m) of bench mark E 54,
Lebec (pl. 7), based on 1926 leveling between Tidal
8 and Lebec, lay 0.0650 m below its 1953 observed
elevation (1097.5781 m), based on 1953 leveling over
the same route (see section on “The Los Angeles-
Mojave Line”). Accordingly, the 1953 elevations of
the Lebec bench marks were significantly above
their 1926 and, hence, their 1942/43 elevations (see
above). Because the elevation difference between
E 54 and 3450 (Tri-Co) increased by 0.1745 m during
the interval 1942/43-59 (pl. 7), because the elevation
differences through this part of the Transverse
Ranges probably remained virtually unchanged
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1924/26 levelings. See figure 4 for adopted conventions and explanation of symbols.
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during the period 1953-59, and because E 54 rose
0.0650 m with respect to Tidal 8 during the period
1942/43-53, we infer that during the period 1942/43—
55 (or 1942/43-53) bench mark 3450 (Tri-Co) sub-
sided 0.1095 m with respect to Tidal 8, a value that
closely matches that deduced from a comparison
of the results of 1953/59 leveling along the main
line against the 1934/35 datum.

If the described differences between the 1934/35/
42/43 datum and the elevations that obtained dur-
ing the interval 1953-59 are accepted as accurate,
then the configuration of a hypothetical 1955 da-
tum along the Ventura-Maricopa line can be
roughly characterized in terms of the 1934/35 da-
tum. Thus, northward from Ventura (and disre-
garding the subsidence associated with production
from the oil fields at either end of the line—pls. 3
and 4 and Buchanan-Banks and others, 1975, p. 118,
123-124), where the 1934/35 and 1955 heights vir-
tually coincide (fig. 10), the 1955 surface dipped
about 0.12 m below the 1934/35 datum at, or south
of, Ozena. Northward from Ozena, this subsidence
diminished to a minimum of about 0.06 m at bench
mark 2749; it increased again still farther north to
about 0.07 m in the area of bench mark Q 326 (pl.
7). Similarly, eastward from Ozena, the 1942/43-55
tectonic subsidence diminished to zero immedi-
ately east of Lockwood Airport, changing to uplift
of about 0.07-0.08 m at Frazier Park and diminish-
ing again to uplift of no more than 0.06—0.07 m near
Lebec. The distribution of these displacements, in
both space and time, indicates that they are almost
certainly coseismic effects associated with the 1952
Kern County earthquake (Oakeshott, 1955).

Height changes along the Ventura-Maricopa line
measured against a hypothesized 1955 datum can
be calculated through algebraic differencing be-
tween: (1) the 1934/35-59/60 (and the 1942/43-59/60),
the 1934/35-68 (and the 1942/43-68), and the 1934/
35-74 height changes and (2) the 1934/35-55 (and
the 1942/43-55) elevation changes described in the
preceding paragraph. Comparisons with the 1959/
60 elevations proceed from (1) an assumption of
vertical invariance at the junction bench mark dur-
ingthe junction interval between the spring of 1959
and the spring of 1960 and (2) the likelihood that
the measured elevation differences based on 1959
leveling between Ozena and Maricopa roughly
match those that would have been obtained in 1960.
It is assumed, in other words, that the results of
the combined 1959 and 1960 level surveys are the
same as those that would have been produced had
the 1959 leveling been carried out entirely during
the spring of 1960. Support for the likelihood that

the measured elevation differences produced in
1959 closely approximate those that would have
been generated in 1960 is provided by the near-
congruency between the profiles of the 1934/35-59/
60 (or the 1942/43-59/60) and the 1934/35—68 (or the
1942/43-68) height changes (pl. 7).

Northward along the Ventura-Maricopa line
from bench mark I 30 (and again disregarding any
differential subsidence associated with oil field op-
erations), uplift between 1955 and 1959/60 in-
creased from virtually zero at the southern end of
the line (fig. 10) to perhaps 0.09 m or more as far
south as Wheeler Springs (pl. 7) and to about 0.21
m [0.09 m—(—-0.12 m)] at Ozena. Northward from
Ozena the 1955-59/60 uplift diminished to about
0.19m [0.13 m —(—0.06 m)] at bench mark 2749 and
to about 0.15 m [0.08 m —(—0.07 m)] at Q 326. Sim-
ilarly, between 1955 and 1968, uplift increased
steadily northward from about 0.02 m at I 30 (fig.
10), to a probable low value of 0.17 m at Wheeler
Springs (pl. 7) and to about 0.31 m [0.19 m —(—-0.12
m)] at Ozena. Between Ozena and bench mark
2749, the 1955-68 uplift diminished slightly to
about 0.28 m [0.22 m —(—0.06 m)], whereas north-
ward to Q 326 the 1968 height rose about 0.28 m
[0.21 m —(—0.07 m)] above the 1955 datum. North-
ward as far as bench mark Z 173, the cumulative
uplift generated between 1955 and 1974 was gen-
erally less than that that occurred between 1955
and 1968, whereas northward from Z 173 the 1955~
74 uplift closely matched that which developed be-
tween 1955 and 1968 (pl. 7). Comparisons against a
1959/60 datum (pl. 7) are again based on the as-
sumption that the results of the combined 1959 and
1960 levelings are the equivalent of those that
would have been produced had this leveling been
carried out entirely during the spring of 1960. The
1959/60—-68 uplift increased sharply to about 0.08 m
at bench mark K 173, flattened between K 173 and
P 1049, increased gradually northward from P 1049
to a maximum of about 0.12 m at Ozena and di-
minished to about 0.08 m at Q 326 (pl. 7). Cumulative
uplift between 1959/60 and 1974 fell generally below
that achieved by 1968 (pl. 7). The 1959/60-74 uplift
converged with the 1959/60-68 uplift near bench
mark P 1049, peaked at U 1049 and fell back to
convergence through the rest of the comparison
ending at Ozena. Our only comparison against a
1968 datum indicates that during the interval
1968-74 the Ventura-Maricopa line sustained tec-
tonic subsidence of as much as 0.05 m that de-
creased steadily northward to P 1049 (pl. 7). In
other words, this comparison discloses a clearly de-
fined reversal in the movement pattern along the
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south flank of the uplift that must have developed
no later than the spring of 1974 (pl. 7). Because the
1974 uplift above the 1968 datum peaked at about
0.02 m at bench mark U 1049 and fell off to a con-
vergence with the 1968 datum at the northern end
of the comparison, it is not unlikely that a contin-
uation of the 1974 leveling would have revealed
increasing tectonic subsidence north of Ozena.

The vertical displacement history along the Oze-
na-Frazier Park spur is in some ways more clearly
defined than that along the main line. Between
1955 and 1959/60, uplift ranged between 0.21 m [0.09
m —(—0.12 m)] at Ozena, 0.19 m [0.16 m —(—0.03
m)] at Lockwood Airport, 0.20 m [0.27 m —0.07 m]
at Frazier Park, and about 0.18 m [0.24 m —0.06
m] at Lebec. Between 1955 and 1968, the uplift at
Ozena increased to about 0.30 m (see above), to
about 0.26 m {0.23 m —(—0.03 m)] at Lockwood Air-
port, to about 0.29 m [0.36 m —0.07 m] at Frazier
Park, and to about 0.25m [0.31 m — 0.06 m] at Lebec
(pl. 7). Height changes measured against a 1959/60
datum indicate that the 1968 uplift reached a max-
imum of about 0.12 m at Ozena, held at this figure
eastward to the crest of the range near bench mark
M 595, and fell off gradually to about 0.06 m at
Lebec (pl. 7).

Although the preceding interpretation of verti-
cal displacements along the Ventura-Maricopa line
is based on seemingly reasonable reconstructions
with respect to Tidal 8, the existing data permit an
alternative interpretation that is more consistent
with the full geodetic record, but much more dif-
ficult to portray. Fundamental to this alternative
interpretation are (1) convincing evidence of crus-
tal instability between Ventura and the area west
of Palmdale (pl. 5) during the period 1959-60 and
(2) the probable invariance of bench mark F 55,
Bakersfield, with respect to Tidal 8 during the pe-
riod 1953-59.

Compelling evidence of crustal deformation in
the west-central Transverse Ranges during the pe-
riod 1959-61 is provided by a large misclosure in-
volving leveling of this vintage (Vanicek and oth-
ers, 1980, p. 519-520). Based on surveys extending
over the period April 1959-May 1961, the ortho-
metrically corrected misclosure around the loop
San Pedro-Oxnard-Ventura-Ozena-Lebec-Sand-
berg-Palmdale-Saugus-San Pedro is given as
0.2773 m—or, alternatively, 0.2923 m (fig. 13). On
the other hand, successive height determinations
for bench mark I 30, Ventura, show that this mark
remained essentially unchanged in height during
the intervals 1934-60 and 1960-68 (fig. 10). Simi-
larly, comparisons between the 1955 and 1961 el-

evations of bench mark D 430, Palmdale, show that
that mark rose by only 0.0528 m during the period
1955-61 (see section on “The Los Angeles-Mojave
Line”). Morever, the orthometrically corrected mis-
closure around the 1959 loop Lebec-Ozena-Mari-
copa-Greenfield-Lebec is only 0.0102 m (fig. 14), and
that around the loop Castaic-Fairmont-Palmdale-
Saugus-Castaic, based on leveling carried out be-
tween 1953 and the spring of 1961 (and including
the results of second-order leveling between Cas-
taic and Fairmont), is only 0.0442 m (fig. 15). Be-
cause these misclosures are well below limits, be-
cause both Ventura and Palmdale remained nearly
invariant between 1955 and the spring of 1961, and
because the likelihood of systematic error in the
1960 leveling between Ventura and Ozena seems
especially remote owing to the absence of any sig-
nificant correlation between terrain and signal (pl.
7, it is virtually certain that the 0.2773-m misclo-
sure shown in figure 13 cannot be a measurement
artifact and must be due largely to movement be-
tween Ventura and Fairmont some time after the
spring of 1959. Moreover, if it is assumed only that
the elevation difference between Boundary Mon-
ument 2 and X 53 (fig. 13) remained unchanged
between the spring of 1960 and the following
spring, this postulated crustal disturbance must
have occurred during the period 1959-60.

The stability of bench mark F 55, Bakersfield,
during the period 1953-59 is suggested by several
lines of evidence, both direct and indirect. The 1953
elevation difference between F 55 and Boundary
Monument 2, Lebec (pl. 7), is given as 1043.3013 m
(NGS line L-14799); the 1956/57 elevation difference
between these two marks (based on a fixed eleva-
tion difference between Boundary Monument 2
and adjacent Boundary Monument 1, a difference
that held to within 0.6 mm between 1953 and 1961)
is given as 1043.3216 m (NGS line L-16254); and,
finally, the 1959 elevation difference between F 55
and Boundary Monument 2 is given as 1043.3078
m (NGS line L-17212). Thus, it seems unlikely that
Bakersfield subsided during the period 1953-59, for
Boundary Monument 2 would have had to subside
by a corresponding amount in order to preserve
the elevation difference between F 55 and Bound-
ary Monument 2. Similarly, comparisons between
the results of the 1953 and 1959 surveys show that
the 6-km reach extending southward from Bakers-
field toward the edge of the Arvin-Maricopa sub-
sidence basin remained virtually free of tilting dur-
ing this interval (NGS lines L-14799 and L-17212),
suggesting, of course, that the included area sus-
tained very little differential subsidence during
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the period 1953-569. Moreover, rigorous analysis of
the susceptibility to compaction of the water-bear-
ing and petroliferous deposits underlying central
Bakersfield indicates that this area probably sus-
tained very little compaction (and, hence, very lit-
tle compaction-induced subsidence) during the pe-
riod 1926-65 (Lofgren, 1975, p. D11-D15; Castle and
others, 1983, p. 36—40). Finally, although we have
only two comparisons between Tidal 8 and Bak-
ersfield based on levelings carried out since 1953,
these comparisons show that central Bakersfield
rose about 0.08 m between 1953 and 1965 and an
additional 0.03 m between 1965 and 1972/74 (see
section on “The Los Angeles-Mojave Line”). There-
fore, unless it is argued that F 55 oscillated during
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the interval 1953-65, all of the available evidence
is consistent with the conclusion that F 55 could
not have sustained significant compaction-induced
subsidence during the period 1953-59. It is equally
unlikely that F 55 rose during this period; the mea-
sured uplift at Bakersfield of about 0.08 m between
1953 and 1965 places a maximum limit on the
amount of uplift that F 55 could have experienced
between 1953 and 1959. It is highly doubtful that
more than a small fraction of the 1953-65 uplift at
Bakersfield had occurred by 1959. The measured
elevation difference between F 55 and Boundary
Monument 2, based on leveling between Bakersfield
and Grapevine during November and December(?)
of 1961 and between Grapevine and Lebec during
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February and March of 1961, increased to 1043.4146
m (NGS lines L-18242 and L-18529); this compares
with the 1959 elevation difference between these
two marks of 1043.3078 m. Because it is virtually
certain that F 55 could not have subsided between
1953 and 1965, this 0.1068-m increase in the mea-
sured elevation difference must be an expression
of the minimum uplift that could have occurred at
Boundary Monument 2 between 1959 and 1961.
That the elevation difference between these two
marks remained essentially unchanged during the
6-year period 1953-59, yet increased by more than
0.1 m during the 2-year period (1959-61) identified
with both the recognized crustal disturbance be-
tween Ventura and Fairmont and the onset of the
southern California uplift (Castle and others, 1976,
p. 252), is surely more than fortuitous. Accordingly,
we conclude that during the period 1953-59, bench
mark F 55 (1) did not subside, (2) probably sustained
insignificant uplift, (3) could in no case have ex-
perienced more than 0.08 m of uplift, and (4) prob-
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FIGURE 14.—Misclosure around the circuit Lebec-Ozena-Mar-
icopa-Greenfield-Lebec based on leveling carried out during
the spring of 1959. See figure 4 for adopted conventions and
explanation of symbols.
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ably remained close to invariant with respect to
Tidal 8.

Recognition of major aseismic deformation in the
central Transverse Ranges between the spring of
1959 and the early months of 1960 indicates that
the “1959/60” heights of the bench marks between
Ozena and Lebec and Ozena and Maricopa, based
on ties with 1960 leveling through Ventura, are
almost certainly in error. In other words, the as-
sumption that Ozena remained fixed in height dur-
ing the period 1959-60 is invalid. Acceptance of the
probable invariance of bench mark F 55 with re-
spect to Tidal 8 during the period 1953-59 produces
a 1959 observed elevation for Boundary Monument
2 (Lebec) of 1166.5452 m—that is, 0.1649 m less than
the orthometrically compatible 1959/60 elevation
based on 1960 leveling via Ventura. Thus, disre-
garding such systematic or random error as may
have accumulated along the survey route during
the 1959 leveling, the 1959 heights for all of the
marks between Lebec and Maricopa should be re-
duced by 0.1649 m. Similarly, calculated height
changes along the Lebec-Ozena-Maricopa line be-
tween 1934/35 and 1959 (or 1959/60) should be re-
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Castaic based on levelings carried out during the period
March 1953-May 1961. See figure 4 for adopted conventions
and explanations of symbols.
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duced by the same value, whereas those between
1959 (or 1959/60) and 1968 should be increased by
the same amount. This alternative—and, in our
judgment, much more defensible—interpretation
of the vertical-movement record between Ozena
and Maricopa and Ozena and Lebeec is shown on
plate 7 as the dashed-line representation.

Acceptance of the conclusion that bench mark F
55 remained stable during the period 1953-59 pro-
vides a basis for an alternative reconstruction of
the 1953-57 height changes as well. Accordingly,
the 1957 heights developed from this alternative
reconstruction, again shown on plate 7 by the
dashed-line representation, indicate that the 1957
heights for those bench marks northward from and
including H 326, lay 0.0253 m above those based on
a tie with the 1953 height of H 326 (NGS lines L-
14796, 1.-14799, and L.-16254). This alternative re-
construction also demonstrates (1) that the 1957
and 1959 heights were virtually identical and (2)
the occurrence of postseismic adjustment since
1953. Allowance for continuing adjustment since
1953 indicates, in turn, that comparisons of the re-
sults of later levelings against a 1953 datum prob-
ably exaggerates the magnitude of the regionally
developed uplift by 0.02-0.03 m.

The effect of this preferred interpretation is to
divide the vertical-displacement history along the
Ventura-Maricopa line into two clearly separable
parts—one based on precise surveys between Ven-
tura and Ozena and the second based on equally
precise surveys between Ozena and Maricopa and
somewhat less precise surveys between Ozena and
Lebec. Providing only that we read “1960” for “1959/
60,” the profiled height changes between Ventura
and Ozena (pl. 7) remain valid representations of
the vertical movement history along this line dur-
ing the indicated intervals. North and east of Oze-
na, however, the dashed-line representations are
viewed as the more accurate portrayals of the ver-
tical-movement history. Differential movements
along the lines north and east of Ozena, whether
measured against a 1959/60 or a 1959 datum, re-
main unchanged. For example, the 1942/43-59 dif-
ferential uplift between R 595 and Boundary Mon-
ument 2 remains a conspicuous feature of this
profile and is interpreted, as we have already in-
dicated, as coseismic deformation associated with
the 1952 Kern County earthquake. Similarly, the
down-to-the-north tilt associated with the “1959/
60”—-68 uplift is no less real when measured against
a 1959 datum.

The most conspicuous deficiency in our favored
reconstruction of the vertical-movement history

along the Ventura-Maricopa line lies in our almost
complete ignorance of the significant height
changes that must have occurred along this line
between the spring of 1959 and the spring of 1960.
The only place where the vertical displacements
during the critical interval 1959-60 have actually
been measured (except for the junction between
the 1959 and “1960” leveling at Lebec—see below)
is at the junction between the 1959 and 1960 sur-
veys at Ozena, where we conclude that the dis-
placement was +0.1649 m. Because the 1960 ele-
vation of bench mark I 30, Ventura, very nearly
matched the 1934 elevation (fig. 10), the 1959 and
1960 datums probably converged near or immedi-
ately north of I 30 (pl. 7). Thus, between the spring
of 1959 and the following April the area between
Ventura and Ozena must have sustained an up-to-
the-north tilt of 0.16—0.17 m. Moreover, the config-
uration of the 1934/35-60 uplift (pl. 7) suggests that
most of this tilt accumulated between I 30 and
Wheeler Springs. Furthermore, between 1959 and
1968 there was very little differential movement
north of Ozena (pl. 7), such that we assume that
the configuration of the 1959-60 uplift was roughly
similar to that developed between 1959 (or “1959/
60”) and 1968. Thus, between 1959 and 1960 uplift
along this line probably increased by as much as
0.14 m between Ventura and Wheeler Springs, ac-
cumulated an additional 0.03-0.04 m between
Wheeler Springs and the area immediately north
of Ozena, and declined from a maximum value of
0.17-0.18 m north of Ozena to about 0.13-0.14 m at
bench mark Q 326.

The pattern of vertical movements along the Oze-
na-Frazier Park spur during the period 1959-60
probably was dramatically different from that
along the main line. That is, whereas Ozena rose
0.16-0.17 m between 1959 and 1960, Lebec may have
subsided as much as 0.1432 m. This conclusion is
based on a comparison between the 1953 and 1960
heights of Boundary Monument 2, where the 1960
elevation difference between bench marks X 563 and
Boundary Monument 2 (fig. 13) is necessarily based
on the results of either the 1953 or the 1961 lev-
elings between these two marks (NGS lines L-
14799, L-15577, L-17772, L.-18242, 1.-18296, 1.-18299,
and L-18364). Because the elevation difference be-
tween X 53 and Boundary Monument 2 increased
by 0.0380 m between 1953 and the spring of 1961
(NGS lines L-14799 and L-18242), the 1959-60 tec-
tonic subsidence of Boundary Monument 2 may
have been somewhat less than 0.1432 m. Never-
theless, the apparent 1959-60 up-to-the-west tilt of
0.3081 m between Boundary Monument 2 and 3450
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(Tri-Co) would be reduced to no less than 0.2701 m,
even if it is assumed that all of the 0.0380-m in-
crease in the elevation difference between X 53 and
Boundary Monument 2 occurred between 1953 and
the spring of 1960.

Had we based the misclosure shown in figure 13
and the “1960” height of Boundary Monument 2 on
1955 leveling between Tidal 8 and Palmdale (NGS
lines L.-15577 and L-15618), it would have increased
both the misclosure and the subsidence of Bound-
ary Monument 2 by 0.0528 m. Because there is some
indication that the regional activity through the
Transverse Ranges could not have propagated
eastward as far as the junction bench mark at
Palmdale (D 430) by the spring of 1960 (see section
on “The Quail Lake-Hesperia Line”), this alterna-
tive characterization may be the more accurate.
Nonetheless, it would impact on the reconstruction
along the Ventura-Maricopa line only by increas-
ing the magnitude of the 1959-60 tectonic subsid-
ence at Lebec and the resulting up-to-the-west tilt
between Lebec and Ozena by about 0.05 m.

Because either the 0.2701- or 0.3081-m 1959-60
tilt between Ozena and Lebec accounts for nearly
the entire 1959/60/61 misclosure around the circuit
SanPedro-Oxnard-Ventura-Ozena-Lebec-Sand-
berg-Palmdale-Saugus-Los Angeles-San Pedro (fig.
13), the alternative interpretation of the elevation
history along the Ventura-Maricopa line is clearly
preferred over the interpretation based on a simple
tie at Ozena between the results of the 1959 and
1960 surveys. Moreover, this preferred interpre-
tation is neatly supported by the vertical displace-
ments that are otherwise inferred to have occurred
north and east of Ozena during the period 1955-68
(see above). That is, because the 1955-68 height
changes are independent of any assumption of sta-
bility at bench mark F 55 during the period 1953—
59, it would be especially difficult to dismiss the
results of the alternative reconstruction as arti-
facts attributable to some unrecognized aberration
in the differential subsidence history between Bak-
ersfield and Lebec.

We assume that the 1959 elevations incorporated
in the alternative reconstruction (pl. 7) closely ap-
proximate those that obtained in 1955, chiefly be-
cause the elevation differences throughout this
part of the Transverse Ranges seem to have held
during the interval 1953-59. However, accumulat-
ing evidence suggests that tectonic subsidence has
preceded or accompanied uplift around the mar-
gins of the evolving southern California uplift.
Hence, it is not inconceivable that the 1959 heights
lay below those of our hypothetical 1955 datum and

that the 1934/35 elevations more closely match the
1955 elevations than do those based on 1959 lev-
eling. Accordingly, the 1959-68 uplift northward
and eastward from Ozena may have exceeded the
cumulative uplift since 1955 by some undeter-
mined, but probably small amount.

THE LOS ANGELES-MOJAVE LINE
GENERAL REMARKS

Calculated height changes along the Los Ange-
les-Mojave line (pls. 8A, 8B) are among the least
ambiguously defined of any of those considered in
this report. Moreover, survey data developed along
this line and its several spurs provide the most
illuminating and most tightly constrained history
of vertical movements from anywhere within the
area of the southern California uplift. This unusu-
ally complete history is due to the exceptionally
large number of repeated surveys since the 1952
Kern County earthquake, including two that pre-
date the earliest clearly defined uplift recorded in
the Palmdale area. However, even this relatively
straightforward reconstruction is complicated lo-
cally owing to our inability to fully assess such
movements as may have preceded several signifi-
cant levelings. For example, vertical displace-
ments along the main line extending northward
from Mojave to Cantil and along two short spurs
extending westward from Castaic Junction and
northward from Castaic are based on comparisons
against datums that postdate the inception of the
uplift and, hence, minimize the probable cumula-
tive signals along these lines. Thus, the 1955-73
down-to-the-north tilt between Mojave and Cantil
may have been as much as 0.15 m greater than
that shown by a comparison against a March—-May
1962 datum, the cumulative 1955-74 uplift west-
ward from Castaic Junction must have been some-
what greater than the 1968/69-74 uplift, and the
1955-64 uplift northward from Castaic probably
was at least 0.04-0.05 m greater than the 1961-64
uplift.

The primary datum along the main line and the
two chief spurs is based on the results of 1955 and
1953 levelings, respectively. Because the closure of
the 1953 leveling on the 1955 datum is at nearly
the one-standard-deviation level, the equivalence
between the results of the 1953 leveling and a hy-
pothetical 1955 datum is thought to be generally
sound. This judgment is qualified only to the extent
that post-1953 slip along the White Wolf fault prob-
ably produced localized but generally modest
height changes extending southward from the
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main trace of the fault. Because a number of the
levelings on which we base the reconstruction of
height changes along the Los Angeles-Mojave line
did not originate at Tidal 8, we have once again
based our reconstruction in part on generally de-
monstrable assumptions of stability at selected
marks over limited intervals. For example, the
height of bench mark L 1141, Los Angeles, is as-
sumed to have remained invariant during the pe-
riod 1964-65. Similarly, the results of 1956, 1959,
and 1961 levelings over the Saugus-Grapevine spur
are based on an assumption of stability at bench
mark F 55, Bakersfield, during the interval 1953~
61.

Comparisons against the 1955 datum indicate
that much of the reach over the main line between
San Fernando and Palmdale sustained nearly uni-
form uplift of about 0.05 m by the spring of 1961.
However, the most dramatic of the signals revealed
through comparisons of the results of successive
levelings over this line is the 0.18-m uplift of Palm-
dale that occurred sometime between the spring of
1961 and 1964. Moreover, a variety of arguments
indicates that this signal actually developed no
later than the end of 1961 and probably during the
interval June-September 1961. Specifically, com-
parisons between the results of a December 1961—
March 1962 leveling over an adjacent route against
a March-May 1961 datum along the primary route
indicate that a 0.18-m up-to-the-east tilt developed
between Saugus and Palmdale during the interval
between these two closely spaced surveys—a tilt,
in other words, that matched that which occurred
between March—May 1961 and 1964. Similarly, the
results of levelings extending southward from Bak-
ersfield indicate that the Lebec area sustained cu-
mulative episodic uplift in excess of 0.10 m between
1959 and the end of 1961 (and roughly 0.25 m be-
tween the beginning of 1960 and the end of 1961).
The temporally constrained nature of this first ma-
jor pulse of uplift is indicated as well by indepen-
dent levelings over the San Gabriel Mountains be-
tween Azusa and Llano and between Colton and
Hesperia over Cajon Pass. The results of these lev-
elings, which were carried out during the periods
October 1961-June 1962 and October—November
1961, respectively, and tied to east-west surveys
carried out during the period February 1960—May
1961 (and, hence, prior to any indication of major
uplift along the Los Angeles-Mojave line), produce
a very small closure on Llano, a somewhat poorer
closure on the 1961/62 Palmdale height, and a very
poor closure on the results of the March~May 1961
survey between Saugus and Palmdale.

The first post-1961 leveling propagated over the
full width of the uplift was completed in 1965. The
results of this leveling show that Palmdale re-
mained virtually invariant between 1962 and 1965,
although modest uplift centering on Saugus ap-
parently occurred during the interval 1964-65.
Nonetheless, the 1965 leveling clearly demon-
strates that the uplift diminished sharply north of
Caliente and that Bakersfield sustained cumula-
tive uplift of about 0.08 m during the period 1953~
65. Moreover, the line between Saugus and Lebec,
unlike that between Saugus and Palmdale, appar-
ently sustained nearly uniform uplift of 0.05-0.06
m during the period 1964-65.

Disregarding the coseismic effects associated
with the 1971 San Fernando earthquake, spas-
modic uplift persisted through 1973/74 along both
the main line and the line extending northwest-
ward from Mojave to Bakersfield. However, by
1968/69 uplift had largely ceased between Saugus
and Grapevine. Cumulative 1955-73 uplift along
the Los Angeles-Mojave line achieved a maximum
value of about 0.35 m south of Palmdale and north-
west of Mojave, but nowhere along the line be-
tween Saugus and Grapevine did it exceed about
0.25 m.

Beginning no later than the middle of 1976, and
probably as early as the end of 1974, significant
collapse had begun over parts of the Los Angeles-
Mojave line. The best evidence of pre-1976 collapse
is found along the western end of the Castaic Junc-
tion-Montalvo spur. Interpretation of these data is
complicated, however, by possible postseismic slip
between 1971 and 1974 and by a 20-month junction
interval during the course of the 1974 leveling west-
ward from Castaic Junction. The 1973/74-76 col-
lapse along the main line was expressed as a nearly
uniform down-to-the-north tilt extending north-
ward from San Pedro to at least Rosamond. The
effect of this tilt was to diminish the maximum
uplift south of Palmdale to a residual value of about
0.19 m and that at Rosamond to no more than 0.06
m.

DETAILED RECONSTRUCTION

The Los Angeles-Mojave line consists of a pri-
mary vertical-control line between Los Angeles
and Cantil (pl. 8A), plus major spurs extending
northward from Saugus to Grapevine and west-
ward from Mojave to Bakersfield and two minor
spurs off the Saugus-Grapevine spur (pl. 8B). The
primary datum along the main line is based on 1955
leveling between Tidal 8 and Mojave; the primary
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datum along both major spurs derives from 1953
leveling following the 1952 Kern County earth-
quake.

Relatively few assumptions of vertical stability
over extended periods are required of the recon-
struction shown on plates 8A and 8B. Nonetheless,
even along these lines of well-defined vertical-dis-
placement history we have been forced to make
several assumptions that tend to qualify the rep-
resentation shown here (pls. 8A and 8B). For ex-
ample, in extending the 1961 leveling northward
from Mojave to Cantil (pl. 8A) we have assumed
that the elevation differences over this reach re-
mained constant during the interval March 1961-
May 1962. In fact, because we suspect, but are un-
able to directly demonstrate, that the height of
Mojave increased during this interval, it is not un-
likely that a down-to-the-north tilt developed be-
tween Mojave and Cantil during this same period.
Hence, if we assume that Cantil remained fixed
during the period March 1961-May 1962, compar-
isons against the 1961/62 datum between Mojave
and Cantil almost certainly underestimate the
down-to-the-north tilt generated since the spring
of 1961.

The 1955 and later starting elevations at Los An-
geles have been developed from generally contin-
uous first-order levelings between Tidal 8 and cen-
tral Los Angeles. Most of the surveys between
Tidal 8 and Los Angeles were completed within a
month or two; the longest completion interval
(1968) extended over a six-month period. The 1955
starting elevation at Los Angeles is based on con-
tinuous leveling between Tidal 8 and Los Angeles
during the period March-May 1955 (NGS line L-
15577). The 1961 starting elevation is based on con-
tinuous leveling between Tidal 8 and central Los
Angeles carried out during the month of April 1961
(NGS line L-18364). The 1964 starting elevation is
based on leveling between Tidal 8 and Los Angeles
completed during a period of less than 3 months
between March 1964 and June 1964 (NGS line L-
19752). The 1965 starting elevation at Los Angeles
is based on the 1964 elevation of bench mark L. 1141
and an assumption of stability at this mark be-
tween the spring of 1964 and the following winter;
this assumption is supported by the relative in-
variance of nearby bench mark S 32 (about 2 km
south of L. 1141) during the period 1926-64 (fig. 16).
The 1968 starting elevation at Los Angeles was
developed from discontinuous leveling between
Tidal 8 and S 32 during the period August 1968-
January 1969 (NGS lines L-21729 and L-21731). Al-
though the 1968 leveling interval extended over a

6-month period, the relatively small misclosure
around the 1968-69 loop San Pedro-Oxnard-Ven-
tura-Ozena-Lebec-Sandberg-Saugus-Los Angeles-
San Pedro (fig. 17) suggests that S 32 remained
nearly invariant during the 1968 leveling. The 1971
starting elevation at Los Angeles is based on lev-
eling between Tidal 8 and Los Angeles completed
in less than 6 months during the interval Febru-
ary—July 1971 (NGS line L-22429). The 1974 starting
elevation at Los Angeles is based on discontinuous
leveling between Tidal 8 and bench mark S 32 dur-
ing the period January-March 1974 (NGS lines L-
23611 and L-23644). Finally, the 1976 starting ele-
vation is based on continuous leveling between
Tidal 8 and Los Angeles carried out during the
period August-September 1976 (NGS line L-24116).

The observed elevations along the main line of
the Los Angeles-Mojave line are based chiefly on
levelings completed within periods of a few months.
The 1955 elevations along the main line are the
products of levelings completed during a 4-month
interval (pl. 8A), such that they should provide a
relatively unambiguous datum against which we
can compare the results of any subsequent sur-
veys. Because the several parts of the 1961 surveys
between Los Angeles and Mojave were completed
well within a 3-month period (pl. 8A), the 1961 lev-
elings can be treated as a continuous, virtually in-
stantaneously propagated survey—although the 1-
year interruption in the continuation northward
of this leveling (pl. 8A) may have led to a major
distortion of the actual “1961” surface between Mo-
jave and Cantil. Both the 1964 and the 1965 ob-
served elevations are based on levelings produced
over such a short interval (pl. 8A) that they too can
be viewed provisionally as the results of instan-
taneously propagated surveys. Although analyses
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of the “1968” network indicate that little signifi-
cant movement occurred during the course of these
surveys, because the 1968 elevations between Los
Angeles and Rosamond are based on levelings that
extended over a 6-month period (pl. 8A), there is
some reason for suspecting that the reconstructed
1968 elevations are contaminated by movement-
induced error. The 1969 observed elevations along
the main line (as well as the Saugus-Grapevine
spur) have been tied to the 1968 elevation of bench
mark Loft A, and they are compared here against
the 1968 datum only (pl. 8A). Although the 1969
elevations cannot be tied directly to Tidal 8, be-
cause Loft A remained virtually invariant with re-
spect to bench marks along the northwestern end
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of the line near Lebec (Castle and others, 1974, p.
65; Castle and others, 1975, p. 134), and because
this mark also remained unchanged with respect
to Tidal 8 during the full period 1964-68, the re-
constructed 1969 elevations are reasonably viewed
as if they had been measured with respect to Tidal
8. The 1971 leveling was completed within a 6-
month interval (pl. 8A). Nevertheless, because the
1971 surveys were carried out during the period
immediately following the 1971 San Fernando
earthquake, the 1971 elevations within and north-
ward from the epicentral region may be distorted
as a result of postseismic intrasurvey movement.
The reconstructed 1974 observed elevations be-
tween Los Angeles and Mojave are based on sur-
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FIGURE 17.—Misclosure around the circuit San Pedro-Oxnard-Ventura-Ozena-Lebec-Sandberg-Saugus-Los Angeles-San Pedro
based on leveling carried out during the period January 1968—April 1969. See figure 4 for adopted conventions and explanation

of symbols.
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veys that extended over the period November
1972-February 1974 (pl. 8A), such that in this case
as well there is a reasonable likelihood that these
elevations are contaminated by movement-related
error. This likelihood is enhanced, moreover, by the
1972/74 misclosures around the circuits San Pedro-
Los Angeles-Saugus-Palmdale-San Bernardino-
San Pedro (fig. 18) and Saugus-Castaic-Sandberg-
Lancaster-Palmdale-Saugus (fig. 19). Both of these
misclosures are consistent with subsidence of
about 0.06 m at bench mark 201-33A during the
interval between the completion of the 1972/73 lev-
eling into this mark and the subsequent levelings
extending eastward and northward from Palm-
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dale. However, in spite of the consistency between
these two misclosures (figs. 18 and 19) and the pos-
tulated subsidence of 201-33A, the misclosures in
themselves are less-than-definitive evidence of the
subsidence of this mark between the winter of 1972/
73 and the following winter. Specifically, the join
at bench mark R 449 between leveling extending
southeastward from Palmdale and that extending
northeastward from San Pedro was delayed by
nearly a year (fig. 18). Thus either tectonic or com-
paction-induced subsidence of this junction mark,
which is located about 4 km southwest of the San
Jacinto fault (see pls. 2 and 3), could also have pro-
duced a misclosure of the sense and magnitude
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FIGURE 18.—Misclosure around the circuit San Pedro-Los Angeles-Saugus-Palmdale-San Bernardino-San Pedro based on leveling
carried out during the period November 1972-November 1974. This misclosure enlarges to +0.0591 m where the orthometric
correction is based on observed gravity. See figure 4 for adopted conventions and explanation of symbols.
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shown here (fig. 18). It is perhaps equally likely
that the collapse of the southern California uplift
in the San Bernardino-Riverside area had begun
by the end of 1974 (see below), whereby the height
difference between San Pedro and R 449 was sig-
nificantly diminished sometime during 1974. Sim-
ilarly, the misclosure around the loop Saugus-Cas-
taic-Sandberg-Lancaster-Palmdale-Saugus (fig.19)
is based on leveling that junctioned at a mark (M
487) which falls within the Antelope Valley subsid-
ence bowl (pls. 3 and 4). Because subsidence of this
mark during the period between the completion of
the leveling between M 487 and Palmdale and the
beginning of the leveling leading westward out of
M 487 to Sandberg could lead to a misclosure of the
observed sense, the significance of this misclosure
(fig. 19) with respect to the vertical displacement
history of 201-33A is again compromised. Accord-
ingly, because the 1974 observed elevation of 201-
33A based on leveling propagated directly east-
ward from Saugus should (other things being
equal) be less eontaminated by measurement error
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FIGURE 19.—Misclosure around the circuit Saugus-Castaic-
Sandberg-Lancaster-Palmdale-Saugus based on leveling car-
ried out during the period November 1972—June 1974. This
misclosure enlarges to —0.0660 m where the orthometric cor-
rection is based on observed gravity. See figure 4 for adopted
conventions and explanation of symbols.
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than those elevations involving the more circui-
tous paths into this mark, and because these mis-
closures (figs. 18 and 19) are otherwise explainable,
the 1972/73 observed elevation difference between
Saugus and Palmdale is provisionally accepted as
the equivalent of that that would have been ob-
tained had this leveling been carried out during
the winter of 1973/74. However, because we have
no clearly defined basis for choosing between the
alternative 1974 height differences between Sau-
gus and Palmdale, and because there is at least an
inferred basis for believing that Palmdale had be-
gun to subside by the beginning of 1974, the 1974
observed elevations extending northward from
Palmdale to Mojave could easily have been about
0.05 m less than those used in the development of
the comparisons shown on plate 8A. The 1972/73
(second-order) leveling between Rosamond and
Cantil was completed during the same general pe-
riod as the 1974 leveling between Saugus and Palm-
dale (pl. 8A). Accordingly, because comparisons be-
tween the results of the 1971 and 1974 surveys
between Palmdale and Rosamond indicate that
this reach maintained its vertical integrity during
the period 1971-74 (pl. 8A), the 1974 elevation of
Rosamond (based on the 1974 leveling) probably
closely matched the 1972/73 elevation that would
have been obtained had the leveling between Tidal
8 and Rosamond been carried out at any time dur-
ing the period November 1972-May 1973. Accord-
ingly, in reconstructing the 1972/73 observed ele-
vations between Rosamond and Cantil we have tied
the results of the 1972/73 surveys to the 1974 ele-
vation of bench mark 2407 USGS (pl. 8A). Although
the 1976 leveling along the main line was completed
within a relatively short period (June-December
1976), because it was carried out immediately fol-
lowing (or during) a period of dramatic tectonic
subsidence, the reconstructed 1976 elevations may
be contaminated by errors associated with intra-
survey movement. Because the 1976 surveys de-
parted from the main line between Los Angeles
and San Fernando, we have accepted the 1974-76
observed elevation change (with respect to Tidal
8) at bench mark 60-1 (about 5 km north of San
Fernando) developed by the Los Angeles County
Department of County Engineer as a basis for a
special reconstruction of the 1974 observed eleva-
tions north of 60-1—thereby avoiding the compu-
tation of orthometrically compatible heights for
this mark. That is, we have added 0.0067 m to all
of the 1974 observed elevations north of and in-
cluding 60-1in order to preserve the 1974-76 height
change of —0.1071 m at 60-1 reported by the De-
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partment of County Engineer (Los Angeles County
Department of County Engineer, written com-
mun., 1977).

Observed elevations along the Saugus-Grape-
vine spur have been reconstructed largely from the
results of virtually continuous levelings between
Los Angeles and Grapevine. The 1953 elevations,
which we have tied to the 1955 elevation of bench
mark J 52, Saugus, form the chief exception to this
generalization. The assumption of equivalence be-
tween the reconstructed 1953 elevations along this
spur and those that would have been generated
had this leveling been carried out in 1955 is
strongly supported by the 1953-55 0.0366-m mis-
closure around the circuit Saugus-Lebec-Bakers-
field-Mojave-Palmdale-Saugus (fig. 4). Moreover,
the near invariance of bench mark J 52 during the
period 1953-55 is clearly supported by the apparent
stability of this mark over the inclusive interval
192664 (fig. 20). The 1956 and 1959 elevations be-
tween bench marks N 54 and Boundary Monument
2 (pl.8B) are based on the probable invariance (with
respect to Tidal 8) of bench mark F 55, Bakersfield,
during the period 1953-59 (see section on “The Ven-
tura-Maricopa Line”). The 1961 observed eleva-
tions between bench marks N 54 and X 53 are sim-
ilarly based on an assumption of invariance at F
55 during the period 1953-61. However, because
Bakersfield rose about 0.08 m at some time between
1953 and 1965 (pl. 8B), the reconstructed 1961 ele-
vations (and hence the 1953-61 uplift) between N
54 and X 53 probably err on the low side. Although
the 1961 leveling between bench marks H 537 and
X 53 preceded the 1961 leveling between F 55 and
H 537 by about 8 months (pl. 8B), we have assumed
that the elevation differences over this short reach
remained unchanged between the spring and late
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FIGURE 20.—Changes in orthometric height at bench mark J
52, Saugus. One-standard-deviation error bars show conven-
tionally estimated random error only.

fall of 1961. Moreover, even though comparisons of
the elevation differences between H 537 and
Boundary Monument 2 based on 1959 and early
1961 levelings show an up-to-the-south tilt of about
0.01 m (pl. 8B), if tilting persisted through Novem-
ber of 1961, the March—November 1961 uplift of the
marks south of bench mark H 537 would be even
greater than indicated by our reconstruction. Be-
cause the reconstructed 1964 elevations along the
Saugus-Grapevine spur are based on levelings be-
tween Los Angeles and Grapevine completed
within a 4-month period (pls. 8A and 8B), they may
be reasonably viewed as the products of instan-
taneously propagated surveys. Although the 1965
elevations are based on rapidly propagated level-
ing between Los Angeles and Lebec, the starting
elevation at Los Angeles is again based on the ap-
parently valid presumption of stability at bench
mark L 1141 between the spring of 1964 and the
following winter. The 1968 and 1971 surveys be-
tween Saugus and Grapevine extended over pe-
rtods of as much as 7 months (pl. 8B). Nevertheless,
the generally good correspondence between the
1968 and 1971 elevation differences north of the
epicentral region of the 1971 earthquake indicates
that both sets of reconstructed observed elevations
probably are free of significant error associated
with intrasurvey movement. Because the 1973 sur-
veys between Saugus and Lebec were completed
within a 6-month period, and because the height of
the junction bench mark at Saugus remained vir-
tually unchanged during the period 1971-74 (fig.
20), it is unlikely that any measurable movement
occurred along this spur during the 1973 leveling.

The observed elevations along the several sub-
spurs of the Saugus-Grapevine spur generally have
been reconstructed through direct ties with tem-
porally compatible and rapidly propagated surveys
emanating from Tidal 8. The most conspicuous ex-
ception is based on a tie between the 1953 elevation
of bench mark X 370, Castaic, with the results of
the February-March 1961 leveling along the Cas-
taic-Fairmont subspur. Nonetheless, the stability
of the junction bench mark and the probable ver-
tical integrity of this line between 1953 and the
spring of 1961 are suggested by the 0.0442-m mis-
closure around the 1953—(spring) 61 loop Saugus-
Castaic-Fairmont-Palmdale-Saugus (fig. 15). The
other conspicuous exception derives from the tie
between the 1973 elevation of bench mark RV 55
west of Castaic Junction with the results of 1975
leveling extending westward along the Castaic
Junction-Santa Paula subspur. The 1974 elevations
westward to the county line are based on March
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1973 leveling; the 1974 elevations between the
county line and Montalvo are based on surveys
carried out during the winter of 1974/75 (pl. 8B).
Whether or not movement occurred at the junction
bench mark during the 2-year period between these
surveys has not been determined, but the +0.0690-
m clockwise misclosure around the 1973/74/75 loop
Castaic Junction-San Fernando-Topanga Canyon-
Ventura-Castaic Junction (fig. 21) suggests a down-
to-the-west tilt between the county line and Ven-
tura sometime between 1973 and the beginning of
1975. Because the heights diminished by progres-
sively larger values southward from Ozena along
the Ventura-Maricopa line during the period 1968—
74 (pl. 7), we interpret the 1973/74/75 misclosure (fig.
21) as an expression of downwarping at Ventura
(or Montalvo) rather than uplift at the county line.

None of the reconstructed elevations used in cal-
culating the height changes along the Mojave-Bak-
ersfield spur are based on continuous leveling be-
tween Tidal 8 and Bakersfield. The probable
equivalence between the results of the 1953 lev-
eling and those that would have been produced had

’— 35°00'

120°00'

VENTURA ¢3-26

120°00'

l— 34°00'

0L 10 20 30 4|0

1 2 n f

5.0 KM

T

L-23683 (3/73)

this leveling been carried out entirely in 1955 is
again based on the small misclosure around the
1953/55 loop Saugus-Lebec-Bakersfield-Mojave-
Palmdale-Saugus (fig. 4). The 1956 and 1959 ele-
vations along the Mojave-Bakersfield spur are
based on the presumed invariance of Bakersfield
with respect to Tidal 8 during the period 1953-59
(see section on “The Ventura-Maricopa Line”). The
1961/62 elevations along this line are similarly
based on an assumption of equivalence between
the 1953 and 1961 heights for the starting bench
mark in central Bakersfield. However, this as-
sumption is especially questionable, for there is a
reasonable likelihood that the southern California
uplift had propagated northward as far as Bak-
ersfield by the end of 1961; thus the represented
1953-61/62 uplift (pl. 8B) probably is a minimal
value. The 1965 elevations along the Mojave-Bak-
ersfield spur are based on surveys between bench
mark L 1141 (Los Angeles) and Bakersfield com-
pleted within a 6-month interval (pls. 8A, B); how-
ever, the starting elevation at Lh 1141, as we have
already indicated, is based on the presumed sta-
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FIGURE 21.—Misclosure around the circuit Castaic Junction-San Fernando-Topanga Canyon-Ventura-Castaic Junction based on
leveling carried out during the period March 1973-January 1975. See figure 4 for adopted conventions and explanation of

symbols.
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bility of this mark during the period 1964-65. The
1972/74 elevations along the Mojave-Bakersfield
line are based on an assumption of stability at
bench mark A 367, Caliente, during the period
1972-74 (pl. 8B). Although this assumption is sup-
ported by the 0.0231-m misclosure around the 1972/
73/74 loop Saugus-Lebec-Grapevine-Bakersfield-
Caliente-Mojave-Rosamond-Palmdale-Saugus (fig.
'22), this small misclosure may be fortuitous. This
likelihood is suggested in particular by a +0.0587-
m observed (orthometrically uncorrected) misclo-
sure around a smaller loop that roughly bisects the
indicated loop (fig. 22) with a 1974 connection be-
tween Lebec and Rosamond, yet includes the re-
sults of the same surveys around the northern half
of the circuit (E. 1. Balazs, written commun., 1977).
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FIGURE 22.—Misclosure around the circuit Saugus-Lebec-
Grapevine-Bakersfield-Caliente-Mojave-Rosamond-Palm-
dale-Saugus based on leveling carried out during the period
March 1972-February 1974. See figure 4 for adopted conven-
tions and explanation of symbols.
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Comparisons of the results of 1961 leveling
against the 1955 datum along the main line suggest
relatively modest displacements during the inter-
val 1955-61 (pl. 8A). Other than the differential
subsidence associated with ground-water extrac-
tion (see pls. 3 and 4), nearly the entire reach be-
tween Los Angeles and San Fernando remained
free of significant height changes during this pe-
riod. Northward from San Fernando to bench mark
Q 898, however, uplift increased to a measured
maximum of 55 mm, but still farther northward it
diminished to about 20 mm at bench mark J 52,
Saugus. Because the 1955-61 differential uplift be-
tween San Fernando and Saugus was localized
within the relatively narrow band identified with
the San Fernando-Santa Susana fault system, it
may be a function of equally localized contractional
strain athwart this fault system (Castle and others,
1974, p. 63-64). Northeastward from Saugus the
1955-61 uplift increased sharply to a maximum of
about 0.07 m at bench mark H 486 (pl. 8A) and
persisted at about this level over the 35-km reach
between H 486 and the San Andreas fault. Par-
enthetically, because there seems to be no system-
atic correlation with topography, it is particularly
unlikely that the 1955-61 uplift between Saugus
and the San Andreas fault can be attributed to
elevation- or slope-dependent systematic leveling
error. Whether the differential uplift between San
Fernando and Saugus is temporally or mechani-
cally associated with the more broadly defined
uplift between Saugus and the San Andreas fault
remains conjectural. Nevertheless, during the in-
terval 1926-55 the reach between San Fernando
and the San Andreas fault remained virtually free
of significant differential uplift (NGS lines 82598,
82600, and L-15168). Hence, it is not unlikely that
the differential uplift developed between San Fer-
nando and Saugus during the period 1955-61 is
linked to that northeast of Saugus and that the
modest differential subsidence at Saugus is simply
a detail imposed on the broader pattern of uplift.
We are uncertain just when within the period 1955—
61theregionally developed uplift between San Fer-
nando and the San Andreas fault began. Nonethe-
less, because its broad expanse is unlike that which
might be expected to develop athwart the trace of
an active fault, we interpret the 1955-61 uplift be-
tween San Fernando and Palmdale as an incipient
pulse in the evolution of the southern California
uplift. The history of vertical movement between
Ventura and Maricopa suggests that this uplift
probably began sometime after the spring of 1959
(see section on “The Ventura-Maricopa Line”), a
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suggestion consistent with the vertical displace-
ment history of bench mark 3219 USGS, Vincent
(pl. 5 and fig. 23).

Height changes between Palmdale and Rosa-
mond during the period 1955-61 were dominated
by differential subsidence centering on Lancaster
(pl. 8A). This subsidence is almost entirely attrib-
utable to the effects of ground-water extraction
(pls. 3 and 4) that have simply overwhelmed what-
ever tectonic movement may have persisted north
of Palmdale. Because the Rosamond-Mojave area
sustained little if any change in height between
1955 and 1961 (pl. 8A), it is reasonably certain that
the trivial uplift which extended northward as far
as Palmdale probably diminished to nothing well
south of Rosamond.

Height changes generated between Los Angeles
and Saugus during the interval 1961-64 differed
only in detail from those that occurred during the
period 1955-61, whereas east-northeastward from
Saugus the vertical-displacement pattern changed
dramatically during the 1961-64 interval (pl. 8A).
The uplift centering on bench mark Q 898, for ex-
ample, continued to grow at about the rate that
had characterized its development between 1955
and 1961. Moreover, the subsidence developed in
the Burbank area apparently continued unabated
between 1961 and 1964. Northeastward from Sau-
gus, however, the 1961-64 uplift increased almost
uniformly to a maximum of about 0.18 m at bench
mark 3219 USGS, a value that persisted northward
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FIGURE 23.—Changes in orthometric height at bench mark 3219
USGS, Vincent. The 1962 height is based on an assumption
of invariance at bench mark X 898, Saugus, during the period
March 1961-March 1962. One-standard-deviation error bars
show conventionally estimated random error only.

tothe end of the 1964 leveling at Palmdale. Whether
the 1961-64 uplift extended northward beyond
Palmdale is uncertain. However, because the con-
trol point from which the 1965 leveling emanated
probably shifted very little between 1964 and 1965
(fig. 16), because comparisons between the 1964 and
1965 surveys show that the heights between the
San Andreas fault and Palmdale remained essen-
tially invariant during the period 1964-65, and be-
cause the results of the 1965 leveling northward
from Palmdale show that Mojave sustained 0.18-
0.19 m of uplift between 1961 and 1965 (pl. 8A), it
is virtually certain that major uplift developed dur-
ing the period 1961-64 persisted at least as far
north as Mojave. In fact, the only significant
change along the Los Angeles-Mojave line during
the interval 1964—65 consisted of differential uplift
of as much as 55 mm within the reach between
Burbank and the San Andreas fault (pl. 8A). It
remains conjectural, however, whether this differ-
ential uplift should be viewed as a southward ex-
pansion of the southern California uplift or as an
expression of a some local effect, such as creep at
depth along a northward-dipping fault of the San
Fernando-Santa Susana system (Castle and oth-
ers, 1974, p. 63, 66).

Although the uplift or tilting between Saugus
and Palmdale disclosed through a comparison of
the results of the 1961 survey with those of the
1964 (or 1965) survey (pl. 8A) suggests remarkably
rapid aseismic deformation, at least two lines of
evidence indicate that this uplift actually occurred
within a period of no more than 7 and probably less
than 5 months. The chief and least equivocal evi-
dence of very rapid tilting between Saugus and
Palmdale is based on a comparison between the
results of December 1961-March 1962 leveling of
the Los Angeles County Department of County En-
gineer against the 1961 datum between bench
marks X 898 and D 430 (pl. 8A). The 1961/62 leveling,
which followed a course both subparallel with and
somewhat north of the 1961 survey route, was tied
to 1961 control points at both ends of the 1961/62
survey as well as to several additional sets of bench
marks along the line of the 1961 leveling (pl. 5). A
comparison between the results of these two lev-
elings shows that the 1961-61/62 tilt between Sau-
gus and the San Andreas fault is virtually identical
to that which developed between 1961 and 1964 (pl.
8A). Moreover, because the various surveyed seg-
ments that form the 1962 ties with the results of
the March-May 1961 leveling were almost ran-
domly distributed over an 8-month period, yet pro-
duced elevation differences between X 898 and D
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430 that almost precisely matched the 1964 ele-
vation differences between these marks (pl. 8A),
and because Saugus remained virtually un-
changed in height between the spring of 1961 and
1964 (fig. 20), it is nearly certain that the 1961-64
uplift between Saugus and the San Andreas fault
had ceased by the end of 1961 (figs. 23 and 24). That
is, had tilting continued during or beyond the 1961/
62 leveling, the 1961/62 elevation difference be-
tween bench marks X 898 and D 430 would have
been much less (or at least significantly different)
than that which was measured in 1964.

A second, although indirect line of evidence that
indicates that the 1961-64 uplift between Saugus
and the San Andreas fault developed very early
within the period 1961-64 is based on a large mis-
closure around the 1961 loop Los Angeles-Burbank-
Saugus-Palmdale-Mojave-Boron-Barstow-Oro
Grande-Hesperia-Colton-Azusa-Los Angeles (fig.
25). All of the leveling involved in this circuit, other
than the leg between Colton and Barstow, was car-
ried out during the spring of 1961; the Colton-Bar-
stow section was surveyed in October and Novem-
ber of 1961. The indicated misclosure (fig. 25) is
consistent with up-to-the-north or down-to-the-
south tilting of 0.1522 m over the reach between
Barstow and Colton during the interval between
the spring and fall of 1961—specifically between
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May and October. Because the results of a 1960
connection between Hesperia and Palmdale pro-
duced a loop that roughly bisected the loop shown
in figure 25 yet generated a trivial misclosure
around the northern half of the larger loop (fig. 26),
the postulated 1961 tilt between Colton and Bar-
stow must have been localized between Colton and
Hesperia. Moreover, it is especially unlikely that
the misclosure shown in figure 25 can be attributed
to a down-to-the-south tilt. Had Colton subsided
0.15 m during the middle months of 1961, the im-
plied invariance in the elevation difference be-
tween Azusa and Colton during the period March—
November 1961, indicated by the small misclosure
around the circuit Azusa-Big Pines-Llano-Hes-
peria-Cajon Junction-Colton-Riverside-Azusa (fig.
27), would have compelled roughly comparable sub-
sidence at Azusa. Yet, as shown by combined 1961,
1962, 1960, and 1961/62 levelings via Saugus and
Palmdale, Azusa rose (by about 0.05 m) rather than
subsided between the spring of 1961 and the fol-
lowing fall—or certainly no later than the middle
of 1962 (see section on “The Los Angeles-San Ber-
nardino Line”). Moreover, based on the 1961/62 lev-
eling over the San Gabriel Mountains (coupled with
an assumption of invariance between bench marks
D 430, Palmdale, and 3409, Llano, during the period
February 1960-June 1962), the change in the ob-
served elevation of bench mark D 430 (based on
orthometrically compatible measurements over
different routes) with respect to Tidal 8 during the
period May 1961-June 1962 was +0.1477 m
(+0.1706 m less the 0.0229-m difference between
the orthometric corrections). Obviously, this uplift
closely matches that deduced from a comparison
of the results of the 1961/62 leveling of the Los An-
geles County Department of County Engineer
against the 1961 datum between Saugus and the
San Andreas fault (figs. 23 and 24), and it is fully
consistent with the 1960/61/62 misclosure around
the loop Azusa-Los Angeles-Burbank-Saugus-
Llano-Big Pines-Azusa (fig. 28). Several conclu-
sions emerge from this four-dimensional analysis:
(1) The 1961 tilt between Colton and Barstow in-
dicated by the —0.1522-m misclosure (fig. 25) rep-
resents uplift at Barstow (with respect to Tidal 8)
rather than subsidence at Colton. (2) If it is as-
sumed only that the roughly contemporaneous tilts
between Saugus and Palmdale, Azusa and Llano
(or Palmdale), and Colton and Hesperia either
evolved simultaneously or propagated from west
to east, then the 1961-64 uplift of Palmdale must
have developed between the end of May and the
beginning of October 1961—and probably within
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less than a four-month period between June and
September.

Whether the 1961 uplift that occurred between
Saugus and the San Andreas fault persisted as far
north as Rosamond or Mojave cannot be verified.
A comparison of the results of a 1962 first-order
survey against a 1925 datum based on first-order
leveling that extended northward from Mojave
shows no significant tilting between bench marks
Q 49 and E 49 (pl. 8A), whereas a 1925-62 down-to-
the-north tilt of about 0.075 m is disclosed by a
continuation of this comparison northward from E
49 to bench mark C 49 (NGS lines 82536 and L-
18658). Contrary to an earlier statement of Castle
and others (1976, p. 252), Mojave was associated
with about 0.12 m of tectonic downwarping during
the interval 1926-55 (fig. 29), downwarping reason-
ably interpreted as either a coseismic effect asso-
ciated with the 1952 Kern County earthquake or
continuing post-1926 collapse of an early-20th-cen-
tury uplift (Vaniéek and others, 1979); thus, it is
not unlikely that a 1925-62 down-to-the-north tilt
between Q 49 and E 49, roughly coincident with the
more recently developed (late 1961) northern mar-

gin of the southern California uplift, may have
been obscured by a roughly comparable down-to-
the-south tilt that developed between 1926 and
1952. Accordingly, 1961 uplift of as much as 0.12 m
or more may have occurred as far north as Q 49,
diminishing to no more than 0.05 m at bench mark
E 49. Alternatively, the 1961 uplift could have
closed off south of Mojave or Rosamond. This seems
unlikely, however, since uplift of about 0.15 m had
apparently propagated northeastward to Barstow
by the fall of 1961 (see preceding paragraphs), such
that late-1961 uplift of about 0.15 m probably ex-
tended northward as far as Mojave. Acceptance of
this interpretation, of course, challenges the valid-
ity of incorporating the results of the 1962 leveling
north of Mojave with the 1961 (preuplift) datum
(pl. 8A). In other words, comparisons of the results
of later surveys against the “1961” datum north of
Mojave probably underestimate by as much as 0.15
m any down-to-the-north tilting developed over this
reach since the spring of 1961.

Beginning in 1968, the primary vertical-control
surveys between the northern San Fernando Val-
ley and Palmdale commonly followed routes that
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FIGURE 25.—Misclosure around the circuit Los Angeles-Burbank-Saugus-Palmdale-Mojave-Boron-Barstow-Oro Grande-Hesperia-
Colton-Azusa-Los Angeles based on leveling carried out during the period March-November 1961. This misclosure diminishes
to —0.1382 m where the orthometric correction is based on observed gravity. See figure 4 for adopted conventions and
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differed somewhat from the pre-1968 line (pl. 5).
Hence, height changes along this part of the Los
Angeles-Mojave line, and specifically between
bench mark 1239 USGS and bench mark Sloot, are
less completely described than they would have
been had the survey route along the main line re-
mained the same. Nonetheless, the only seemingly
significant change along the main line during the
period 1965—-68 consisted of a modest northward
expansion or increase in the uplift between Palm-
dale and Rosamond (pl. 8A). Uplift of about 0.07 m
centering on the Saugus area was subsequently
recorded, however, during the period 196869 (pl.
8A). Because this relatively localized uplift is
clearly associated with the epicentral region of the
subsequent 1971 San Fernando earthquake, it can
be thought of—much as can the 1964—65 uplift—
either as a local aseismic fault-slip phenomenon or
as a relative detail in the growth of the southern
California uplift.

Height changes along the main line during the
period 1968-71 are based on comparisons over gen-
erally different routes between bench marks M 53
and Sloot (pl. 8A). Nevertheless, because the reach
between Saugus and the San Andreas fault re-
mained virtually invariant between 1965 and 1968
(pl. 8A), elevation changes during the period 1965—
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FIGURE 26.—Misclosure around the circuit Palmdale-Rosa-
mond-Mojave-Boron-Barstow-Oro Grande-Hesperia-Llano-
Palmdale based on leveling carried out during the period Feb-
ruary 1960~November 1961. See figure 4 for adopted conven-
tions and explanation of symbols.

71 based on a comparison between the 1965 and
1971 reconstructed elevations along the southern
route (pl. 5) should nearly match those that would
have been developed through a comparison of the
1971 elevations against a hypothetical 1968 datum
along the same route. The especially large vertical
displacements disclosed through a comparison of
the results of the 1971 (postearthquake) surveys
against the 1965 (or 1968) datum consist of major
uplift north of the San Fernando fault and corre-
sponding, although markedly diminished tectonic
downwarping between the San Fernando fault and
Burbank. Virtually all of the 1965-71 or 1968-71
uplift between bench marks R 43 and E 53 and
nearly all of the contemporary downwarping be-
tween R 43 and 08-25525 are most reasonably in-
terpreted as coseismic movements accompanying
the 1971 San Fernando earthquake (Castle and oth-
ers, 1975). However, because at least 0.07 m of the
uplift in the Saugus area probably occurred during
the preearthquake period beginning in 1968, this
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FIGURE 27.—Misclosure around the circuit Azusa-Big Pines-
Llano-Hesperia-Cajon Junction-Colton-Riverside-Azusa
based on leveling carried out during the period February
1960-June 1962. See figure 4 for adopted conventions and
explanation of symbols.
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FIGURE 28.—Misclosure around the circuit Azusa-Los Angeles-
Burbank-Saugus-Llano-Big Pines-Azusa based on leveling
during the period February 1960-June 1962. This misclosure
enlarges to —0.1579 m where the orthometric correction is
based on observed gravity. See figure 4 for adopted conven-
tions and explanation of symbols.
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FIGURE 29.—Changes in orthometric height at bench mark Q
49, Mojave. One-standard-deviation error bars show conven-
tionally estimated random error only.

preseismic uplift should be subtracted from the
1968-71 displacements in generating the true co-
seismic displacement field.

Several sets of significant height changes
emerge from comparisons of the results of the 1972/
73 and 1974 surveys against 1971 and earlier da-
tums along the main line. The most obvious of these
is the continued uplift of the Palmdale-Rosamond
{or Mojave) block by as much as 0.08 m during the
period 1971-74. Regrettably, the 1971 and 1974
level surveys followed different routes between
bench marks 1239 USGS and Sloot (pls. 8A, B), such
that we can only infer that the uplift between Sau-
gus and the San Andreas fault increased almost
uniformly. Although less obvious, the nearly 0.04
m of uplift at Los Angeles (fig. 16) that accompanied
the 1971-74 uplift of the Mojave block represents
the most conspicuous positive displacement in this
area since the one that occurred between 1964 and
1968. Because the Los Angeles area subsided by a
roughly equal amount during the period 1968-71,
the 1971-74 uplift simply returned S 32 to its 1968
height. A second striking change revealed through
a comparison of post-1971 surveys against an ear-
lier datum is the surprisingly steep tilt between
Mojave and Cantil that developed during the in-
terval “1961”-72/73 (pl. 8A). Moreover, as we have
already indicated, this down-to-the-north tilt is al-
most certainly a minimum value with respect to
an unambiguously defined preuplift datum. None-
theless, the dramatically diminished uplift be-
tween Mojave and Cantil is especially significant,
for it provides one of the very few cases where the
northern margin of the southern California uplift
can be defined fairly clearly.

The results of the 1976 levelings are the first of
the post-1955 data sets clearly indicative of region-
ally developed reversals in the generally positive
displacement field that had characterized the
southern California uplift since 1960. Comparisons
of the results of the 1976 surveys against the 1955
{preuplift) datum (pl. 8A) suggest modest tectonie
downwarping centering north of Los Angeles (see
also section on “The Los Angeles-San Bernardino
Line”), recovery to null values near San Fernando
(discounting the coseismic effects associated with
the 1971 earthquake), and uplift that increased
gradually northeastward to a maximum of about
0.18-0.19 m (or roughly half the maximum cumu-
lative 1955-74 value) near the San Andreas fault.
Northward from the San Andreas fault to Rosa-
mond, the uplift dimished gradually to only about
0.06 m (or about one-fifth the maximum uplift de-
veloped between 1955 and 1974). If the results of
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the 1976 surveys are compared, instead, against
the 1974 surface that defined the maximum uplift
along the main line (pl. 8A), the displacement pat-
tern that emerges is relatively unusual among
those developed within or around the southern Cal-
ifornia uplift. Specifically, between Tidal 8 and Ro-
samond the 1974-76 vertical displacements (dis-
regarding the differential subsidence centering in
the Lancaster area) are expressed as a remarkably
uniform, gradually increasing down-to-the-north
tilt that apparently bottoms out at Rosamond at
about —0.25 m (pl. 8A). Because such rapid and
extensive tectonic subsidence is so unusual in this
area, there is some likelihood that the recon-
structed 1976 observed elevations between Tidal 8
and Rosamond have been contaminated by intra-
survey movement. Regardless, tectonic tilting of
this same sense and of approximately the same
chronology has been independently confirmed by
subsequent studies of the Los Angeles County De-
partment of County Engineer (J. F. McMillan, writ-
ten commun., 1977). A comparison of the results of
early 1977 leveling against a 1973 datum extending
northward along the coastline from San Pedro
shows that the Santa Monica tide station dropped
about 0.04 m with respect to Tidal 8 during nearly
the same period in which S 32 subsided roughly
0.08 m (fig. 16; pl. 8A).

Vertical displacements along the Saugus-Grape-
vine spur since 1953 (or 1955) are relatively un-
ambiguously defined (pl. 8B) and need no more
than minimal explanation. The sharply localized
elevation changes developed against the 1968 and
older datums southeastward from bench mark U
370 are interpreted as chiefly coseismic effects as-
sociated with the 1971 San Fernando earthquake
(Castle and others, 1974, p. 64-65; Castle and oth-
ers, 1975). Similarly, the very limited differential
uplift that occurred northward from Lebec be-
tween 1953 and 1956 (or 1959) is viewed as a local
phenomenon that probably did not extend signifi-
cantly south of the San Andreas fault. The reality
of the apparent reversal of the vertical displace-
ments in the area of Lebec between 1956 and 1959
remains in doubt. This seeming reversal (in the
form of a down-to-the-south tilt) could conceivably
derive from some combination of measurement er-
ror and actual uplift of bench mark F 55, Bakers-
field, with respect to Tidal 8. Alternatively, and
much more likely, the several stages of vertical
movement shown through comparison of the re-
sults of the 1953, 1956, and 1959 surveys are an
expression of postseismic slip on the White Wolf

b7

fault following the 1952 Kern County earthquake
(R. S. Stein, oral commun., 1977).

We are uncertain both as to exactly when and
exactly where the post-1953 regional uplift began
along the Saugus-Grapevine spur. Several lines of
evidence indicate that this uplift could not have
begun until after the spring of 1960, yet was well
established by no later than the fall of 1961. The
orthometrically corrected misclosure around the
1953-61 loop Castaie-Fairmont-Palmdale-Saugus-
Castaic, including the results of second-order lev-
eling between Castaic and Fairmont, is given as
0.0442 m (fig. 15). This misclosure (fig. 15) suggests
relative stability between Saugus and Castaic
through at least the early spring 0of 1961, associated
with (if anything) a slight down-to-the-northwest
tilting between these two communities. Similarly,
the 1960 heights of bench marks Boundary Mon-
ument 2 and X 53 were apparently depressed well
below their 1953 heights (pl. 8B; figs. 15 and 30).
However, by the fall of 1961, uplift of more than
0.1 m had occurred at least as far east-southeast
as bench mark X 53. Moreover, while this uplift
represents a minimum value based on the as-
sumption that the subsequently recognized uplift
of central Bakersfield had not yet begun (that is,
that F 55 remained invariant between 1953 and
the fall of 1961), the fact that the 1961 heights are
virtual overlays of the 1964 heights between X 53
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an assumption of invariance between Boundary Monument
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and Lebec (pl. 8B) argues that the represented
1953-61 uplift closely matched that which would
have been deduced had the 1961 leveling emanated
from Tidal 8. However, whether the 1961 elevations
matched the 1964 elevations between X 53 and Sau-
gus remains undetermined and probably undeter-
minable. The sharp down-to-the-north tilt that oc-
curred between bench marks E 54 and N 54 during
the period 1961-64 (pl. 8B) is conceivably an effect
of extraction-induced compaction or associated
marginal drag around the periphery of the Arvin-
Maricopa subsidence basin (Lofgren, 1975, p. D14).
However, because most of the marks that define
this tilt lie well within the foothills of the Tehach-
api Mountains, we suspect that this downwarping
is chiefly tectonic.

Post-1964 uplift along the Saugus-Grapevine
spur continued at an apparently decelerating rate
through 1965 and had nearly ceased by 1968 (pl.
8B). That is, the profiles developed from the results
of levelings since 1968 indicate that the reach ex-
tending northward from Saugus to at least bench
mark H 537 remained virtually free of further
uplift during the period 1968-73. This stability con-
trasts significantly with that section of the main
line between Saugus and Palmdale, where the
heights continued to increase after 1968.

The represented uplift along the Castaic-Fair-
mont subspur is almost certainly minimal. That is,
we have assumed an equivalence between the 1961
elevation differences along this line and those that
would have resulted from 1955 (or 1953) leveling
over this route. This assumption is supported
chiefly by the relatively small closure around the
loop Castaic-Fairmont-Palmdale-Saugus-Castaic
(fig. 15). However, because modest uplift at Palm-
dale is known to have occurred between 1955 and
the spring of 1961 (pl. 8A; fig. 24), it seems likely
that similar uplift in fact occurred between Castaic
and Fairmont. Comparable up-to-the-northeast
tilts between Saugus and Palmdale and between
Castaic and Fairmont between 1955 and 1961 would
have had no effect on the closure (fig. 15), since the
height differences would have increased equally
along each of these two legs of the circuit. In ad-
dition, the 1964 misclosures involving the leg Cas-
taic-Fairmont (fig. 31) suggest that the 1964 Cas-
taic-Fairmont observed-elevation difference may
include an error of roughly —0.03 m. Accordingly,
the 1955-64 uplift at Fairmont probably was at
least 40-50 mm greater than shown here (pl. 8B).

Vertical movements along the Castaic Junction-
Montalvo subspur have been measured against
both the 1968/69 and the 1971 datums. Height
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changes between 1968 and 1971 along the east end
of this spur, and westward as far as RV 47 or even
RV 43, probably are attributable chiefly to coseismic
slip associated with the 1971 San Fernando earth-
quake. Westward from RV 43, however, we can only
assume that the 1968/69-71 downwarping of over
0.06 m was an essentially aseismic phenomenon.
Moreover, while this apparent subsidence is con-
ceivably attributable to ground-water withdraw-
als, Buchanan-Banks and others (1975, p. 115, 119)
show that there was virtually no differential sub-
sidence (with respect to Ventura) at the western

end of this line between 1960 and 1971.
Differential movements along the western half
of the Castaic Junction-Montalvo subspur between
1971 and 1974 may be especially significant. That
is, while modest uplift may have developed be-
tween 1971 and 1974 westward from Castaic Junc-
tion, conspicuous downwarping apparently oc-
curred during this same general period within the
reach between Fillmore and Montalvo. Moreover,
while this down-to-the-west tilt is clearly defined
by the profiles of elevation changes measured
against both the 1968/69 and 1971 datums, it is es-
pecially likely that it was produced during the pe-
riod March 1973-January 1975 (pl. 8B). The clock-
wise misclosure around the “1974” loop Castaic
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FIGURE 31.—Misclosures around the circuits Castaic-Sandberg-
Fairmont-Castaic-and Castaic-Fairmont-Palmdale-Saugus-
Castaic based on 1964 levelings. See figure 4 for adopted con-
ventions and explanation of symbols.
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Junction-San Fernando-Topanga Canyon-Ventura-
Castaic Junction is about +0.07 m (fig. 21). This
misclosure is consistent with a major down-to-the-
west tilt between bench marks RV 55 and 3-26 de-
veloped during the completion of this loop (fig. 21).
Moreover, the apparently tectonic downwarping of
more than 0.08 m at Montalvo during the period
1968/69-74/75 is about twice that recognized north
of Ventura (pl. 7) during approximately the same
interval. This difference may derive from the fact
that the 1974 leveling between Montalvo and the
Los Angeles-Ventura county line was carried out
several months after the completion of the 1974
leveling extending northward from Ventura;
hence,downwarpingin the Ventura-Montalvo area
may have accelerated toward the end of 1974.
Vertical movements between Mojave and Bak-
ersfield since 1953 are explicitly described by the
profiles of height changes along the Mojave-Bak-
ersfield spur (pl. 8B) and require little explanation
or interpretation. Because the differential subsid-
ence centering on Edison and Tehachapi is almost
certainly an expression of artificially induced com-
paction (see pls. 3 and 4), it may be disregarded in
assessing any tectonic deformation in this area.
Moreover, the uplift that occurred eastward from
Bank AZ during the periods 1953-56, 1953-59, and
1953-61/62 probably can be attributed to postseismic
slip on the White Wolf fault (or one of its main
branches) and, hence, is similar in origin to the
uplift recognized in the Lebec area during the same
general period. Although it is conceivable that the
relatively trivial uplift developed during the period
1959-61/62 between bench marks Bank AZ and W
55 is an expression of regional uplift in this area,
it is questionable whether the southern California
uplift had propagated this far north as early as the
beginning of 1962. The roughly 50 mm of differ-
ential uplift, measured with respect to either Mo-
jave or Caliente and disclosed through a compar-
ison of the results of the 1965 survey against the
1953 (1955-equivalent) datum, is reasonably inter-
preted as an expression of aseismic slip on the
White Wolf fault. Because there were no Mojave-
Caliente surveys between 1953 and 1965, the in-
ception of this differential uplift cannot be pre-
cisely dated; however, we assume that it may have
evolved largely by the spring of 1961. Because in-
dications of similar movement are absent from the
profile developed against the 1965 datum, and be-
cause the uplift extends smoothly across the White
Wolf fault without any evident discontinuity, we
infer that the regional uplift developed since 1953,

and specifically since 1965, cannot be attributed to
slip on the White Wolf fault.

THE LOS ANGELES-SAN BERNARDINO LINE
GENERAL REMARKS

The reconstructed height changes along the Los
Angeles-San Bernardino line (pl. 9) are based on
the results of six nearly continuous levelings. How-
ever, owing to variations in route, particularly over
the reach between Los Angeles and Azusa, the
comparisons between successive surveys com-
monly are lacking in detail. Moreover, the 1976 sur-
vey, the latest of the levelings along this line, ex-
tends only a short distance northeastward, from
Los Angeles to La Caiada.

The selection of a suitable datum is the chief
problem we face in calculating the recent height
changes along this line. Although we have provi-
sionally adopted the results of 1934 leveling as the
approximate equivalent of a 1955 datum, because
the 1961 leveling along the main line was completed
during the spring of 1961, and hence prior to the
inferred propagation of major uplift through this
area, the results of the 1961 leveling may provide
an equally good equivalent, especially since the dif-
ferences between the 1934 and 1961 surveys are
generally trivial west of Claremont. Nonetheless,
because the 1961 heights along the main line lie
generally below the 1934 datum, there is a reason-
able likelihood that modest tectonic subsidence oc-
curred along this line sometime between 1934 and
1961.

While the choice of a suitable datum along the
main line obviously has complicated the recon-
struction, we are effectively denied a preuplift da-
tum over the San Gabriel Mountains between
Azusa and Llano. The earliest first-order survey
was carried out in 1934 and ended at Falling
Springs; the first leveling that traversed the entire
range was completed during the interval October
1961-June 1962—that is, subsequent to the first
major pulse of uplift to encompass this area. This
point is easily demonstrated through a comparison
between the 1960/61 (or 1955/60) height for Llano
based on leveling via Saugus and Palmdale versus
that based on 1961/62 leveling over the San Gabriel
Mountains, which shows that Llano rose about 0.20
m during the period 1960/61-61/62.

Between the spring of 1961 and the following fall
(and certainly no later than 1968/69), heights along
the main line increased by 0.04-0.06 m, at least as
far east as Claremont. Moreover, although the
heights in the Azusa area remained nearly con-
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stant between 1968/69 and 1971, uplift at Azusa
increased by as much as 0.04 m between 1971 and
1974. On the other hand, between 1974 and 1976,
and possibly no later than the end of 1974, the west-
ern end of the main line collapsed by as much as
0.14 m.

Cumulative post-1955 height changes between
Azusa and Llano cannot be deduced through direct
comparisons owing to the absence of a preuplift
datum extending over the full width of the San
Gabriel Mountains. Nevertheless, between 1934
and the fall of 1961 the reach between Azusa and
Falling Springs sustained at least 0.06 m of north-
ward-accumulating tectonic subsidence. Accord-
ingly, the 1934 (or 1955)-61/62 uplift over the San
Gabriel Mountains must have been localized be-
tween Falling Springs and Llano and must have
been expressed as an up-to-the-north tilt of about
0.25 m. Because the uplift over the San Gabriels
apparently increased by no more than 0.07-0.08 m
between 1961/62 and 1971, and because the tectonic
subsidence of Falling Springs apparently re-
covered by 1971, the gradient between Falling
Springs and Llano must have been preserved
through at least 1971.

DETAILED RECONSTRUCTION

The Los Angeles-San Bernardino line consists of
a primary vertical control line between Los An-
geles and San Bernardino (via Glendale and La
Canada) and two spurs, the Los Angeles-Monrovia
line and the Azusa-Llano line (pl. 9). The 1934 start-
ing elevation at Los Angeles is based on leveling
between Tidal 8 and S 32 carried out during the
period January-April(?) 1934 (NGS line L-991). The
1976 starting elevation derives from leveling be-
tween Tidal 8 and S 32 carried out during the in-
terval August—-September 1976 (NGS line L-24116).
Starting elevations at Los Angeles in all other
cases are the same as those used in developing the
observed elevations along the Los Angeles-Mojave
line (see section on “The Los Angeles-Mojave
Line”).

Observed elevations along the Azusa-Llano spur
were developed from four separate levelings, only
two of which extended over the full length of this
line. Only one of these two surveys (1971), more-
over, consisted of essentially uninterrupted level-
ing between Tidal 8 and Llano. Starting elevations
at Azusa are based on the junction elevations at
bench marks Q 35 (1934) or 11-26A developed from
levelings along the main line.

The development of a primary datum for the Los
Angeles-San Bernardino line has been complicated
by the occurrence of regional tilting along the
Azusa-Llano spur during the period 1961-62 and
the absence of a post-1934 yet pre-1961 leveling
along this line. Because the 1961 surveys between
Tidal 8 and Azusa were completed during the pe-
riod March—May 1961 (NGS lines L-18296 and L-
18364) and, hence, probably before significant
uplift in this area (see section on “The Los Angeles-
Mojave Line”), the results of these surveys should
provide a reasonably suitable primary (1955-equiv-
alent) datum. However, the 1961/62 leveling along
the Azusa-Llano spur over the San Gabriel Moun-
tains was not completed until June 1962, well after
the first major episode of uplift propagated east-
ward into this area (see section on “The Los An-
geles-Mojave Line”). Thus the only possible alter-
native to a 1961/62 datum is the development of a
primary datum based on the results of 1934 level-
ings along both the main line and the Los Angeles-
Monrovia and the Azusa-Llano spurs. We assume
that the 1955 heights lay somewhere between the
1934 and 1961 heights. And since the height
changes were relatively small along both the main
line and the Los Angeles-Monrovia spur during the
interval 1934-61, we have adopted the results of
the 1934 leveling as a primary (1955-equivalent)
datum. Nonetheless, equating 1934 observed ele-
vations with 1955 observed elevations invites sev-
eral reservations. For example, we are virtually
certain that compaction-induced subsidence oc-
curred over much of thisline between 1934 and 1955
(pls. 3 and 4) and that the 1956 (1955-equivalent)
heights in the San Bernardino-Colton area prob-
ably were about 0.20 m below the 1961 heights as
well, perhaps, as those that obtained in 1934 (see
section on “The Orange-Barstow Line”).

Although height changes along both the main
line and the Los Angeles-Monrovia spur have been
generally small since 1934, they have included a
single dramatic reversal. Eastward from bench
mark T 96 (on the Los Angeles-Monrovia spur) to
Azusa, the 30-40 mm of differential subsidence
that seems to have characterized the vertical
movements between 1934 and 1961 (pl. 9) probably
is attributable chiefly to ground-water withdraw-
als and resulting compaction of the surficial de-
posits that underlie most of this area (pls. 2 and 3).
This explanation is even more likely within the
reach between Azusa and Claremont, where the
differential subsidence has been even greater (pls.
2, 3, and 9). Thus, in reconstructing the history of
vertical movement associated with tectonic activ-
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ity along this line, much of the movement that oc-
curred between 1934 and 1961 should be sub-
tracted. The effect of this subtraction would be to
increase any uplift with respect to a 1934 (1955-
equivalent) datum by as much as the differential
subsidence that occurred between 1934 and 1961.
Height changes along the main line between 1961
and 1968/69 were remarkably uniform (pl. 9). That
is, the whole area between bench marks S 32 and
11-47 rose roughly 40-50 mm. The only exceptions
to this generalization are the differential subsid-
ence at the western end of this line (almost cer-
tainly associated with ground-water withdrawals)
and sharply defined uplift midway between Azusa
and Claremont (pl. 9). The differential uplift of
about 0.05 m between bench marks 11-47 and 11-52
is an anomaly that cannot be clearly associated
with any geologic feature. Nevertheless, it lies
within 1 km of the Sierra Madre fault zone on the
north and occurs within or adjacent to the struc-
tural knot defined by the intersection of the Sierra
Madre, Walnut Creek, and San Dimas Canyon fault
zones (Rogers, 1967). Between 1968/69 and 1971 the
Los Angeles-San Bernardino line remained rela-
tively free of vertical displacements (pl. 9). That is,
while S 32 apparently subsided during this inter-
val, the area between Monrovia and Azusa re-
mained almost invariant. The period 1968/69-74
(and, hence, by inference, the period 1971-74) was
a time of regional uplift that extended from La
Canada to San Bernardino (pl. 9). If allowance is
made for the compaction-induced differential sub-
sidence that probably occurred during this interval
(see pls. 3 and 9), it is clear that the magnitude of
. this regional uplift apparently ranged within very
narrow limits of 50-60 mm. The surprisingly large
up-to-the-east tilt defined by the 1968/69—74 com-
parison at the east end of the main line is adjacent
to the San Jacinto fault (pl. 9) and may, as such,
be reasonably interpreted as an expression of slip
on this fault. It is conceivable that this differential
uplift is due to aquifer recharge in the Bunker Hill
ground-water basin (pl. 3), but the magnitude of
this uplift is much greater than that generally as-
sociated with this phenomenon.
The observed elevation changes developed from
a comparison between the results of the 1974 and
1976 surveys between Tidal 8 and La Canada (pl.
9) form one of the most clearly defined reversals
recognized in this study. The 1974-76 0.14-m down-
warp at La Canada is so large that there can be
little doubt of its authenticity and virtually no
chance that it can be other than tectonic in origin.
Moreover, although over half of this subsidence

accumulated south of Los Angeles, the down-to-
the-north tilt steepened sharply toward La Canada
(pl. 9). Northward from Tidal 8 to Los Angeles (S
32), bench mark heights generally declined be-
tween 1974 and 1976 (NGS lines L-23611, L-23644,
and L-24116), and we suspect that much of this
subsidence is tectonic. Nevertheless, because large
sections of the Los Angeles basin have been iden-
tified with compaction-induced subsidence (pls. 3
and 4) that is generally indistinguishable from tec-
tonic downwarping, there seems little point in
showing profiled elevation changes south of Los
Angeles.

A comparative elevation study based on three
successive levelings in the La Canada area sug-
gests that most of the 1974-76 downwarping may
have occurred between October 1973 and Novem-
ber 1974 (J. F. McMillan, Los Angeles County De-
partment of County Engineer, written commun.,
1976). Thus, between October 1973 and November
1974, a measurable up-to-the-west tilt of about 6
mm developed over a 2-km section of the Los An-
geles-San Bernardino line in the La Cafiada area
(fig. 324). This tilt is roughly equal to four standard
deviations in the expected discrepancy between
two separate measurements of the height differ-
ence between the end points of this section. Relev-
eling of this same section in September 1976
showed that the elevation difference between the
end points remained virtually invariant during the
period November 1974-September 1976 (fig. 32B);
thus there is a reasonable suspicion that the tec-
tonic activity associated with the subsidence of La
Canada had largely ceased by the end of 1974.

Height changes accompanying the evolution of
the southern California uplift along the Azusa-
Llano spur have been based on both a presumed
equivalence between the 1934 heights and a hy-
pothetical 1955 datum and an assumption of sta-
bility at bench mark Q 35 during the period March~
October 1961. However, because the 1961/62 survey
(pl. 9) was not even begun until after the southern
California uplift propagated into this area (see sec-
tion on “The Los Angeles-Mojave Line”), the sta-
bility of Azusa through 1961 is in doubt. A com-
parison between the March-May 1961 observed
elevation of Q 35 with the orthometrically compat-
ible elevation of Q 35 based on March-May 1961
leveling between Tidal 8 and Saugus, 1961/62 lev-
eling between Saugus and Palmdale (see section
on “The Los Angeles-Mojave Line”), 1960 leveling
eastward from Palmdale to Llano (see section on
“The Quail Lake-Hesperia Line”), and 1961/62 lev-
eling over the San Gabriel Mountains (pl. 9) indi-
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cates that Q 35 sustained uplift of 0.0548 m between
the spring of 1961 and the following year. Accord-
ingly, there is a good chance that the solid-line rep-
resentations shown on plate 9 exaggerate by 54.8 +
mm both the 1934-61/62 downwarping and the 1961/
62-71 uplift along the Azusa-Llano spur. Thus an
alternative and seemingly more objective recon-
struction of the 1934-61/62 and 1961/62-71 vertical
movements along the Azusa-Llano spur is based
on the probable uplift of Azusa between the spring
of 1961 and the following year; this alternative re-
construction is indicated by the dashed-line rep-
resentation (pl. 9).

Interpretation of the profiles of height changes
along the Azusa-Llano spur is complicated by the
near certainty that the 1961/62 leveling postdated
the first surge of uplift in this area. While it seems
likely that the dashed-line representation more
closely approximates the actual height changes be-
tween Azusa and Falling Springs during the period
1934-01/62 than does that shown by the solid line
(pl. 9), both suggest significant down-to-the-north
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FIGURE 32.—Profiles showing height changes (Ah) with respect
to bench mark 47-2D along 2-km segment of the primary ver-
tical control line through La Canada (pl. 9). Based on repeated
first-order levelings of the Los Angeles County Department
of County Engineer (J. F. McMillan, written commun., 1976)
and the National Geodetic Survey. 4, Height changes between
October 1973 and November 1974. B, Height changes between
November 1974 and September 1976.

tilting that could easily have been associated with
uplift farther to the north. The orthometrically
compatible observed elevation of bench mark 3409,
Llano, based on 1960 leveling tied to the results of
a March—-May 1961 survey between Tidal 8 and
Palmdale is given as 1,038.8610 + 0.0229 m (see
section on “The Quail Lake-Hesperia Line”); the
1961/62 (postuplift) elevation of this same mark
based on the results of leveling tied to the October
1961 elevation of @ 35 is given as 1,039.0864 m. Thus
the uplift at Llano between the spring of 1960 and
1961/62 apparently was at least 0.2025 m. Because
Falling Springs sustained tectonic subsidence of
about 0.05 m that could have occurred during this
same period, up-to-the-north tilting of as much as
0.25 m during the period March 1961-1961/62 may
have been localized between Falling Springs and
Llano. Moreover, even if this determination were
to be based on an assumption of stability at Q 35
between the spring of 1961 and the following year,
this 0.25-m gradient would remain unchanged,
since the 1961/62 heights of both Falling Springs
and Llano would each be diminished by the same
amount. The 1971 elevation of bench mark 3409 is
given as 1,039.1587 m, such that between 1960 and
1971, 3409 apparently sustained uplift of 0.2748 m,
only 0.0723 m of which was generated after 1961/
62. Moreover, because the differential uplift that
occurred between Azusa and Falling Springs dur-
ing the period 1961/62-71 consisted chiefly of the
recovery of the down-to-the-north tilt developed
during the preceding (1934-61/62) period (pl. 9), the
cumulative uplift between those localities probably
was no more than 0.04-0.05 m, whereby the steep
gradient of uplift between Falling Springs and
Llano must have been preserved through 1971. Fi-
nally, because the misclosure around the 1970/71
loop Azusa-Los Angeles-Burbank-Saugus-Palm-
dale-Llano-Big Pines-Azusa is relatively tight (fig.
33), it seems unlikely that this interpretation can
be categorically dismissed as the product of survey
error in the 1970/71 leveling.

THE ORANGE-BARSTOW LINE
GENERAL REMARKS

Among the several sets of observed elevations
extending over all or parts of the Orange-Barstow
line (pl. 10), only two (the 1968 and the 1974) were
developed from essentially continuous levelings
propagated directly out of Tidal 8. Accordingly, the
absence of a well-defined preuplift datum tied di-
rectly to Tidal 8 forms the fundamental problem
associated with the reconstruction of height
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changes along this line. Because about two-thirds
of this line—including virtually all of that which
falls within the confines of the uplift—was leveled
in 1956, reconstructions with respect to the results
of this leveling should, in theory, produce reason-
ably good characterizations of the cumulative
stages of uplift through 1974. However, use of the
results of the 1956 leveling as a reference datum
requires that we choose between one of two options
that produce dramatically different results. The
first of these options is based on an assumption of
stability at Colton during the period 1955-61; the
second is based on 1956 leveling emanating from a
control point whose height determined with re-
spect to Tidal 8 can be shown to have remained
invariant during a period that includes 1956. Both
alternatives are presented here, but the second is
clearly preferable in spite of several limitations.
If it is assumed that Colton remained invariant
between 1956 and the fall of 1961, cumulative uplift
over Cajon Pass prior to 1974 amounted to a maxi-
mum of about 0.05 m. However, the small misclosure
around the 1960/61/62 circuit Azusa-Big Pines-Llano-
Hesperia-Cajon Junction-Riverside-Azusa is consist-
ent with major (0.15-0.20-m) mid-1961 up-to-the-
north tilts over both the San Gabriel Mountains and
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F1GURE 33.—Misclosure around the circuit Azusa-Los Angeles-
Burbank-Saugus-Palmdale-Llano-Big Pines-Azusa based on
leveling carried out during the period November 1970-Octo-
ber 1971. This misclosure enlarges to —0.0511 m where the
orthometric correction is based on observed gravity. See fig-
ure 4 for adopted conventions and explanation of symbols.

Cajon Pass. Moreover, the vertical-displacement his-
tory of Hesperia indicates that it sustained uplift of
0.13-0.19 m between 1960 and the fall of 1961, an
observation that is clearly inconsistent with the
seeming 1956—61 tectonic subsidence of Hesperia
based on a presumption of stability at Colton during
the period 1956-61. Accordingly, our preferred re-
construction of the 1956 datum is based on a tie to
a March-April 1961 height for bench mark E 43,
Barstow, a reconstruction supported by the near
invariance of this mark between 1926/27 and
March-April 1961.

The alternative and preferred reconstruction of
the 1956 datum provides what we believe to be an
accurate basis for assessing the cumulative uplift
between Colton and Barstow since 1956. However,
because the uplift between Colton and Barstow
during the period 1956—-October 1961 was relatively
uniform, it indicates that the 1956 height of Colton
must have been about 0.22 m below that which
obtained during the fall of 1961. Since several lines
of evidence indicate that an up-to-the-north tilt of
nearly this magnitude occurred between Colton
and Hesperia sometime between the spring and fall
of 1961, the cumulative 1956-October 1961 uplift
between Colton and Hesperia must have consisted
of two successive tilts of opposite sense.

Major uplift along the Orange-Barstow line be-
tween 1956 and 1974 was localized in the Cajon Pass
area, where it reached a maximum of 0.36 m. How-
ever, we have no way of knowing what fraction of
the 1956-74 uplift south of Hesperia predates the
broader regional deformation that we associate
with the southern California uplift. Because the
cumulative 1956-74 value based on 1974 leveling
that ends well south of Hesperia is only 0.32 m,
there is a reasonable likelihood that the post-1959
uplift over Cajon Pass never exceeded 0.30 m. On
the other hand, the remarkably uniform 195668
regional uplift between Hesperia and Barstow is
unambiguously defined and was about 0.25 m.
Moreover, while nearly all of this uplift had oc-
curred by the fall of 1961, northward from Colton
the 1968 heights increased over their 1961 values
by as much as 0.08 m. Similar generalizations apply
to height changes that occurred along the line over
the San Bernardino Mountains between Colton
and Lucerne Valley. The cumulative 1956—October
1961 uplift between Colton and Big Bear City
roughly matched the uplift that occurred between
Colton and Hesperia during the same interval.
However, the 1956—-75 cumulative uplift at Big
Bear City of only 0.25 m (and conceivably less)
seems surprisingly small and may be an artifact of
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our reconstruction, which is based on an assump-
tion of stability at the junction bench mark at Sum-
mit during the period 1974-75.

DETAILED RECONSTRUCTION

The Orange-Barstow line consists of a primary
vertical control line extending northward from Or-
ange to Barstow, together with a single spur, the
Colton-Lucerne Valley line (pl. 10). Because this
line passes through an area of at least local insta-
bility attributable to both continuing tectonic ac-
tivity and compaction-induced subsidence center-
ing on Colton and San Bernardino (pls. 3 and 4),
reconstructions of elevations based on level sur-
veys emanating from the Colton-San Bernardino
area are of doubtful validity. Moreover, of the four
levelings used here, only one (1968) extends over
the full length of the line and only two (1968 and
1974) are based on level surveys that are (or can
be treated as) the product of nearly continuous sur-
veys between Tidal 8 and the northern ends of the
respective surveys.

Because the 1956 leveling emanated from Colton,
the starting elevations for both the 1956 and 1961
surveys are based on 1961 leveling that originated
at Tidal 8 and was completed during the period
March-May 1961 (NGS lines L-18296 and 1.-18364).
Moreover, because the 1961 surveys followed a
path through Los Angeles, as opposed to the pri-
mary route through Orange and Riverside (pl. 5),
the 1956 and 1961 starting elevations have been
orthometrically corrected by +0.0062 m (in order
to bring them into conformity with those that
would have been obtained had the 1961 surveys
followed the primary route). The 1968 starting el-
evation at Orange derives from leveling carried out
during the interval April 1968-June 1969 (NGS
lines L-21537, 1.-21596, L-21729, L-21807, and L-
21868). The 1974 starting elevation is based on the
results of surveys between Tidal 8 and Orange com-
pleted during the period September 1973—June
1974 (NGS lines L-23434, 1L-23437, L-23644, 1.-23443,
and L-23699).

Reconstructed observed elevations along the Col-
ton-Lucerne Valley line are based on three level
surveys carried out during 1956, 1961, and 1975.
Only one of these surveys (1961) extended over the
full length of the level line. The 1956 leveling ended
at Big Bear City; the 1975 leveling followed a dif-
ferent route between Colton and Big Bear City,
such that comparisons with the results of the 1975
surveys are limited to the reach between Big Bear
City and Lucerne Valley (pl. 10). The 1956 and 1961

starting elevations for the Colton-Lucerne Valley
line are the same as those used for the main line;
the 1975 starting elevation is based on a tie with
a 1974 elevation at Summit and a presumption of
stability at bench mark N 709 during the period
1974-75.

Because the section between Colton and Barstow
was leveled in 1956, the development of a primary
datum (1955-equivalent) for the major part of the
Orange-Barstow line is a seemingly straightfor-
ward procedure. Nevertheless, this development is
based on an assumption of stability at Colton dur-
ing the period 1956-61, an assumption of dubious
merit owing to the deformational history of this
area during the first half of this century. Moreover,
any interpretation of height changes developed
through comparisons with the results of subse-
quent surveys carries with it the questionable im-
plication that any movements that might be re-
vealed by these comparisons occurred at the same
time—whatever the time frame defined by these
surveys. Thus, the comparisons shown on plate 10
suggest trivial height changes between Colton and
Hesperia (other than the differential subsidence
centering on the Bunker Hill ground-water basin
east of the San Jacinto fault) and relatively modest
tectonic subsidence between Hesperia and Bar-
stow during the period between 1956 and the fall
of 1961. This interpretation is susceptible to chal-
lenge on at least two counts: (1) minimum uplift at
Hesperia (E 41) between the spring of 1960 and the
fall of 1961 is given as 0.13 m (see section on “The
Quail Lake-Hesperia Line”) and (2) the 0.15-m up-
to-the-north tilt developed between Colton and
Barstow between the spring and fall of 1961 (see
section on “The Los Angeles-Mojave Line”). That
is, either the 1956 heights along the line between
Colton and Barstow closely approached and locally
exceeded those that prevailed during the fall of
1961 (whereby major tectonic subsidence would
have to have occurred at Hesperia between 1956
and the spring of 1960) or the 1956 height of D 39
(Colton) was substantially below its March-May
1961 height.

An alternative reconstruction of the 1956 datum
may be developed by means of 1956 leveling ema-
nating from Barstow (rather than Colton), where
it is assumed that Barstow remained invariant be-
tween 1956 and the spring of 1961—an assumption
for which there exists some support. Thus, as
shown in figure 34, the height of bench mark E 43,
Barstow, held within 0.05 m during the period
1927-April 1961. Moreover, because the 1939 height
of E 43 is based on a combination of 1939 first- and
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second-order leveling and less precise 1936 third-
order leveling, even this relatively narrow 0.05-m
range probably is exaggerated. Accordingly, if it is
accepted that this history demonstrates crustal
stability at Barstow during the period 1927-April
1961, the 1956 height of D 39 (Colton) may be es-
tablished by means of the 1956 measured elevation
difference between E 43 and D 39 and the ortho-
metrically compatible April 1961 observed eleva-
tion of E 43 (fig. 35). Although the 1956 height of
Colton could just as easily have been based on the
“1956” or even the “1939” height of E 43, it is more
reasonably developed from either the 1927 or April
1961 heights for this mark. The 1927 and the April
1961 heights of E 43 fall within 2 cm of each other
(fig. 34), and both are based on nearly continuous
first-order leveling between San Pedro and Bar-
stow, whereas the intermediate heights are based
in part on lower-order leveling and an assumption
of local stability over periods of up to 13 years. The
first of our reconstructions, moreover, does not al-
low for the likelihood that D 39 sustained several
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FIGURE 34.—Changes in orthometric height at bench mark E
43, Barstow. The 1939 height is based on (1) an assumption
of stability at bench mark D 57, Palmdale, during the period
1926-35, (2) 1935 leveling between bench marks D 57 and E
57, Palmdale (NGS line L-3680), (3) an assumption of stability
at E 57 during the period 1935-39, (4) 1939 second-order lev-
eling between E 57 and the Llano area, (5) 1936 U.S. Geological
Survey third-order leveling between the Llano area and Kra-
mer Junction, and (6) 1939 first-order leveling between Kra-
mer Junction and E 43 (NGS line L-8531). The 1956 height is
based on (1) the 1955 height of D 430 (fig. 24), (2) 1960 leveling
between D 430 and E 41, Hesperia, (3) an assumption of in-
variance between D 430 and E 41 during the period 1955-60,
and (4) 1956 leveling between E 41 and E 43. One-standard-
deviation error bars show conventionally estimated random
error only.
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centimeters of uplift between the spring and fall
of 1961. That is, if bench mark 11-26A, Azusa, rose
about 0.04 m between March—-May 1961 and 1961/
62 (see section on “The Los Angeles-San Bernar-
dino Line”), the trivial misclosure around the loop
Azusa-Big Pines-Llano-Hesperia-Cajon Junction-
Colton-Riverside-Azusa (fig. 27) suggests that Col-
ton rose by about the same amount during the in-
terval between March—-May 1961 and October—No-
vember 1961. Thus, the 195661 uplift developed
along the Colton-Barstow section of the Orange-
Barstow line represented by the solid line (pl. 10)
is almost certainly an expression of minimum uplift
during this period.

The alternative dashed-line reconstructions
shown on plate 10 represent cumulative movement
since 1956; they do not necessarily imply uniform-
ity in the rate of movement, nor do they purport
to characterize the distribution in time of the ver-
tical displacements within the various sections of
this line. That is, several independent arguments
indicate that the 1956-61 vertical displacements
increased differentially with time northward along
the survey line. The probable minimum uplift of E
41, Hesperia, based on 1960 leveling through Palm-
dale and October—November 1961 leveling via Col-
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FIGURE 35.—Changes in orthometric height at bench mark D
39, Colton. The 1944 height is based on an assumption of in-
variance at bench mark R 41, Victorville, between 1939 and
1944 (fig. 54) and 1944 leveling between R 41 and D 39. The
1956 height is based on an assumption of invariance at bench
mark E 43, Barstow, between 1956 and the spring of 1961 (fig.
34) and 1956 leveling between E 43 and D 39. One-standard-
deviation error bars show conventionally estimated random
error only.
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ton, is given as 0.13 m (see fig. 39). In fact, however,
the uplift of E 41 during this period may have been
as great as 0.19 m (see section on “The Quail Lake-
Hesperia Line”), a figure that agrees almost per-
fectly with the alternative 1956-61 uplift of E 41
shown on plate 10. This implies, of course, that the
height of E 41 remained virtually unchanged be-
tween 1956 and the spring of 1960 and, hence, that
such uplift as occurred at Hesperia between 1956
and 1961 must have occurred largely between the
spring of 1960 and October—-November 1961. More-
over, the misclosure defined by 1961 leveling
around the loop Los Angeles-Burbank-Saugus-
Palmdale-Mojave-Boron-Barstow-Oro Grande-
Hesperia-Colton-Azusa-Los Angeles (fig. 25) indi-
cates a 0.15-m up-to-the-north tilt between Colton
and Barstow that must have occurred between the
spring and fall of 1961 (see section on “The Los
Angeles-Mojave Line”). Because the misclosure
around the loop Palmdale-Rosamond-Mojave-Bo-
ron-Barstow-Oro Grande-Hesperia-Llano-Palm-
dale based on 1960/61 leveling is virtually zero (fig.
26), we infer, as we have already indicated, that
the up-to-the-north tilt between Colton and Bar-
stow accumulated entirely between Colton and
Hesperia. In fact, that the northern loop (fig. 26)
closes as well as it does may be largely fortuitous;
that is, the 1955-61 down-to-the-north tilt between
Palmdale and Mojave of about 0.05 m (pl. 8A) al-
most precisely matches the 1956-61 down-to-the-
north tilt between Hesperia and Barstow (pl. 10),
which suggests that the axis of the uplift closely
coincides with a line between Palmdale and Hes-
peria. If, as the bulk of the evidence suggests, the
0.15-m up-to-the-north tilt between Colton and Bar-
stow (or the 0.20-m tilt between Colton and Hes-
peria) developed between the spring and fall of
1961, the 195661 uplift of the reach between Hes-
peria and Barstow must have occurred during the
same small fraction of the 1956-61 observation pe-
riod.

An obvious corollary clearly follows from the pre-
ceding analysis: the 1956-61 uplift between Colton
and Hesperia must have developed largely before
the spring of 1961—and hence in advance of the
regional uplift to the north and west. A crude ap-
proximation of the pre-1961 uplift may be obtained
through subtracting a uniform tilt between Colton
and Hesperia, developed between the spring and
fall of 1961, from the cumulative 195661 uplift be-
tween Colton and Hesperia. The resulting differ-
ence represents the uplift developed between 1956
and the spring of 1961 (fig. 36). The most vulnerable
feature of this reconstruction is that whereas the

1956-61 up-to-the-south tilt probably accumulated
entirely within the area between Colton and Hes-
peria, it could have developed over a much nar-
rower band between Colton and some point well
south of Hesperia.

Height changes since 1961 are less ambiguously
defined than those that occurred between 1956 and
1961. Nevertheless, because the October—Novem-
ber 1961 height of bench mark D 39, Colton, was
tied to a March-May 1961 height that may have
been about 0.04 m below its fall height, subsequent
uplift measured against the 1961 datum may be
exaggerated by the same amount. That is, the
height of D 39 may have remained virtually invar-
iant between October—Nobember 1961 and 1968/69
such that the actual uplift between 1961 and 1968/
69 may have been confined largely to the area
north of Victorville (pl. 10). We have no evidence of
similar movements at junction points during either
the 1968/69 or 1973/74 levelings. Hence, the profiled
height changes developed against the 1968/69 da-
tum probably provide a fairly accurate represen-
tation of vertical displacements during the 1968/
69-73/74 interval.

Reconstruction of height changes along the Col-
ton-Lucerne Valley spurinvolves many of the same
problems encountered in the reconstruction of
height changes along the main line. Use of the re-
sults of the 1956 leveling as a primary (1955-equiv-
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alent) datum is again a reasonable basis for as-
sessing height changes since 1955. Hence, we again
begin with the presumption that the 1956 height
of D 39, Colton, remained unchanged between 1956
and the spring of 1961. Acceptance of this premise
suggests that height changes across the San Ber-
nardino Mountains between 1956 and October—No-
vember 1961 (postuplift) were trivial. Not only does
this comparison suggest little, if any, uplift along
this line, but also, rather curiously, that the upper
plate of the Santa Ana Canyon fault subsided with
respect to the footwall of this north-dipping reverse
fault (F. K. Miller, oral commun., 1976). In fact, the
only significant movement disclosed by this com-
parison is the differential subsidence of up to 0.08
m that developed within the Bunker Hill ground-
water basin east of the San Jacinto fault.

An alternative reconstruction of height changes
measured against a 1956 datum along the Colton-
Lucerne Valley spur may be developed in a manner
similar to that used in the alternative reconstruc-
tion of height changes since 1956 along the main
line. Thus, we again infer that the 1956 height of
D39 was 0.2179 m below its March—-May 1961 height
(fig. 35). The effect of this datum drop, as shown
by the dashed-line representation (pl. 10), is to in-
crease the 1956-61 uplift at Big Bear City from
—0.03 m to 0.19 m. Moreover, the likelihood that
up-to-the-north tilting occurred between Colton
and Lucerne Valley between the spring and fall of
1961 is virtually compelled by the tolerably small
misclosure around the loop Colton-Victorville-Lu-
cerne Valley-Colton (fig. 37), the persistently in-
variant observed elevation difference between Vic-
torville and Lucerne Valley (see section on “The
Lucerne Valley Line”), and the demonstrated up-
to-the-north tilt between Colton and Hesperia dur-
ing the same period. However, while we have been
able to isolate the up-to-the-north tilt developed
along the main line, there is no clear basis for con-
fining the tilt along this spur to a particular reach
between Colton and some point well south of Lu-
cerne Valley. Nevertheless, because comparisons
between the results of the 1974 leveling with ear-
lier datums indicate that most of the up-to-the-
north tilting along the main line developed be-
tween Colton and the San Andreas fault, it is very
likely that the up-to-the-north tilting between Col-
ton and Lucerne Valley was similarly confined.
Moreover, because (as we concluded earlier) the
October—-November 1961 height of D 39 may have
been about 0.04 m higher than its March-May 1961
height, the maximum 1956-61 uplift at Big Bear
City may have been as much as 0.23 m. Finally, if

the cumulative uplift between the San Andreas
and Big Bear City developed between the spring
and fall of 1961, the uplift of Colton or up-to-the
south tilt between Colton and the San Andreas
must have occurred before the spring of 1961.
Height changes between Big Bear City and Lu-
cerne Valley developed against a 1961 datum sug-
gest little additional cumulative uplift (pl. 10).
Moreover, if it is assumed that the 1961 heights
were in fact about 0.04 m higher than those de-
veloped from the March-May 1961 observed ele-
vation of D 39, even this very small increment of
uplift must have been correspondingly diminished.

THE QUAIL LAKE-HESPERIA LINE

GENERAL REMARKS

Because the Quail Lake-Hesperia line (pl. 11) con-
sists, in effect, of two major spurs off the Los An-
geles-Mojave line, the height changes along this
line are relatively clearly expressed. Moreover, be-
cause this line is subparallel to the axis of the
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FIGURE 37.—Misclosure around the circuit Colton-Victorville-
Lucerne Valley-Colton based on leveling carried out during
the period September-November 1961. See figure 4 for adopted
conventions and explanation of symbols.
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uplift, the vertical displacements along the Quail
Lake-Hesperia line tend to mimic those that de-
veloped at the intersections with the Los Angeles-
Mojave and Orange-Barstow lines. Nonetheless,
and in spite of the rough correspondence between
the signals developed along these three lines, a
remarkable amount of relatively short-wavelength
crustal mobility is indicated by comparisons among
the exceptionally large number of repeated sur-
veys over all or parts of the Quail Lake-Hesperia
line. Because three of these surveys were leveled
to only second-order standards, we remain suspi-
cious of several of the more dramatic signals based
on comparisons with the results of this lower-order
work, particularly the 0.25-m down-to-the-west tilt
developed between 1968 and 1969. However, we
have been unable to discover any basis in the data
for challenging the accuracy of any of these lev-
elings. Hence the results of these frequently re-
peated levelings along this line suggest that large,
rapidly developed differential signals have oc-
curred both along and athwart the axis of the
southern California uplift.

The chief problem in reconstructing height
changes along the Quail Lake-Hesperia line again
relates to the generation of an appropriate pre-
uplift datum—which we are compelled to base on
the results of 1960 leveling. We have provisionally
tied the results of the 1960 leveling to the March—
May 1961 leveling extending into Palmdale from
Tidal 8 simply because these two surveys were rel-
atively closely spaced in time. However, because
the March-May 1961 leveling probably postdates
the initial uplift of the Palmdale area, and because
there is an excellent chance that the uplift had not
propagated into this area by the beginning of 1960,
a good case can be made for linking the results of
the 1960 surveys to those of the 1955 leveling along
the Los Angeles-Mojave line. The effect of this al-
ternative reconstruction would be to increase the
uplift referred to the 1960 datum by about 0.05 m.

DETAILED RECONSTRUCTION

The Quail Lake-Hesperia line consists of a single
primary vertical control line established in 1960.
Subsequent levelings along this line commonly di-
verged slightly from the main route; nevertheless,
becausein all but one area these alternative routes
coincided almost precisely with the main line, the
orthometric corrections theoretically required to
accommodate for these path differences have been
disregarded (pl. 11). Ties between the Quail Lake-
Hesperia surveys and Tidal 8 have in all cases been

made through bench mark D 430 south of Palmdale
(pls. 8A and 11). Because of the many levelings
between Tidal 8 and D 430 and because the height
history of D 430 is relatively well known (fig. 24),
it has usually been possible to tie the Quail Lake-
Hesperia levelings to Tidal 8 without resorting to
assumptions of stability at D 430 over extended
periods.

Utilization of the results of the 1960 surveys as
a primary (1955-equivalent) datum is less than
wholly satisfactory. Nevertheless, because a suit-
able pre-1960 datum between Quail Lake and Hes-
peria is unavailable, we have used the 1960 results
for this purpose in spite of two significant prob-
lems: (1) The 1960 observed elevation of D 430 is
based on March—-May 1961 leveling between this
mark and Tidal 8, rather than 1960 leveling be-
tween these two points (pl. 8A). Thus, because D
430 sustained about 0.05 m of uplift between 1955
and March—May 1961 (fig. 24) and because there is
a good chance that most of this uplift occurred be-
tween the spring of 1960 and the following spring
(see section on “The Los Angeles-Mojave Line”),
uplift referred to a “true” 1960 datum between
Quail Lake and Hesperia could have been (and
probably was) as much as 0.05 m greater than that
shown on plate 11. (2) Tectonic downwarping in the
Lebec area of about 0.14 m between 1953 and 1960
(based on an assumption of stability at D 430 during
the period 1960-61), and probably between 1959 and
1960 (see fig. 30 and section on “The Ventura-Mar-
icopa Line”), suggests that the cumulative uplift
along the western end of this line since 1960 (pl.
11) was a good deal greater than that since 1955.
For example, the 1953-64 uplift at bench mark X
53 based on levelings between Saugus and X 53
was about 0.07 m (pl. 8B), whereas the 1960-64
uplift of the same mark is shown here (pl. 11) as
0.21 m (a figure that would rise to more than 0.25
m if allowance were made for the probable uplift
of D 430 between 1960 and the spring of 1961). The
comparative misclosures shown in figure 15 sug-
gest, in any case, that the anomalous post-1960
uplift (anomalous, that is, with respect to that mea-
sured against a hypothetical 1955 datum) probably
diminished from more than 0.14 m near Quail Lake
to virtually zero near Fairmont.

Owing to the well-controlled history of vertical
movement at D 430 (fig. 24), relatively little am-
biguity attaches to the representation of height
changes along the Quail Lake-Hesperialine—other
than those changes measured against a 1960 da-
tum. Both the 1964 and 1965 observed elevations
along the Quail Lake-Hesperia line derive from vir-
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tually continuous leveling between Tidal 8 and L
1141, respectively (see section on “The Los Angeles-
Mojave Line”). The results of both the 1968 and
1969 levelings have been tied to the 1968 elevation
of D 430; hence, because D 430 sustained several
centimeters of uplift between 1968 and 1971 (fig.
24) the actual uplift since 1969 may have been some-
what less than that shown on plate 11. The results
of both the 1971 and 1971/72 surveys have been tied
directly to the 1971 elevation of D 430. Because the
1971 elevation of D 430 was based on surveys be-
tween D 430 and Tidal 8 that postdated the 1971
San Fernando earthquake, the 1971 and 1971/72
elevations along the Quail Lake-Hesperialine may
have been contaminated by postseismic movement
in the epicentral area, through which the 1971 sur-
veys passed. The results of the 1974 leveling are
tied to a “1974” elevation of D 430 obtained from
surveys between Saugus and Palmdale during the
winter of 1972/73. However, because D 430 may
have subsided about 0.05 m between 1972/73 and
1974 (see section on “The Los Angeles-Mojave
Line”), the reconstructed 1974 observed elevations
along the Quail Lake-Hesperia line may be about
0.05 m greater than those that actually obtained
in 1974. The 1976 elevations are based on a tie with
D 430 developed through 1976 leveling between
Tidal 8 and D 430 completed shortly after the 1976
surveys along the Quail Lake-Hesperia line (see
section on “The Los Angeles-Mojave Line”).

Most of the leveling along the Quail Lake-Hes-
peria line meets first-order standards. The 1971/72
surveys, however, consist of a mixture of first- and
second-order levelings, and the 1969 and 1971 sur-
veys, although at one time identified by the Cali-
fornia Department of Water Resources as “first-
order, single run” (D. J. Davis, oral commun., 1976)
should, in fact, be classified as second order. Thus,
according to a 1971 letter from M. C. Hendrickson
of the California Department of Water Resources
to the Los Angeles County Department of County
Engineer (California Department of Water Re-
sources, written commun., 1976), both the 1969 and
1971 surveys probably met no better than second-
order standards. The “specifications for the 1969
project called for second-order leveling. A Zeiss Ni2
level with a parallel plane attachment and Wild 10
MM rods were used.” Similarly, the 1971 leveling
employed a “Zeiss Nil level with parallel plane at-
tachment and Breithaupt 5 mm rods ***, Since the
1969 leveling was done in only one direction, reruns
were made only on those sections that closed in
excess of 8.4 mm x square root of distance in Km.”
These remarks suggest to us that both the 1969

and 1971 surveys should be treated as second-or-
der, class II levelings. Where random error domi-
nates, one standard deviation in the discrepancy
between the measured elevation differences be-
tween any two bench marks based on two succes-
sive second-order, class II levelings is given as 1.84
(mm) x km* (Federal Geodetic Control Committee,
1974, p. 3). Accordingly, over the maximum dis-
tance from D 430 (about 80 km), the estimated ran-
dom error at the 95-percent confidence level should
be no greater than 33 mm for any measured change
in observed elevation between either 1969 or 1971
and any other period of observation. Moreover, be-
cause this route is characterized by very little re-
lief (pl. 11), it is unlikely that any of the Quail Lake-
Hesperia surveys were significantly contaminated
by height-dependent systematic error. Similarly,
since there are no sharply defined breaks in the
profiles of height changes developed from the re-
sults of either the 1969 or 1971 surveys with respect
to any earlier datum, there is little likelihood of a
bust in either survey. Accordingly, the results of
the single-run second-order leveling along the
Quail Lake-Hesperia line probably are nearly as
accurate (with respect to the observed crustal sig-
nals) as those derived from first-order leveling
along this same route.

Although the profiled height changes shown
here (pl.11) are virtually self-explanatory, the crus-
tal mobility implicit in these profiles is somewhat
disturbing. The oscillatory displacements that
seem to characterize so much of the Quail Lake-
Hesperia line are shown especially well, moreover,
in the elevation histories of bench marks 3409
USGS, Llano (fig. 38), and E 41, Hesperia (fig. 39).

Uplift measured against the 1960 datum, as we
have already indicated, probably is minimal be-
tween Fairmont and Hesperia and may have been
as much as 0.05 m greater than that shown here
(pl. 11). Westward from Fairmont, on the other
hand, the cumulative uplift since 1960 was almost
certainly greater than had it been measured
against a 1955 datum. Height changes since 1964
and 1965 are shown with respect to an offset datum
at D 430. That is, because D 430 apparently rose
by roughly 7 mm between 1964 and 1965, the 1965
datum has been shifted upward by the same
amount. The alternative, of course, would have
been to split the profile at D 430 and show the
combined profiles as separate representations.

Height changes developed against 1968 and later
datums are in many respects the most intriguing
of any of those shown along the Quail Lake-Hes-
peria line. The down-to-the-west (or up-to-the-east)
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tilt generated between 1968 and 1969 is based on
a comparison with what is perhaps the least reli-
able data included with this report. Moreover, the
nearly perfect recovery by 1971 of this down-to-the-
west tilt reinforces the suspicion that the 1969 data
may be significantly in error. Nevertheless, the
magnitude of the tilt between E 41 and K 1044 is
sufficiently large that it is difficult to simply dis-
miss it as the product of measurement error. Sim-
ilarly, the development of differential subsidence
of about 0.15 m in the Quail Lake area between
1968 and 1969 (pl. 11) coincides in time with the
remarkable episode of uplift within what was to
become the epicentral area of the 1971 San Fer-
nando earthquake (Castle and others, 1974, p. 65);
this coincidence lends credibility to both a me-
chanical connection between these phenomena and
the validity of the Quail Lake subsidence.

The remarkably steep 1971-71/72 up-to-the-east
tilt of about 0.06 m between bench marks 377.3C
and 395.1C, along the eastern end of the Quail Lake-
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Hesperia line, seems to have set the stage for the
westward propagation of comparable uplift be-
tween 1971/72 and 1974. Moreover, the 1971/72-74
episode apparently defined the culmination of
uplift that probably began in this area as early as
1960, for sometime between 1973/74 and 1976 the
entire line between Quail Lake and Hesperia col-
lapsed by as much as nearly 0.2 m.

THE MOJAVE-COTTONWOOD PASS LINE
GENERAL REMARKS

Because the Mojave-Cottonwood Pass line (pl. 12)
is simply a very long spur attached to the Los An-
geles-Mojave line, the several sets of reconstructed
observed elevations along the main line (with one
singularly significant exception) are based on ties
to the results of temporally equivalent observed
elevations at Mojave. Accordingly, the starting el-
evations at Mojave are neither more nor less ac-
curate than the contemporaneous elevations at
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FIGURE 39.—Changes in orthometric height at bench mark E
41, Hesperia. The 1939 height is based on the 1939 height of
R 41, Victorville (fig. 54), 1944 leveling between R 41 and E
41 (NGS line L-11045), and an assumption of relative stability
between R 41 and E 41 during the period 1939—44. The 1956
height is based on the 1955 height of D 430, Palmdale (fig. 24),
1960 leveling between D 430 and E 41, and on an assumption
of relative stability between D 430 and E 41 during the period
1955-60. The 1960 height is based on the (spring) 1961 height
of D 430 (fig. 24) and 1960 leveling between D 430 and E 41.
One-standard-deviation error bars show conventionally esti-
mated random error only.
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Mojave developed from successive relevelings
along the Los Angeles-Mojave line. On the other
hand, the height changes along the spur extending
northward from Bryman to Barstow are based in
part on orthometrically compatible observed ele-
vations derived from levelings along the Orange-
Barstow line.

The preuplift datum between Mojave and Dag-
gett is based on March—-May 1961 leveling. Because
the March—-May 1961 heights between Rosamond
and Mojave are almost identical to the 1955 heights
along this section of the Los Angeles-Mojave line,
we have used the results of early-1961 leveling as
the equivalent of a hypothetical 1955 datum—we
have assumed, in other words, that the 1961
heights northward and eastward from Rosamond
to Daggett remained invariant between 1955 and
the beginning of 1961. However, the generation or
extension of a preuplift datum east of Daggett de-
pends on the results of 1944 leveling between Dag-
gett and Cottonwood Pass. That is, it is necessarily
assumed in the reconstruction of the reference da-
tum that the elevation differences based on 1944
leveling eastward from Daggett are the same as
those that would have been obtained had this lev-
eling been carried out no later than March—April
1961 (or in 1955). We have attempted to test this
assumption in three ways: (1) by examining a series
of postulated 194461 regional tilts between Dag-
gett and Amboy that requires, as actually ob-
served, that the elevation difference between Dag-
gett and Amboy be preserved during the period
1944-74, (2) by comparing the results of pre-1961 or
post-1944 levelings against those generated during
or before this period, and, finally, (3) by examining
a series of misclosures involving the results of the
1944 leveling between Daggett and Cottonwood
Pass together with post-1930 and pre-1961 levelings
through the region traversed by the 1944 survey.
The collective results of these tests indicate that
the line between Daggett and Cottonwood Pass
probably sustained little, if any, regional tilting
between 1931 and the beginning of 1961.

Cumulative uplift along the Mojave-Cottonwood
Pass line nearly matches the maximum uplift
(about 0.45 m) detected anywhere within the south-
ern California uplift. However, the most intriguing
feature disclosed through comparisons among the
results of the repeated surveys along this line is
the irregular or almost wavelike eastward propa-
gation of the uplift. Specifically, the results of the
1972/73 surveys suggest that the area eastward
from Boron and northward from Bryman collapsed
by as much as 0.1 m between 1968 and 1972/73, yet

had recovered by an even greater amount by the
following winter. Moreover, the nearly 0.3 m of
uplift that had accumulated at Barstow following
this recovery apparently persisted at least as far
east as Amboy and actually increased southward
to Cottonwood Pass, where the comparison ends.

DETAILED RECONSTRUCTION

The Mojave-Cottonwood Pass line consists of a
primary vertical-control line between Mojave and
Cottonwood Pass, together with a single spur be-
tween Barstow and Bryman (pl. 12). The starting
elevations at Mojave are taken directly from the
results of repeated surveys along the Los Angeles-
Mojave line (see section on “The Los Angeles-Mo-
jave Line”). The starting elevations at Barstow, on
the other hand, are based in part on orthometrically
compatible elevations derived from leveling along
the Orange-Barstow line (see section on “The Or-
ange-Barstow Line” and fig. 34).

The chief, and actually the only, problem en-
countered in the reconstruction of observed ele-
vation changes along the Mojave-Cottonwood Pass
line derives from the development of a suitable pri-
mary (1955-equivalent) datum. Because the height
of Mojave changed almost imperceptibly during
the interval 195561 (pl. 8A; fig. 29), and because
Barstow declined by less than 0.02 m during the
period 1927-April 1961 (fig. 34), it is especially likely
that the results of the March-April 1961 leveling
between Mojave and Daggett (immediately east of
Barstow) very closely matched the values that
would have been generated had this leveling been
carried outin 1955. Hence, a 1955-equivalent datum
between Mojave and Daggett probably is closely
approximated by the results of the March—April
1961 surveys between these points.

While the establishment of a primary (1955-equiv-
alent) datum between Mojave and Daggett is a rel-
atively simple procedure, the generation of a sim-
ilar datum between Daggett and Cottonwood Pass
is much more difficult and much less convincingly
corroborated. The latest preuplift first-order lev-
eling between Daggett and Cottonwood Pass was
carried out in 1944. Thus, even though the actual
1944 heights (with respect to Tidal 8) of marks along
this route are of no direct relevance, we are forced
to begin with the assumption that the elevation
differences generated through 1944 leveling east-
ward from Daggett are the same as those that
would have been produced had these levels been
run in the spring of 1961. We must, in other words,
proceed with the assumption that the area in-
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cluded by the 1944 leveling remained free of re-
gional tilting during the 17-year period between
1944 and the spring of 1961. Corroboration or re-
futation of this assumption depends, accordingly,
on evidence of (or against) regional tilting within
this area during the period 1944—April 1961.

Permissive evidence of relative stability between
Daggett and Amboy during the period 1944-61 is
implicit in the 1944/61-74 profile of elevation
changes, which shows that this reach retained its
vertical integrity through the period 1944-74 (pl.
12). Specifically, the summation of the results of
the 1944 and 1974 surveys between Daggett and
Amboy produces a misclosure of less than 1 em (pl.
12). Although this apparent integrity could have
been preserved through compensating tilts that
preceded and followed the 1961 leveling between
Mojave and Daggett (see, for example, sections on
“The Ventura-Avila Beach Line” and “The Quail
Lake-Hesperia Line”), it is unlikely that such
neatly compensating tilts actually occurred here.
Nevertheless, combinations of pre- and post-uplift
compensating tilts that could have produced the
obviously tight 1944-74 closure around the Dag-
gett-Amboy loop are certainly possible and easily
illustrated. Thus, we have postulated four paired
tilts (fig. 40) where it has been assumed that the
tilt axes shifted in position; identical results are
obtained if it is assumed that the axes of rotation
remained fixed in space.

The effects of a postulated 1944-61 down-to-the-
west tilt between Daggett and Amboy associated
with a comparable 1961-74 down-to-the-east rever-
sal are illustrated in figure 40A. If it is assumed
that the 194461 tilt is expressed as uniform tec-
tonic downwarping of Z displacement beginning at
some point, A, east of Daggett, the vertical integ-
rity between A (or Daggett) and Amboy could have
been maintained by a balanced 1961-74 down-to-
the-east tilt, represented by the dashed line in fig-
ure 40A. Because Daggett rose about 0.30 m with
respect to Tidal 8 between March-May 1961 and
1974 (pl. 12), Amboy would have to have risen by
0.30-Z m during this same interval in order to pre-
serve the 1944 elevation difference between Dag-
gett and Amboy. The cumulative 1961-74 uplift be-
tween A and Amboy associated with this sequence
of movements is represented by the shaded area
in figure 40A. However, the 1961-74 uplift at both
Mojave and Daggett was very close to 0.30 m (pl.
12); thus it is very unlikely that the vertical integ-
rity between these two points could have been pre-
served if Z were other than a very small number.
Moreover, given this reconstruction, the likelihood

that Z was, in fact, a very small number is sup-
ported by the near invariance of bench mark E 43,
Barstow (about 10 km west of Daggett), between
1927 and March—-May 1961 (fig. 34). Expression of
this postulated 1944-61 down-to-the-west tilt as
uplift at Amboy permits an alternative conclusion.
Thus, if Amboy rose by some amount, Z, between
1944 and 1961, compensation could occur during the
period 1961-74 through rotation about an axis at
Amboy that produced Z displacement at A, where
Z in this case represents some fraction of the ap-
proximately 0.30 m of uplift that occurred at both
Daggett and Mojave during the period 1961-74. Ac-
cording to this scenario, then, a significant tilt
could have occurred between Daggett and Amboy
during the 194461 interval and would, in the ab-
sence of any additional information, remain un-
recognized. The cumulative 1961-74 uplift between
A and Amboy would thus be represented by the
eastwardly diminishing values shown by the
shaded area (fig. 40A), yet still preserve the 1944
elevation differences between these two localities.

Balanced regional tilting acting to preserve the
1944 elevation difference between Daggett and
Amboy could also have begun with a 1944-61 down-
to-the-east tilt east of Daggett (fig. 40B). If it is
assumed that this down-to-the-east tilt was gen-
erated about an axis through Amboy and ex-
pressed as upwarp of Z displacement beginning at
A, compensation would require that Amboy sus-
tain positive displacement, Z, with respect to A
during the period 1961-74. Moreover, because Dag-
gett sustained uplift of about 0.30 m between 1961
and 1974, preservation of the 1944 elevation dif-
ference between Daggett and Amboy would re-
quire that the 196174 uplift had increased steadily
eastward from A, as shown by the shaded area (fig.
40B, 1), to a maximum of 0.30 + Z m at Amboy.
This sequence of tilts demands that Amboy should
have sustained even greater uplift between 1961
and 1974 than shown on plate 12, a conclusion that
begins to challenge credibility. Moreover, because
Barstow remained roughly invariant between 1927
and March—-May 1961, the likelihood that Z could
have been more than a few centimeters is very low.
If the postulated 194461 down-to-the-east tilt be-
tween Daggett and Amboy developed through ver-
tical displacement, Z, at Amboy, compensation
would have required a comparable down-to-the-
west tilt during the period 1961-74, as shown by
the dashed line (fig. 40B, 2). Again, moreover, be-
cause Daggett rose about 0.30 m between 1961 and
1974, cumulative 1961-74 uplift would have to have
increased eastwardly from Daggett, as shown by
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the shaded area (fig. 40B, 2), to a maximum value
of 0.30 + Z m at Amboy.

Of the four preceding combinations of tilt that
might have preserved the 1944 elevation difference
between Daggett and Amboy, only one (expressed
schematically in fig. 404, 2) is inconsistent with
1961-74 uplift between Daggett and Amboy of a
magnitude at least as great as that shown on plate
12. Although this combination of regional tilts is
certainly possible, it suggests an extremely un-
likely sequence of movements. Moreover, depend-
ing on the magnitude of Z, this suggested tilt se-
quence simply displaces in time some fractional
value of the uplift at Amboy to the period 1944-61.

A second general approach used in searching for
evidence of regional tilting along or adjacent to the
line of the 1944 levels depends on the results of
level surveys that can be compared with either the
1944 or March—April 1961 datum (pl. 12). We have,
regrettably, discovered only one set of post-1944
surveys that both predates the uplift and can be
compared directly with the 1944 datum. Thus, a
comparison of the results of 1959 third-order levels
against the 1944 datum shows that the maximum
deviation from the mean (with one conspicuous ex-
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ception) over a 15-km reach near Ludlow (roughly
midway between Daggett and Amboy) was less
than 1 ecm (fig. 41). Moreover, the maximum move-
ment of one end of the line with respect to the other
during the same period was about 13 mm (fig. 41).
The apparent uplift of bench mark K 4 (fig. 41),
which is clearly at variance with the preceding gen-
eralizations, is almost certainly the product of sur-
vey error in the 1959 leveling, for it disappears in
comparisons between the results of the 1944 and
1974 levelings. Because the discrepancy between
the measured elevation differences between the
end points of this line based on a comparison be-
tween the results of first- and third-order surveys
ischaracterized by a one-standard-deviation figure
of about 33 mm, the apparent elevation changes
(fig. 41) lie well within the noise level. Hence, it is
unlikely that significant regional tilting occurred
along this 15-km line during the period 1944-59.
Comparisons among 1927,1939, and March—April
1961 first-order levels between Kramer Junction
and Barstow (fig. 42) support the conclusion that
the central Mojave Desert remained virtually free
of regional tilting during the period 1944—61. Thus,
between Kramer Junction and Barstow there was
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FIGURE 40.—Postulated 194461 tilts over unspecified reach between Daggett and Amboy coupled with 1961-74 tilts required to
preserve the elevation difference between these locales during the period 1944-74. Shaded area indicates cumulative 1961—
74 uplift between arbitrary point A and Amboy. Z indicates displacement of uniform tectonic downwarping. A, 1944-61 down-
to-the-west tilt associated with 1961-74 down-to-the-east reversal (dashed line). B, 1944-61 down-to-the-east tilt associated

with 1961-74 down-to-the-west reversal (dashed line).
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very little differential movement during the pe-
riods 1927-39, 1939-61, and 1927-61. Moreover, if
the differential subsidence developed within the
Hinkley Valley ground-water basin (see pls. 3 and
4) is subtracted from these profiles (fig. 42), the
reach between bench marks E 43 and 2368 re-
mained virtually invariant during the period 1939—-
61. West of bench mark 2368, especially during the
period 1927-39, the elevation differences tended to
diverge. Nevertheless, even though the elevation
difference between Barstow and Kramer Junction
increased about 0.04 m during the period 1939-61
(fig. 42), and though this figure is equivalent to
about four standard deviations in the predicted dis-
crepancy between two successive measured ele-
vation differences between E 43 and Q 68, it still
suggests a very small tilt over this 50-km distance
(<1 prad). Moreover, because Kramer Junction lies
along the eastern edge of an area of continuing
tectonic activity, a part of which may have been
involved with the 1952 Kern County earthquake,
we would be surprised to see a complete absence
of differential movement along the western end of
this line. Hence, the relatively limited differential
movement between Barstow and Kramer Junction
during the periods 1927-39, 1939-61, and especially
1927-61 (the last two of which include the 1944 lev-
eling epoch) suggests that the area extending some
indeterminate distance eastward from Barstow re-
mained similarly free of regional tilting during the
period 1939-61.
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FIGURE 42.—Height changes (Ah) between Kramer Junction
and Barstow with respect to bench mark E 43, Barstow. Based
on the results of first-order levelings by the National Geodetic
Survey (NGS lines L-1, L-8531, and L-18230).

A third technique used in assessing the regional
stability along the line of the 1944 leveling between
Daggett and Cottonwood Pass depends on an ex-
amination of misclosures developed from the re-
sults of leveling of varying vintage within and in-
cluding the period 1944-61. Although, as we noted
earlier, small misclosures are less than infallible
indices of tectonic stability during the period of
leveling around a single circuit, examination of an
entire network tends to strengthen (or refute) con-
clusions based on closures. Two classes of misclo-
sure have been used in this assessment: those de-
rived exclusively from first-order surveys and
those derived from a mix of the results of first- and
third-order levelings. This assessment suggests
that little, if any, regional tilting occurred within
the area of the 1944 leveling during the period
1931-61.

All but one short section of the largest of the
loops shown here are based exclusively on first-
order levelings completed between 1931 and
March—April 1961 (fig. 43)—that is, prior to the
propagation of the southern California uplift into
the central or eastern Mojave. The one exception
to this generalization consists of a 35-km survey
segment, between Victorville and Lucerne Valley
that was completed during the fall of 1961, well
after the uplift had extended into this area. Never-
theless, because the elevation difference between
the ends of this segment remained virtually in-
variant between 1935 and October—November 1961,
and because at least three-quarters of this line (de-
fined by the extent of surveys common to both 1953
and 1961) retained its vertical integrity between
1953 and October—-November 1961 (see section on
“The Lucerne Valley Line”), substitution of this
short segment of postuplift leveling for non-
existent 1944-60 first-order work should have a
negligible effect on any resulting misclosures.

The largest single loop considered here is based
on leveling extending over the full period 1931-61;
it is characterized by an observed misclosure of
+0.0466 m and an orthometrically corrected mis-
closure of —0.0110 m around a 633-km circuit (fig.
43). The smaller (403-km) loop, Barstow-Daggett-
Amboy-Twentynine Palms-Yucca Valley-Lucerne
Valley-Victorville-Barstow, isidentified with an ob-
served misclosure of only —0.0175 m and an or-
thometrically corrected miseclosure of —0.0482 m.
Misclosures around both of these loops are well
within first-order limits. Moreover, although the
smaller loop shows a larger misclosure, we suspect
that the measured (observed) misclosures are
nearly as reliable as indices of both stability and
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measurement precision as are the “corrected” (and,
in the case of the smaller loop, larger) closures,
which may be artifacts due to imprecisely formu-
lated orthometric corrections.

The first-order closures defined by the 1944 and
1931-44 levelings (fig. 44) provide some indication
of the pre-1961 stability of the central and eastern
parts of the area traversed by the 1944 surveys.
The misclosure around the 384-km loop Amboy-
Cadiz-Freda Junction-Cottonwood Pass-Twenty-
nine Palms-Amboy (fig. 44) suggests relative sta-
bility during the period 1931-44 and for some in-
determinate period beyond 1944. On the other
hand, the 331-km loop defined solely by the 1944
leveling (fig. 44) shows a misclosure strongly in-
dicative of either measurement error or crustal
movement during the 4-month 1944 survey period.
Because the closures around the larger first-order
loops that include all but the Lucerne Valley-New-
berry Springs segment are well within first-order
limits (fig. 43), it is virtually certain that any crus-
tal deformation that might account for the large
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1944 misclosure must have occurred along this line
between January and April of 1944. However, pro-
files of height changes that compare the results of
various later surveys against a 1944 datum show
no evidence of localized deformation at either end
of the Newberry Springs-Lucerne Valley line (see
pl. 12 and section on “The Lucerne Valley Line”).
Moreover, the occurrence of aseismic tilting of this
magnitude within this particular 4-month period
seems most unlikely.

Alternatively, the misclosure around the 1944
circuit may be due to measurement error. First-
order leveling procedures are so specified that
busts are extremely uncommon; nevertheless, they
do occur, and a good deal of evidence indicates that
the large misclosure around the 1944 loop (fig. 44)
is due to a simple measurement error between Lu-
cerne Valley and Newberry Springs: (1) The ele-
vation differences between two adjacent bench
marks, 1607 and 1604, common to both the 1944
leveling and a 1935 third-order survey (CWA line
G-36) differ by 0.0822 m. Substitution of the 1935
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F1GURE 43.—Misclosures around the circuits Barstow-Daggett-Amboy-Cadiz-Freda Junction-Cottonwood Pass-Twentynine Palms-
Lucerne Valley-Victorville-Barstow and Barstow-Daggett-Amboy-Twentynine Palms-Yucca Valley-Lucerne Valley-Victor-
ville-Barstow (dashed line); based on levelings carried out during the periods 1931-November 1961 and January 1944-No-
vember 1961, respectively. See figure 4 for adopted conventions and explanation of symbols.
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elevation difference between these two marks,
which are located toward the northern end of the
line, would reduce the 1944 observed misclosure
from —0.1194 m (fig. 44) to —0.0372 m, well within
first-order limits. (2) Examination of the 1944 field
books that include the survey data connecting
bench marks 1607 and 1604 shows a 0.091-m dis-
crepancy between TBM 16V and BM 1607. The orig-
inal “back-of-the-rod” reading is given as 1.18 ft;
this reading was later changed to 0.88 ft. If the
original value were correct, the elevation differ-
ence over this section would be reduced by 0.091 m
and the observed misclosure would drop to —0.0284
m. (3) The relatively large misclosures defined by
the two small adjacent loops that include the 1944
Lucerne Valley-Newberry Springs segment are al-
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LUCERNE
VALLEY
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most perfectly balanced (fig. 45). The balanced na-
ture of these misclosures is consistent with a mea-
surement error of about 0.12 m in the 1944 leveling
between Lucerne Valley and Newberry Springs.
Although the balanced aspect of this misclosure is
conceivably attributable to a January—April 1944
down-to-the-north tilt, this postulated tilting is
clearly ad hoc, in the sense that the tilt vector
would have to have virtually coincided with the
survey route in order to preserve the balanced mis-
closures. The preceding evidence, accordingly, con-
vincingly demonstrates that the 1944 misclosure
around the loop Newberry Springs-Amboy-Twen-
tynine Palms-Yucca Valley-Lucerne Valley-New-
berry Springs (fig. 44) is almost entirely attribut-
able to an error of about 0.09 m in the Lucerne
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FIGURE 44.—Misclosures around the circuits Newberry Springs-Amboy-Twentynine Palms-Yucea Valley-Lucerne Valley-New-
berry Springs and Amboy-Cadiz-Freda Junction-Cottonwood Pass-Twentynine Palms-Amboy; based on levelings carried out
during the periods January-April 1944 and 1931-April 1944, respectively. See figure 4 for adopted conventions and explanation

of symbols.
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Valley-Newberry Springs segment. Correction for
this error would reduce the misclosure around this
loop to about 0.03 m. Accepting this correction, all
of the closures defined by the results of first-order
leveling extending from 1931 through the begin-
ning of 1961 are well below first-order limits (figs.
43 and 44) and are clearly consistent with crustal
stability within the area of the 1944 leveling during
the period 1944-61.

A series of small loops, developed from the results
of 1931, 1944, 1956, and 1961 first-order levelings
and 1953 and 1955/56 third-order surveys (fig. 45),
supports the preceding generalization. Although
third-order leveling provides a much less sensitive
vehicle for the detection of crustal deformation
than does leveling of a higher order, the results of
these surveys (all of which were completed well
after the 1944 leveling, yet somewhat before 1961)
define a relatively tight network over the area of
the 1944 first-order leveling. Specifically, all but
one or two of these loops (fig. 45) are identified with
both balanced and very small corrected misclo-
sures. While the loops that include the first-order
1944 survey between Lucerne Valley and New-
berry Springs are relatively large, correction for
the virtually certain 0.09-m error in this line would
reduce these misclosures to about +0.03 m and
—0.03 m, respectively. The relatively large misclo-
sure (—0.0815 m) defined by the Bagdad-Amboy-
Old Dale-Twentynine Palms-Bagdad loop is almost
certainly due to cumulative measurement error in
the third-order line; this particular line includes
the largest end-to-end elevation difference of any
third-order line considered here and is, as such, the
mostsubject to systematic error. The exceptionally
small closure around the adjacent loop probably is
the result o¢f balanced errors in the third-order sur-
veys that define this loop. The misclosures around
the easternmost of the loops, which include the
results of 1931 leveling, are relatively well bal-
anced, particularly if allowance is made for the size
of each of these circuits. Moreover, if it is assumed
that the closure error in the first-order circuit that
includes these loops (fig. 44) is evenly split between
the two, subtraction of this error would increase
the northern misclosure by 0.02 m and decrease
the southern misclosure by 0.02 m. The resulting
“corrected” misclosures would thus become nearly
perfectly balanced and would indicate a measure-
ment error of only about 0.06 m in line PV 274 (or
a 1931/44-55/56 down-to-the-east tilt of this same
magnitude). In short, it is clear that the misclo-
sures developed from this network of combined
first- and third-order surveys suggest, both by their

generally small magnitudes and balanced nature,
that this area remained free of significant (region-
ally defined) tilting from 1931 or 1944 through at
least 1953 and probably through 1955/56.

We have considered three lines of evidence, no
one of which is necessarily compelling, in order to
assess the crustal stability during the period 1944—
61 of the area traversed by the 1944 leveling. Taken
together, however, this evidence provides an ex-
cellent basis for concluding that there was very
little regional deformation during this period and
that we may treat the results of the 1944 levelings
as the equivalent of those that would have been
produced had these levelings been carried cut dur-
ing the early spring of 1961.

Although height changes along the Mojave-Cot-
tonwood Pass line since 1961 (1955-equivalent) are
largely self-explanatory, they are sufficiently dra-
matic that several comments seem in order. Prob-
ably the most startling feature revealed by these
profiles of elevation changes (pl. 12) is the extent
of the large cumulative uplift that apparently oc-
curred between the spring of 1961 and 1974. From
our preliminary studies of this phenomenon (Castle
and others, 1976), we fully expected that the uplift
would close off somewhat east of Barstow and cer-
tainly west of Amboy. It appears instead, however,
that the uplift between Mojave and Amboy rarely
fell below about 0.28 m, and that it actually in-
creased toward the east-southeast (pl. 12).

The growth of the uplift along the Mojave-Cot-
tonwood Pass line was both irregular and, at least
in part, oscillatory. A comparison of the results of
the 1974 surveys against a 1972/73 datum shows
that there was a modest deflation between Mojave
and Kramer Junction during the interval 1972/73—
74, whereas east of Boron clearly defined up-to-the-
east tilting was associated with about 0.12 m of
uplift at Barstow (pl. 12). The axis around which
this tilting occurred is very nearly coincident with
bench mark 2509, which in turn is centered on a
zone of differential uplift that developed between
1961 and 1972/73. Earlier studies (Church and oth-
ers, 1974) show that this uplift coincided with a
more broadly defined band that sustained about
0.5 m of differential uplift during the preceding
(1939-61) survey epoch. Hence, we infer a genetic
connection between this seemingly persistent fea-
ture and the tilt axis between Boron and Barstow.
This evolutionary complexity is equally evident in
the history of movement along the Barstow-Bry-
man spur (pl. 12). Between 1956 (1955-equivalent—
see section on “The Orange-Barstow Line”) and the
fall of 1961 the entire reach between Bryman and
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Barstow rose about 0.15 m; it continued to rise dur-
ing the succeeding period, 1961-68, by 0.06 m and
0.08 m at Bryman and Barstow, respectively. Dur-
ing the period 1968-73, on the other hand, a con-
spicuous reversal occurred which resulted in tec-
tonic subsidence of about 0.08 m at Barstow, as
contrasted with virtual stability at Bryman. Be-
cause it was consistent with a pattern of movement
based on geodetic control emanating from Tidal 8§,
we initially interpreted the 1968-73 down-to-the-
north tilt as an up-to-the-south tilt coupled with
invariance at Barstow during the period 1961-72/
73 (Castle and others, 1976, p. 252). While this ear-
lier judgment is now recognized as clearly incor-
rect, it had little effect on the published reconstruc-
tion, which purports to show the minimum
cumulative uplift developed between 1959 and 1974
and depended heavily on other evidence.

Although the 1961-74 cumulative uplift east-
ward from Barstow was relatively uniform over
most of the Mojave-Cottonwood Pass line, several
significant exceptions challenge this generaliza-
tion. The inflection centering on bench mark S 3
near Newberry Springs (pl. 12) marks the western
end of a 0.05 m tilt between S 3 and V 727 (about
6 prad). Moreover, because this differential move-
ment lay athwart the active right-lateral Pisgah
fault, it is reasonably interpreted as an expression
of strain accumulation along this fault. South of
bench mark K 725, cumulative uplift increased well
above the 0.28-0.30 m that prevailed north and
west of this point to a maximum value of over 0.40
m at Twentynine Palms. Between Twentynine
Palms and the end of the line, the magnitude of
the uplift ranged within narrow limits and dropped
off by only about 0.05 m between bench marks N
724 and 2H (MWD). This very small decrease implies
a very steep gradient in the 1961-74 isobases of
equal height change between Cottonwood Pass and
Mecca (see section on “The Colton-Mecca Line”).
Finally, although there is a vaguely defined asso-
ciation between the differential uplift developed
between K 725 and 2H (MWD) and the relatively
elevated Pinto and Hexie Mountains, the correla-
tion between uplift and terrain is certainly very
poor (pl. 12). Hence, it is unlikely that the differ-
ential uplift south of K 725 is unreal and attrib-
utable simply to systematic survey error.

The pattern that emerges from even this frag-
mentary reconstruction of height changes along
the Mojave-Cottonwood Pass line suggests an al-
most wavelike west-to-east propagation of uplift
during the period 1961-74. That is, between the
spring and fall of 1961, an initially large uplift per-

vaded this area at least as far east and north as
Barstow. This was followed by additional although
lesser uplift between 1961 and 1968 which in-
creased south to north and perhaps west to east
as well. Similarly, sometime after 1968, but before
1972/73, collapse occurred within the quadrant de-
fined by Barstow at the center and Boron and Bry-
man along its western and southern margins, re-
spectively. Between 1972/73 and 1974, further uplift
overcame and in fact exceeded this localized sub-
sidence eastward from Boron to and beyond Bar-
stow and was accompanied by modest downwarp-
ing in the area between Boron and Mojave.
Because this second major surge of uplift occurred
between 1972/73 and the following winter, we infer
that the eastwardly increasing increment of uplift,
produced sometime after 1968 but before 1974 (com-
pare pl. 12 and sections on “The Lucerne Valley
Line” and “The Colton-Mecca Line”), probably de-
veloped during this same interval (1972/73-74).

THE COLTON-MECCA LINE
GENERAL REMARKS

Because the Colton-Mecca line (pl. 13) forms a
spur off the Orange-Barstow line, many of the prob-
lems associated with the assessment of height
changes along the Orange-Barstow line apply to
this line as well. In addition, reconstructed height
changes along the Colton-Mecca line are compli-
cated by the fact that the successively developed
heights are based on only two virtually continuous
levelings (the 1931 and 1968) emanating directly
from Tidal 8, and one of these (the 1931) probably
is seriously contaminated by intrasurvey move-
ment. Moreover, while the results of 1956 leveling
can be reconstructed as a reasonable equivalent of
a hypothetical 1955 datum at the extreme western
end of the line, the fragmentary development of
the 1956 data, together with the otherwise indirect
ties with Tidal 8, precludes use of the 1956 surveys
as a generally appropriate preuplift datum.

Since the 1956 data cannot be used for this pur-
pose, the results of the 1931 leveling provide the
only potentially suitable alternative preuplift da-
tum. However, three independent lines of evidence
indicate that the 1931 leveling was error ridden,
owing chiefly, in our judgment, to intrasurvey de-
formation. Arguments suggestive of major errors
in the 1931 leveling include unusually large (above
limits) misclosures against the primary 1931 lev-
eling developed from nearly temporally equivalent
levelings, a large discrepancy between the 1931 and
1944/61 reconstructed heights for the junction



THE RECONSTRUCTION 81

bench mark at Cottonwood Pass, and measurably
significant subsidence of a primary junction bench
mark south of Riverside sometime between the
summer of 1931 and the following winter. Thus,
because the 1931 leveling produced, at the very
least, ambiguous heights, we are left without a suit-
able preuplift datum over nearly all of the main
line.

A similar problem attaches to the use of the lat-
est of the postuplift levelings—that is, the results
of the 1974/76 survey. Nearly all of the most recent
leveling between Colton and Mecca and White
Water and Twentynine Palms was carried out in
1976, and the results of these surveys have been
provisionally tied to the 1974 height of the junction
bench mark at Colton. However, a good deal of col-
lectively compelling evidence indicates that the
Colton-Mecca line sustained major tectonic col-
lapse sometime between 1974 and 1976. Thus, even
though there are several ways whereby we can
estimate the cumulative vertical displacements
along this line during the interval 1968-76, height
changes that occurred between 1968 (or 1956) and
1974 can be developed along only a few segments
(based in part on the use of the 1976 misclosure on
the results of the 1974 leveling between Twenty-
nine Palms and Mecca) and at the junction points
between the 1974 and 1976 leveling at Mecca and
Twentynine Palms.

In spite of the disjointed and limited reconstruc-
tion of accurate heights along the Colton-Mecca
line, several significant sets of height changes
emerge from even these partial comparisons. Spe-
cifically, comparisons of the results of subsequent
levelings against a 1956 datum indicate that the
area extending from Mecca northwestward to In-
dio and southward toward Truckhaven experi-
enced modest but well-defined tectonic subsidence
between 1956 and 1968. This subsidence was ap-
parently overcome by 1974, during the 1968-74
0.13-0.18-m uplift of Mecca. Similarly, through a
combination of the results of the 1974 and 1976
surveys, we can also show that virtually the entire
line between White Water and Twentynine Palms
probably sustained uplift of no less than several
tenths of a meter during the interval 1968-74. Fi-
nally, the results of the 1976 leveling, together with
the recognition of about 0.13 m of subsidence at
Colton during the period 1974-76, indicate that by
1976 the main line between Colton and Mecca had
collapsed well below the 1968 datum, and that much
of the line probably collapsed below a hypothetical
preuplift datum as well.

DETAILED RECONSTRUCTION

The Colton-Mecca line consists of a primary ver-
tical-control line between Colton and Mecca, to-
gether with a spur between White Water and Twen-
tynine Palms, a second very short spur extending
northeastward from Indio, and a third short spur
between Mecca and Truckhaven (pl. 13). The start-
ing elevations are taken, insofar as possible, di-
rectly from the temporally equivalent junction
bench mark elevations along the Orange-Barstow
line. The 1931 starting elevation is based on nearly
continuous leveling between Tidal 8 and bench
mark M 71, Banning, completed during the period
July(?) 1931-March 1932 (NGS lines L-386 and L-
7407). The 1931 observed elevation of M 71 has been
orthometrically corrected to agree with the ob-
served elevation which would have been obtained
had this leveling followed the primary route
through Riverside and Colton eastward to Ban-
ning. The 1956 starting elevations are based on
local datums—an assumption of stability, in other
words, at bench marks D 39, P 517, S 70, and H 516
during the periods 1956-61, 195676, 1931-68, and
1956-68/69, respectively. The 1969/73 White Water-
Twentynine Palms datum depends on an assump-
tion of relative stability along this line during the
period 1969-73 (see section on “The Lucerne Valley
Line”), together with a starting elevation based on
the 1968 elevation of bench mark 603-68; the 1976
starting elevation of 603-68 is based on 1975/76 lev-
eling extending eastward from Colton (pl. 13). Ow-
ing to uncertainties in both the 1931 and 1956
heights toward the eastern end of the Colton-Mecca
line, all height changes along the Indio spur are
referred to bench mark S 70 (pl. 13).

Although we have profiled observed elevation
changes here against a 1931 datum (pl. 13), chiefly
because this datum was developed from the most
recent preuplift surveys between Tidal 8 and Indio
completed within a reasonably short period (March
1931-March 1932; NGS lines L-386 and L-7407), the
results of the 1931 surveys regrettably cannot be
equated with those that would have been devel-
oped in 1955 (or the spring of 1961). Moreover, not
only have we been unable to establish a satisfac-
tory preuplift (1955-equivalent) datum along this
particularly critical line, observed elevations de-
veloped from the 1931 surveys probably form a gen-
erally invalid datum, a judgment that has nothing
to do with the quality of the measurements.
Rather, comparisons between the results of dis-
connected pre- and post-1931 surveys show that the
region traversed by the Colton-Mecca line was
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characterized by significant crustal mobility dur-
ing the period 1928-56. Moreover, it seems likely
that nearly all of the differential movement im-
plied by comparisons with the 1931 datum is tec-
tonic, for none shows any evident association with
known areas of fluid extraction (compare pls. 4 and
13). Hence, while the most obvious conclusion that
could be drawn from the results shown on plate 13
is that the cumulative movement during the pe-
riods 1931-68 and 1931-74/76 was conspicuously
negative, this conclusion is suspect and contrasts
significantly with conclusions developed from the
results of post-1931 levelings.

Several lines of evidence indicate that the results
of the 1931 surveys cannot be viewed as a reliable
basis for the development of “true” or instanta-
neously established elevations with respect to
Tidal 8. Specifically, we conclude that the junction
bench mark at White Water rose about 0.15 m and
by as much as 0.16 m during the periods 1961-68
and 1968-74, respectively, and that the height of
Mecca increased by as much as 0.18 m during the
period 1968-74 (see below and section on “The Lu-
cerne Valley Line”), a conclusion that suggests
that the 1931 heights along the Colton-Mecca line
must have been almost unbelievably high. Simi-
larly, simple comparisons between 1928 and 1931
observed elevations (with respect to Tidal 8) indi-
cate that the Banning area sustained about 0.07
m of uplift during the period 1928-31. Because this
area was elevated about 0.4 m during the period
1902-28, and probably largely during the period
1902-14 (Wood and Elliott, 1979, p. 254-256), it
seems unlikely (but certainly not impossible) that
continuing major uplift could have persisted into
the period 1928-31.

A further indication that the 1931 heights (as
reconstructed here) are of questionable validity
emerges from a comparison between the 1931 and
1974 observed elevations at Cottonwood Pass. The
1931 elevation of 2H (MWD) based on leveling via
Riverside, Banning, and Indio, is given as 526.7318
m, whereas the 1974 elevation based on leveling
via Palmdale, Mojave, and Twentynine Palms is
given as 526.7638 m, for a difference of only 0.0320
m. Application of orthometric corrections based on
normal gravity would increase these figures to
526.7386 m and 526.7843 m, respectively, and thus
increase the 1931-74 difference slightly to 0.0457
m. Use of orthometric corrections based on ob-
served gravity would further modify this differ-
ence by no more than a few millimeters, for the
observed gravity orthometric closure around
nearly identical paths (fig. 46) differs from that

based on normal gravity by only 7 mm. Accord-
ingly, because a comparison between the 1944/61
and 1974 heights of 2H (MWD) based on leveling
over the same route indicates that this mark rose
about 0.35 m (see section on “The Mojave-Cotton-
wood Pass Line”), it suggests either that the 0.35-
m figure is based on an improper reconstruction or
that the 1931 observed elevation is invalid. In fact,
abundant evidence indicates uplift of 2H (MWD) of
0.30-0.35 m (and certainly no less than 0.25 m) (see
sections on “The Los-Angeles-Mojave Line” and
“The Mojave-Cottonwood Pass Lines”). Moreover,
to contend that there was virtually no uplift of this
mark during the period 1961-74 directly contra-
dicts the results of the 1931-76 comparison be-
tween Cottonwood Pass and the Arizona border,
which shows that differential uplift of 2H (MWD)
with respect to Parker Dam could have been no
less than and probably a good deal more than 0.27
m during the period 1931-74 (see section on “The
Cottonwood Pass-Parker Dam Line”).

Although various indirect arguments indicate
that reconstruction of the results of the 1931 sur-
veys has almost certainly produced an invalid (ex-
aggerated) observed elevation for bench mark 2H
(MWD), an explanation of the source of this invalid
determination is of more than academic impor-
tance to this study. That is, if the discrepancy be-
tween the 1931 and the 1944/61 elevations of 2H
(MWD) cannot be explained, it casts great doubt on
the 1972/73-74 eastward propagation of the south-
ern California uplift implied by the comparison
shown on plate 12.

Several lines of evidence indicate that the dis-
crepancy between the 1931 and 1944/61 observed
elevations of 2H (MWD) is attributable chiefly to
the occurrence of crustal deformation during the
1931/32 leveling eastward from Tidal 8: (1) The ob-
served misclosure around a narrowly defined loop
between Cabazon and Indio, derived from first-or-
der leveling carried out during the spring of 1931,
is given as —0.0684 m (fig. 47). Orthometric correc-
tions based on normal gravity reduce this closure
to 0.0669 m. However, because this circuit lies
astride the San Andreas fault, an orthometric cor-
rection based on observed gravity has also been
caleulated; this recalculated value (—0.0148 m) en-
larges the misclosure to —0.0832 m. Hence, the cor-
rected misclosure implies a down-to-the-west tilt of
more than 0.08 m between 1D (MWD) and 1442
USGS during the interval bracketed by the level-
ings of March 26-May 15, 1931, and May 31-June
12, 1931 (fig. 47), a remarkably large tilt developed
over a remarkably short period. (2) Several rela-
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tively small circuits between White Water and Ca-
jon Pass that either involve or closely bracket the
1931 leveling produce misclosures ranging from
0.0847 m (NGS lines L-11 and L-991) to 0.1594 m
(NGS lines 82464 and L-5334; USGS line B 6637).
Disregarding measurement errors, orthometric
corrections, and any differential movement be-
tween Riverside and Colton during the period
1928-34, the smallest of these misclosures (based
exclusively on first-order leveling) is consistent
with down-to-the-west tilting of more than 0.08 m
between the 1928 and the 1931 surveys—probably
carried out entirely during the summer of 1931 (W.
Edwards, Metropolitan Water District of Southern
California, oral commun., 1977). (3) The observed
elevation of bench mark M 38 of 242.3681 m, used
here as a starting elevation for the 1931 leveling
eastward to Indio, is based on leveling between
Tidal 8 and M 38 via Orange carried out largely
during the period February—March 1932. The ob-
served elevation of M 38, based on leveling between
Tidal 8 and M 38 via Los Angeles and Ontario, car-
ried out largely during the period August-Decem-
ber 1931, is given as 242.4266 m. Hence, while we
have again made no attempt to incorporate any
orthometric correction in this comparison, the

MORONGO VALLEY

[~ 34°00'
117°00"

COACHELLA

H7°00"

116°00'
L 33000’

33°00'—L—

FIGURE 47.—Misclosure around the circuit Cabazon-Morongo
Valley-bench mark 1D (MWD)-Coachella-Cabazon based on
leveling carried out during the period March 26, 1931-June
12, 1931. This misclosure enlarges to —0.0832 m where the
orthometric correction is based on observed gravity. See fig-
ure 4 for adopted conventions and explanation of symbols.

0.0579-m difference between these two “1931” ele-
vations argues that M 38 probably subsided about
0.05 m sometime between the summer of 1931 and
the following winter. The preceding evidence
strongly suggests, accordingly, that crustal col-
lapse, probably proceeding from east to west, oc-
curred during the course of the 1931 leveling. For
example, simply substituting the alternative ele-
vation differences disclosed by the two described
misclosures involving the 1931 leveling diminishes
the 1931 observed elevation of 2H (MWD) to
526.5787 m and, hence, increases the 1931-74 uplift
of this mark to 0.1851 m (0.1988 m, if orthometric
corrections based on normal gravity are added to
the observed elevations). Regardless of the validity
of this particular reconstruction of the 1931 ob-
served elevation of 2H (MWD), it now seems certain
that crustal deformation during the 1931 leveling
virtually guaranteed the generation of an invalid
height for this mark; whether the resulting height
could be expected to have been higher or lower than
the “true” height is a function of the distribution
of the 1931 leveling in both space and time relative
to the concomitantly evolving deformation.

The likelihood that the actual 1931 height of 2H
(MWD) is closely approximated by the orthomet-
rically corrected results of the 1961/44 leveling into
this mark via Los Angeles, Mojave, Barstow, and
Amboy (see sections on “The Los Angeles-Mojave
Line” and “The Mojave-Cottonwood Pass Line”)—
and, hence, that 2H (MWD) in fact rose about 0.35
m between the beginning of 1961 and 1974—is con-
vincingly supported by the results of 1926/27/31 lev-
elings into this mark through southwestern Ari-
zona. The 1931 height developed from leveling via
Los Angeles, Mojave, Barstow, and Amboy is again
based on an assumption of invariance between
Daggett and Cottonwood Pass during the period
between 1931 and March—April 1961 (see section on
“The Mojave-Cottonwood Pass Line”). The 1931
height developed from leveling through south-
western Arizona is based on one correction and one
assumption. Because the 1926/27 leveling ema-
nated eastward from San Diego, the tie between
Tidal 8 and San Diego is based on a combination
0f 1931/32 and 1932/33 levelings that have been cor-
rected for about 0.01 m of compaction-induced sub-
sidence during the 1931/32-1932/33 junction inter-
val at Santa Ana (Castle and Elliott, 1982, p. 7005,
7014-7015). Similarly, the establishment of a 1931
height for 2H (MWD) based on the 1926/27 leveling
through southwestern Arizona has required that
we assume that the height difference between the
starting mark (M 57), adjacent to the San Diego



THE RECONSTRUCTION 85

Municipal Pier tide station, and bench mark 22 Q,
about 20 km east of Parker Dam (see section on
“The Cottonwood Pass-Parker Dam Line”), re-
mained invariant during the period 1926/27-31.
This assumption is strongly supported by the near
certain tectonic stability of the Municipal Pier tide
station during historical time (Castle and Vanicek,
1980, p. 292; K. R. Lajoie, oral commun., 1983) and
the geologically inferred stability at the site of
bench mark 22 Q along the Bill Williams River in
southwestern Arizona (Suneson and Lucchitta,
1983, p. 1006-1008). Based on the stated assump-
tions and correction, the 1931 observed elevation
of 2H (MWD) obtained from the 1961/44 leveling via
Los Angeles, Mojave, Barstow, and Amboy is
526.4073 m (NGS lines L-11067, L.-11069, L-11115, L-
18230, L.-18296, 1.-18299, and L.-18364), whereas that
obtained from the 1926/27/31/32/33 leveling via
southeastern California and southwestern Ari-
zona is 526.4620 m (NGS lines 82606, 82625, 82632,
L-386, L-570, and L-7407). Orthometric corrections
based on normal gravity produce 1931 heights for
this mark of 526.3512 m and 526.3966 m, respec-
tively. Where the orthometric corrections are based
on observed gravity, the separately determined
1931 heights for 2H (MWD) are given as 526.4707
m and 526.4877 m, respectively. While this exercise
provides no assurance that the area between Dag-
gett and Cottonwood Pass remained free of defor-
mation during the period between 1931 and the
beginning of 1961, it does demonstrate that 2H
(MWD) remained virtually fixed in height between
1931 and at least as late as 1944 and that the uplift
at Cottonwood Pass during the period 1931-1974 is
much more accurately described through use of the
results of the 1961/44 leveling via Los Angeles, Mo-
jave, Barstow, and Amboy than it is by those ob-
tained from the 1931/32 leveling via Riverside and
Banning.

Height changes profiled against a 1956 datum
involve an assumption of invariance at bench
marks D 39, P 517, S 70, and H 516 during the pe-
riods 1956-61, 1956-76, 193168, and 1956-68/69, re-
spectively (see above). Although this assumption
is clearly invalid in terms of the stability of these
marks with respect to Tidal 8, it provides a basis
for showing differential movement significant to
the evolution of the southern California uplift. An
alternative reconstruction of elevation changes
along the short segment eastward from D 39
(shown by the dashed-line representation, p. 13) is
drawn from a reconstruction of the 1956 height of
D 39 based on 1956 surveys between Colton and
Barstow. Because the stability of Colton during the

period 195661 is doubtful, whereas Barstow is be-
lieved to have remained relatively stable between
1926/27 and the spring of 1961, the alternative re-
construction is preferred (see section on “The Or-
ange-Barstow Line”).

Although the 1968 leveling was completed during
a period of relative quiescence, the 1974/76 surveys
extended over a 3-year period (1973-76) during
which considerable deformation occurred, such
that a comparison of the results of the 1974/76 sur-
veys against a 1968 datum probably differs signif-
icantly from that which would have been obtained
had the later leveling been run entirely in 1974.
That is, while the 1968-74/76 comparison may ap-
proximate the cumulative movement with respect
to Tidal 8 between 1968 and 1976, this cumulative
representation cannot be used as a basis for esti-
mating the maximum uplift developed along this
line since 1968. Similarly, while comparisons of the
results of the 1976 leveling against the combined
1969/73 datum along the White Water-Twentynine
Palms spur suggest no more than about 0.12 m of
uplift at Yucca Valley, 0.08 m at Twentynine Palms,
and virtually zero uplift at White Water, these val-
ues are almost certainly less than the uplift de-
veloped at these points between 1968/69 and 1974.

Probably the most direct way of showing the ex-
tent to which the 1974 heights along the Colton-
Mecca line had changed by 1976 is through the
examination of the 1968-74 height changes at sev-
eral junctions along this line that can be deter-
mined independently of those shown on plate 13.
(1) The 1968 observed elevation of bench mark H
516, Mecca, is given as —54.9160 m; the 1974 ele-
vation of H 516, based on leveling via Mojave, Bar-
stow, and Amboy, is given as —54.7450 m. Appli-
cation of orthometric corrections based on normal
gravity increases these values to —54.9100 m and
—54.7217 m, respectively. Owing to the length (~
1,000 km) and breadth of the circuit defined by the
1974-68 leveling, orthometric corrections based on
observed gravity have also been calculated; these
corrections further increase the 1968 and 1974
heights to —54.8990 m and —-54.7190 m, respec-
tively. Accordingly, the 1968-74 uplift at H 516
probably was very close to 0.1800 m (or 0.1300 m—
see section on “The Los Angeles-Mojave Line”). Be-
cause a comparison between the 1968 and 1974/76
observed elevations of H 516 (—54.9160 m and
—54.8977 m, respectively) indicates that this mark
rose by only 0.0183 m during the period 1968-74/76
(pl. 13), H 516 apparently subsided by about 0.16 m
(or 0.11 m— see above) during the interval 1974—
76, provided, of course, that the starting elevation
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of D 39 remained unchanged during this same pe-
riod. A down-to-the-east tilt developed between Col-
ton and Mecca during the period 1974-76 is sug-
gested by the +0.1689 m clockwise misclosure
around the 896-km Colton-Saugus-Mojave-Amboy-
Mecca-Colton loop defined by the “1974”-76 sur-
veys (fig. 46) and, hence, tends to corroborate the
1974-76 subsidence of Mecca deduced from a direct
comparison with the 1968-74 uplift. The smaller
misclosure (0.1184 m) around the 1974-76 loop that
bypasses the 1972/73 Saugus-Palmdale leg (fig. 46)
suggests that the 1974-76 differential movement
between Colton and Mecca may have been some-
what less than 0.17 m. (2) The 1968-74 uplift of the
junction bench mark (603-70) at White Water may
be estimated by assuming either that the elevation
difference between White Water and Mecca re-
mained invariant between 1968 and 1976, or that
the elevation difference between White Water and
Twentynine Palms remained invariant between
1974 and 1976. Acceptance of the first of these as-
sumptions indicates that White Water (specifically,
bench mark 603-70) rose by 0.1800 m during the
period 1968-74—that is, by an amount equal to that
sustained at H 516 during the same interval—as
contrasted with cumulative uplift at White Water
between 1968 and 1974/76 of only 0.0136 m (pl. 13).
The second or alternative assumption is supported
by the misclosure around the circuit White Water-
Yucca Valley-Twentynine Palms-Mecca-White
Water defined by the 1974/76 leveling (fig. 48). Thus,
the misclosure based on observed elevation mea-
surements around this circuit is only 0.0558 m, and
although this figure is enlarged to 0.0768 m
through the inclusion of the orthometric closure
based on normal gravity, a manually computed cor-
rection based on observed gravity changes the
clockwise orthometric closure from +0.0210 m to
—0.0186 m and, hence, reduces the misclosure to
only 0.0372 m. Even though this misclosure rigor-
ously describes no more than the relative defor-
mation between Twentynine Palms and Mecea, it
suggests that the area included by this loop sus-
tained very little differential movement during the
period 1974/76. Proceeding with the postulated as-
sumption of invariance between White Water and
Twentynine Palms, the 1974 observed elevation of
bench mark Z 1250, Twentynine Palms, based on
leveling via Mojave, Barstow, and Amboy is given
as 591.2618 m, whereas the 1974/76 observed ele-
vation of this mark based on leveling via Colton,
White Water, and Yucca Valley is given as 591.1604
m. Corresponding, orthometrically corrected
heights based on normal and observed gravity, re-

spectively, are 591.2498 m and 591.2920 m (1974)
and 591.1529 m and 591.1455 m (1974/76). Use of the
orthometrically corrected figures based on ob-
served gravity indicates that Z 1250 collapsed
0.1465 m between 1974 and 1976. Hence, the 1974
heights of Z 1250 and, by extension, of 603-70 were
at least 0.1465 m greater than those produced by
the 1976 leveling eastward from Colton (see below).
These calculations argue that the 1968-74 uplift of
bench mark 603-70 was equal to the sum of 0.0136
m (the cumulative uplift between 1968 and 1974/76)
and 0.1465 m, or 0.1601 m. Because these alterna-
tive assumptions produce estimates of the uplift at
603-70 that agree very closely (0.1800 m versus
0.1601 m), we conclude that White Water probably
rose at least 0.16-0.18 m during the period 1968—
74. The corollary of this conclusion is that bench
mark 603-70 probably subsided 0.14—0.16 m between
1974 and 1976—provided, of course, that D 39 re-

mained invariant during the period 1974-76.
The preceding estimates of uplift at White Water
between 1968 and 1974 and tectonic subsidence at
TWENTYNINE

YUCCA VALLEY PALMS

7058-20 zZ 1250
L-24074 (6-7/76)

RIVERSIDE CO (7-9/76)
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FIGURE 48.—Misclosure around the circuit White Water-Yucca
Valley-Twentynine Palms-Mecca-White Water based on lev-
eling carried out during the period March 1974—September
1976. This misclosure is reduced to +0.0372 m where the or-
thometric correction is based on observed gravity. See figure
4 for adopted conventions and explanation of symbols.
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White Water, Twentynine Palms, and Mecca during
the period 1974-76 (as well as of cumulative move-
ment along the entire line between Colton and
Mecca between 1968 and 1974/76) have been based
on the previously stipulated but unverified as-
sumption of invariance at bench mark D 39 during
the interval 1974-76. While evidence of cumulative
uplift of D 39 during the period 1974-76 is, at best,
equivocal, there is excellent evidence that D 39 ac-
tually subsided by as much as 0.13 m during the
full interval 1974-76/77. The clockwise misclosure
based on observed elevation measurements around
the circuit San Pedro-La Canada-Palmdale-Llano-
Hesperia-Colton (1976/77)-San Pedro (1973/74) is
given as —0.1624 m (fig. 49). Orthometric correc-
tions based on normal and observed gravity reduce

35°00'
119°00'

-

-

LA CANADA

19°00"
I— 34°00'

+

L-241/6 (8-9/76)

SAN PEDRO

\TIDAL 8

FIGURE 49.—Misclosure around the circuit San Pedro-La Canada-Palmdale-Llano-Hesperia-Colton-San Pedro based on leveling
carried out during the period July 1973—-April 1977. This misclosure is reduced to —0.1270 m where the orthometric correction
is based on observed gravity. See figure 4 for adopted conventions and explanation of symbols.
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this misclosure to —0.1428 m and —0.1270 m, re-
spectively. However, even though we are reason-
ably certain that D 39 subsided about 0.13 m be-
tween 1974 and 1976/77, we are uncertain when this
collapse occurred with respect to the completion of
the 1976 leveling eastward to Mecca. The evidence
now before us indicates that tectonic subsidence of
the Los Angeles-La Cafiada area may have oc-
curred as early as the fall of 1974 and almost cer-
tainly no later than July 1976 (see section on “The
Los Angeles-San Bernardino Line”), Similarly,
massive subsidence of both Mecca and Twentynine
Palms (with respect to D 39), together with demon-
strable collapse of much of the eastern Mojave that
apparently occurred between 1974 and the summer
of 1976 (see above and section on “The Cottonwood

35°00'

17°00*
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/— PV 996 (USGS),(11/76-4/77)
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Pass-Parker Dam Line”), suggests that the crustal
disturbance that produced the subsidence of D 39
had largely run its course by the spring of 1976.
Finally, R. C. Jachens (written commun., 1977) has
shown through precise gravity ties between Riv-
erside and Glendale (adjacent to La Canada) that
gravity changes at Glendale with respect to Riv-
erside were +18 = 4 nGal during the period June
1976-May 1977 (two gravity meters) and +6 * 6
wGal during the period October 1976-May 1977
(three gravity meters). These observations, ac-
cordingly, are at least consistent with the probable
cessation of massive subsidence by September of
1976.

The implications of as much as 0.13 m of tectonic
subsidence at Colton between 1974 and the spring
of 1976 are, at the very least, disturbing. Specifi-
cally, if the 1974-76 subsidence of D 39 is disre-
garded, the already impressive determinations of
tectonic collapse at White Water, Mecca, Twenty-
nine Palms, Amboy, Cottonwood Pass, and Frink,
based on an assumption of invariance at D 39 dur-
ing the same interval (see above and sections on
“The Cottonwood Pass-Parker Dam Line” and “The
Cottonwood Pass-Frink Line”), may be underesti-
mated by as much as 0.13 m. Moreover, because we
have discovered no evidence to suggest that any
significant fraction of the subsidence of D 39 oc-
curred after the completion of the 1976 leveling
eastward to Mecca, whereas there is both direct
and indirect evidence of the collapse of Colton be-
tween 1974 and the summer of 1976, the profiles of
height changes based on comparisons of the results
of the 1976 surveys against the 1968 and 1969/73
datums (pl. 13) probably should be dropped by
0.1270 m. In other words, the 1968-76 cumulative
vertical displacements between Colton and Mecca
and between White Water and Twentynine Palms
may have been uniformly negative.

The preceding discussion demonstrates, at the
very least, that the profiled height changes along
the Colton-Meccaline (pl. 13) are the most equivocal
of any considered to this point and could, in the
absence of any other information, seriously mis-
lead us. Thus, the height changes measured
against a 1931 datum are certainly suspect, at least
to the extent that this datum could hardly be se-
lected as a 1955-equivalent. Similarly, while the
relative movements over the full period 1968-76,
with respect to virtually any control point along
this line, can be assessed and accepted, there is no
direct evidence indicating that this period actually
harbored a dramatic aseismic vertical oscillation.
Nevertheless; and in spite of the ambiguity inher-

ent in the results of all but the 1968 leveling, these
reconstructions provide additional insight into the
history of vertical movement along the south flank
of the southern California uplift.

Although the profiled height changes along the
Colton-Mecca line (pl. 13) are ambiguous and even
misleading, they provide a basis for several useful
generalizations, particularly when coupled with
additional information. For example, although the
1931 datum is clearly suspect, it is very unlikely
that the true 1931 heights fell below the 1976
heights between Banning and Indio; hence, if the
1931 heights even approached those that obtained
in 1955, it is equally unlikely that post-1955 uplift
persisted along the main line through 1976. Simi-
larly, height changes since 1956 along the western
end of the main line probably are closely approxi-
mated by the dashed-line representations (pl. 13).
Again, however, the post-1956 uplift is incom-
pletely described by the cumulative movements
profiled here (see section on “The Orange-Barstow
Line”). Moreover, while we have plotted the 1956
68 and 1956-76 height changes along the eastern
end of the line with respect to local datums (pl. 13),
estimates of height changes with respect to Tidal
8 during the period 1956—68 (or 1956-76) can be
determined through a knowledge of the height his-
tory of any bench mark included in these several
surveys. Thus, if it is accepted that H 516, Mecca,
rose 0.0023 m with respect to Tidal 8 during the
interval 1955/56—68 (fig. 50), in order to show the
1956—68 displacements with respect to Tidal 8, the
1956-68 profiled height changes along the main
line should be datum-shifted by —0.0887 m, those
along the Indio spur by —0.0557 m, and those along
the Mecca-Truckhaven spur by +0.0023 m. In other
words, bench marks S 70, P 517, and 1C (MWD) are
interpreted as having subsided 0.0557 m, 0.0887 m,
and 0.1177 m, respectively, between 1956 and 1968.
Moreover, this tectonic subsidence apparently in-
creased southward from Mecca as well. That is,
again accepting the 0.0023 m of uplift at H 516 with
respect to Tidal 8 during the interval 1955/566-68
(fig. 50), representative bench marks C 517 and G
577 sustained height changes of —0.0466 m and
—0.0835 m, respectively, during this same interval.
Perhaps significantly, the form of the differential
subsidence developed north of Mecca between 1956
and 1968 apparently persisted through 1976, re-
gardless of whether Mecca remained invariant be-
tween 1968 and 1976 (fig. 50A) or actually subsided
about 0.13 m (fig. 50B). Finally, even though ecom-
parisons against the 1968 datum permit the deter-
mination of no more than cumulative height
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changes and, therefore, obscure such intraperiod
movements as may have occurred between 1968
and 1976, localized differential movements can be
determined with considerable confidence. For ex-
ample, the narrow zone of differential uplift cen-
tering on bench mark H 525 is very well defined
and is certainly real; because this uplift cannot be
reasonably attributed to elastic rebound accom-
panying recharge of the Bunker Hill ground-water
basin (pl. 4), it is likely that it is an expression of
strain accumulation on the Banning fault near its
junction with the San Jacinto fault (pl. 2).

THE COTTONWOOD PASS-PARKER DAM LINE
GENERAL REMARKS

The Cottonwood Pass-Parker Dam line (pl. 14) is
in effect a continuation of the Mojave-Cottonwood
Pass line. It has not been treated as such, however,
because the described signalis based on the results
of only two levelings, the latest of which (the 1976)
was produced subsequent to the 1974-76 tectonic
collapse that pervaded the Colton-Mecca line and
apparently extended into the Cottonwood Pass
area as well. Accordingly, the up-to-the-west tilt
based on the results of the 1976 leveling between
Parker Dam and Cottonwood Pass is almost cer-
tainly a minimum expression of the 1955-74 uplift
along this line. The results of the 1976 leveling be-
tween Cottonwood Pass and Parker Dam probably
differ significantly from the observed elevation dif-
ferences that would have been obtained had this
survey been completed in 1974; however, it is much
less likely that the 1931 elevation differences along
this line are significantly different from those that
would have been obtained in 1955. This conclusion
is supported explicitly by the very small misclosure
involving both 1931 and 1944 leveling around the
circuit Cottonwood Pass-Amboy-Freda Junction-
Cottonwood Pass, by the previously developed evi-
dence of regional stability within the area extend-
ing east-southeastward from Daggett to Cotton-
wood Pass between 1944 and the early spring of
1961, and by the excellent correspondence between
the 1926/27/31/32/33 and 1944/61 heights for the Cot-
tonwood Pass junction mark developed from lev-
elings through southwestern Arizona and the
western Mojave Desert, respectively.

The results of a variety of measurements indi-
cate that the entire region traversed by the Cot-
tonwood Pass-Parker Dam line, including the area
extending westward from Freda Junction to Am-
boy, sustained major tectonic deformation during
the period 1974-76. Moreover, virtually all of the

evidence at our disposal indicates that the Cotton-
wood Pass junction mark subsided as much as sev-
eral decimeters with respect to Tidal 8 during the
period 1974-76. The implications of this tectonic
subsidence are several fold. For example, if it is
accepted that Parker Dam remained essentially in-
variant with respect to Tidal 8 during the period
1931-76, an assumption for which there exists at
least permissive support, the 1931-74 uplift of Cot-
tonwood Pass could easily have been about 0.44 m
and perhaps as much as 0.57 m; these values clearly
exceed the 1944/61-74 0.36-m uplift developed from
comparisons along the Mojave-Cottonwood Pass
line. The occurrence of a large up-to-the-west tilt
(0.44-0.57 m) between Parker Dam and Cottonwood
Pass could be equally well explained by a combi-
nation of uplift at Cottonwood Pass coupled with
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FIGURE 50.—Changes in orthometric height at bench mark H
516, Mecca. The 1955/56 height is based on repeated surveys
which show that H 516 rose 0.0480 m with respect to La Jolla
during the period 1955/56—~ 68/70 (NGS lines L-15546, L.-15872,
L-15875, L-21529, L-21532, L.21883, L-22379, and L-21770), and
changes in annual sea-level means which show that La Jolla
subsided 0.0457 m with respect to Tidal 8, San Pedro, during
the period 1955/56—68/70 (J. R. Hubbard, National Ocean Sur-
vey, written commun., 1976). A, Calculated heights based on
an assumption of stability at bench mark D 39, Colton, during
the period 1974-76. B, Calculated heights based on the ac-
ceptance of 0.1270 m of subsidence at bench mark D 39, Colton,
during the period 197476 (see text for details). One-standard-
deviation error bars show conventionally estimated random
error only.
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tectonic subsidence toward the Arizona border. Be-
cause tectonic subsidence has been recognized else-
where around the margins of the uplift, this less
conservative interpretation is a real, although
much less likely, possibility.

DETAILED RECONSTRUCTION

The Cottonwood Pass-Parker Dam line consists
of a primary vertical-control line between Cotton-
wood Pass and Parker Dam, together with a single
spur between Freda Junction and Amboy (pl. 14).
Height changes along the main line are based on
a single comparison between a 1931 (1955-equiva-
lent) datum and the results of 1976 leveling be-
tween Cottonwood Pass and the east side of the
Colorado River; height changes along the Freda
Junction-Amboy spur are limited to a comparison
of the results of 1976 leveling against a combined
1931/44 datum (pl. 14). The 1931 starting elevation
at bench mark 2H (MWD) is based on a tie with the
1944/61 elevation of this mark derived fromleveling
via Mojave and Amboy (see secticn on “The Mo-
jave-Cottonwood Pass Line”). The 1976 starting el-
evation of 2H (MWD) is based on the 1974 elevation
of this mark, less 0.0230 m of tectonic subsidence
with respect to H 516, Mecca, during the period
1974-76, together with an assumption of stability
at H 516 during this same interval (see sections on
“The Mojave-Cottonwood Pass Line” and “The Cot-
tonwood Pass-Frink Line”).

The implied equivalence between the recon-
structed 1931 (or 1931/44) observed elevations and
those that would have been produced had this lev-
eling, together with a tie to Tidal 8, been carried
out in 1955, is based on several considerations: (1)
The very small misclosure around the 384-km cir-
cuit Cottonwood Pass-Amboy-Freda Junction-Cot-
tonwood Pass, based on 1944 leveling between Cot-
tonwood Pass and Cadiz and 1931 leveling
southeastward to Freda Junction and southwest-
ward to Cottonwood Pass (fig. 44), suggests that
this region remained free of crustal deformation
during the period 1931-44. (2) Analyses of the sta-
bility of the area traversed by the 1944 leveling
southeastward from Daggett to Cottonwood Pass
indicate that this area was characterized by little
if any regional tilting between 1944 and the spring
of 1961 (see section on “The Mojave-Cottonwood
Pass Line”). (3) The excellent correspondence be-
tween the 1926/27/31/32/33 and the 1944/61 heights
for 2H (MWD) obtained from levelings through
southwestern Arizona and the western Mojave
Desert, respectively (see section on “The Colton-

Mecca Line”), indicates that the Cottonwood Pass
area remained tectonically invariant between 1931
and at least 1944 (and probably between 1931 and
1961). Accordingly, the 1931 observed elevations
along the Cottonwood Pass-Parker Dam line de-
rived through a tie with the 1944/61 observed ele-
vation of 2H (MWD) may be treated provisionally
as the approximate equivalents of those that would
have been produced through a continuation of the
1955 leveling eastward from bench mark Q 49, Mo-
jave (see section on “The Los Angeles-Mojave
Line”).

A subjective, yet compelling argument in sup-
port of a rough equivalence between the recon-
structed 1931 observed elevations and a hypothet-
ical 1955 datum is based on the results of the 1976
leveling along the Cottonwood Pass-Parker Dam
line. The 1976 leveling was commissioned specifi-
cally to test the conclusion that the southern Cal-
ifornia uplift extended eastward to and beyond Cot-
tonwood Pass. If the uplift projected well into the
eastern Mojave Desert, a comparison eastward
from Cottonwood Pass of the results of postuplift
(1976) leveling against the most recent preuplift
(1931) datum should disclose a major down-to-the-
east tilt—provided, of course, that the uplift closed
off largely within the area traversed by the 1976
leveling. Hence, given our initial assumption of sta-
bility at H 516, Mecea, during the period 1974-76,
we could reasonably expect a down-to-the-east 1931
(1955-equivalent)-1976 tilt between Cottonwood
Pass and the Colorado River of as much as 0.33 m.
Because the actually measured tilt over this reach
was about 0.27 m (pl. 14), it strongly supports both
the extension of the uplift into the eastern Mojave
and a rough equivalence between the recon-
structed 1931 elevations and a hypothetical 1955
datum along this line.

An alternative explanation for the prominent
1931-76 down-to-the-east tilt between Cottonwood
Pass and Parker Dam (pl. 14) is based on the sup-
position that the 1931 bench mark heights were
depressed by progressively increasing amounts
westward from the Colorado River, and that these
diminished heights recovered after the 1931 sur-
veys but well before 1955 (or at least prior to any
major uplift east of Barstow). According to this
argument, even had there been no deformation be-
tween 1955 and 1976, a comparison between the
results of the 1931 and 1976 levelings might still
reveal a down-to-the-east (or up-to-the-west) 1931
76 tilt very much like that shown on plate 14. How-
ever, a good deal of evidence (see below) indicates
that the 1931-76 tilt (pl. 14) is even less than that
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that would have been measured had the 1976 lev-
eling been carried out in 1974; hence, the postu-
lated 1931-55 recovery would have to have been
much greater than the already exceptionally large
tilt that was actually measured (pl. 14). Moreover,
because the misclosure around the 1931-44 Cot-
tonwood Pass-Amboy-Freda Junction-Cottonwood
Pass circuit is well within first-order limits (fig. 44)
and because virtually all of the available evidence
indicates that the entire central and eastern Mo-
jave Desert remained free of significant regional
deformation between 1944 and the spring of 1961
(see section on “The Mojave-Cottonwood Pass
Line”), there is very little likelihood that any post-
1931 recovery could have occurred before mid-1961.

A variety of measurements indicate that the
area traversed by the Cottonwood Pass-Parker
Dam line sustained major aseismic deformation
during the period 1974-76. The least equivocal evi-
dence of post-1974 deformation derives from mis-
closures involving the results of both 1974 and 1976
surveys. Thus, the 1974/76 misclosure around the
loop Cottonwood Pass-Twentynine Palms-Amboy-
Freda Junction-Cottonwood Pass (fig. 51) is con-
sistent with a down-to-the-north tilt of 0.1338 m.
Although this orthometrically corrected misclo-
sure might be reduced through calculation of an
observed-gravity correction, the 1931/44 observed
misclosure around the same circuit (fig. 44) was
only about one-third the 1974/76 misclosure devel-
oped from even more precise surveys; thusitis very
unlikely that a significant fraction of this misclo-
sure could be removed through recalculation of an
orthometric correction based on observed gravity.
Similarly, the orthometrically corrected misclo-
sure around the loop Mecca-White Water-Yucca Val-
ley-Twentynine Palms-Amboy-Freda Junction-
Mecca (fig. 52) indicates a down-to-the-north tilt
between Twentynine Palms and Amboy of 0.2360
m, a figure that cannot be lightly dismissed as sur-
vey error or the product of an improperly formu-
lated orthometric correction. The difference be-
tween these two misclosures (figs. 51 and 52)
suggests a 1974-76 down-to-the-south 0.1022-m tilt
between Twentynine Palms and Cottonwood Pass.
However, because the clockwise orthometric clo-
sure around the Mecca-White Water-Twentynine
Palms-Mecca circuit based on observed gravity is
—0.0186 m rather than +0.0210 m (see section on
“The Colton-Mecca Line”), this down-to-the-south
tilt may be no more than about 0.06 m. Nonetheless,
these misclosures by themselves disclose 1974-76
arching about an axis through the Twentynine

Palms area associated with relative collapse of
both Amboy and Cottonwood Pass.

Alternatively, determinations of aseismic defor-
mation within the area of the Cottonwood Pass-
Parker Dam line during the period 1974-76 can be
derived from calculated height changes based on
1976 leveling through Mecca. Thus, if it is assumed
that bench mark H 516, Mecca, remained invariant
with respect to Tidal 8 during the period 1974-76,
because bench mark Amboy sustained 0.2889 m of
uplift between 1944/61 and 1974 (pl. 12), yet only
0.1734 m of uplift during the period 1931/44/61-76
(pl. 14), Amboy apparently subsided 0.1155 m and
bench mark Z 1250, Twentynine Palms, apparently
rose 0.1205 m between 1974 and 1976 (fig. 52). If,
on the other hand, it is assumed that bench mark
D 39, Colton, remained invariant during the period
1974-76, then we must infer that H 516 subsided
about 0.1617 m with respect to Tidal 8 (fig. 50), and,
hence, that 2H (MWD) subsided 0.1847 m (rather
than the 0.0230 m on which we have based the re-
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FIGURE 51.—Misclosure around the circuit Cottonwood Pass-
Twentynine Palms-Amboy-Freda Junction-Cottonwood Pass
based on leveling carried out during the period March 1974-
June 1976. See figure 4 for adopted conventions and expla-
nation of symbols.
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eonstruction shown on pl. 14). Moreover, a 0.1617-
m collapse of H 516 implies that Amboy subsided
0.2772 m, virtually cancelling its earlier uplift, and
that Z 1250, rather than sustaining additional
uplift, actually subsided 0.0412 m during the period
1974-76. Finally, if, as now seems especially likely,
D 39 subsided 0.1270 m with respect to Tidal 8 dur-
ing the period 1974-76 (see section on “The Colton-
Mecca Line”), H 516 subsided 0.2887 m (fig. 50), 2H
(MWD) subsided 0.3117 m, Amboy subsided 0.4042
m, and Z 1250 subsided 0.1681 m between 1974 and
1976.

The preceding conclusions carry implications
that clearly affect any estimates of the magnitude
and gradient of the 1931/44/61-74 uplift along the
Cottonwood Pass-Parker Dam line. Regrettably, a
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unique determination of the 1931/44/61-74 uplift
along this line is unobtainable, and the truth prob-
ably lies somewhere between two postulated ex-
tremes. (1) As one possible option, it may be as-
sumed that the uplift never propagated eastward
beyond Parker Dam, and that bench mark 22 Q (pl.
14) has remained invariant since 1931. Indepen-
dent support for this assumption derives from the
form of the profile of height changes shown on plate
14. Because the down-to-the-east tilt defined by this
profile (pl. 14) projects eastward to bench mark 22
C, yet flattens between 22 C and 22 Q, and because
this break in the slope of the tilt is not simply a
function of the changing azimuth of the profile (pl.
14), this 20-km segment may owe its virtually un-
deformed aspect to the likelihood that it remained
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based on leveling carried out during the period March 1974-September 1976. See figure 4 for adopted conventions and
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THE RECONSTRUCTION - 93

uninvolved with the development of the southern
California uplift. Thus, if one accepts the premise
that 22 Q has remained invariant (or, more likely,
subsided slightly) with respect to Tidal 8, because
the 1974-76 collapse of 2H (MWD) probably was at
least 0.1847 m and perhaps as much as 0.3117 m,
yet retained a 1931-76 0.2586-m uplift with respect
to 22 Q, the 1931-74 uplift of 2H (MWD) was at least
0.4433 m and could have been as much as 0.5703 m.
This conclusion obviously ithplies that the previ-
ously calculated 1961-74 (or 1944/61-74) 0.3565-m
uplift of 2H (MWD) (see section on “The Mojave-
Cottonwood Pass Line”) probably errs on the low
side. (2) Alternatively, even though 2H (MWD) prob-
ably subsided 0.1847-0.3117 m during the period
1974-76, a large up-to-the-west tilt could have been
preserved through a correspondingly large 1931-
76 downwarping along the eastern reaches of the
Cottonwood Pass-Parker Dam line. This possibility,
although consistent with recognized tectonic sub-
sidence developed elsewhere around the leading
edge of the uplift, is much more difficult to accept.
Nevertheless, if the 1944/61-74 uplift of 2H (MWD)
was no less than 0.3565 m, and if the uplift of this
mark was followed by a 1974-76 collapse of 0.1847-
0.3651 m, the measured tilt between 2H (MWD) and
22 C (pl. 14) could have resulted from some com-
bination of residual (and conceivably negative)
uplift at 2H (MWD) and tectonic subsidence of 22
Q of 0.0868-0.2672 m. Because the 1974-76 tectonic
subsidence of bench mark H 516, Mecca, probably
was much nearer 0.2887 m than 0.1617 m (see sec-
tion on “The Colton-Mecca Line”), and because 22
Q probably has subsided by no more than 0.0868 m
since 1931, the 1931-74 uplift of 2H (MWD) must
have been at least 0.3565 m and may have been as
great as 0.5369 m. In the absence of any uplift at
2H (MWD) during the interval 1931-74, the mea-
sured tilt between 2H (MWD) and 22 Q could have
been preserved only through the collapse of 22 Q
by an amount equal to 0.2586 m+0.3117 m-X,
where X=the difference between the maximum
probable 1974-76 collapse of 0.3117 m and the true
or actual collapse of 2H (MWD). Accordingly, had
there been no uplift at 2H (MWD), because the 1974-
76 tectonic subsidence of this mark may have ap-
proached 0.3117 m, the 0.2586-m tilt between 2H
(MWD) and 22 Q could have resulted only through
something slightly less than 0.5703 m of tectonic
subsidence at 22 Q, an extremely unlikely possi-
bility in this otherwise tectonically quiescent area.
Hence, we are again driven to the conclusion that
the post-1931 uplift of 2H (MWD) must have at least
equalled and probably exceeded 0.3565 m.

Although the data developed from repeated sur-
veys along the Cottonwood Pass-Parker Dam line
confirm the occurrence of continuing crustal de-
formation in the eastern Mojave Desert, the mag-
nitude and chronology of this deformation remain
ambiguously defined. That is, while major tilting
during the full interval 1931-76 is clearly docu-
mented along this line (pl. 14), owing chiefly to re-
versals in the vertical-movement pattern associ-
ated with deformation persisting into the period
1974-76, a clear determination of the uplift devel-
oped between 1961 and 1974 may be unobtainable.
Moreover, while virtually all of the evidence re-
covered to date strongly supports uplift of 2H
(MWD) during the interval 1931-74 of at least 0.31-
0.36 m, we have no direct evidence that constrains
the uplift of this mark within this period. Thus, we
can only infer from the histories of vertical move-
ment along the Mojave-Cottonwood Pass line (see
section on “The Mojave-Cottonwood Pass Line”)
and at bench mark H 516, Mecca (fig. 50), that this
uplift probably occurred largely within the period
1968-74. Similarly, although it is very likely that
a down-to-the-east tilt of about 0.1 m developed be-
tween bench marks Amboy and 10 M (pl. 14) some-
time during the period 1961-74, the 1974-76 col-
lapse led to a reversal of this postulated tilt, such
that a comparison of the results of the 1976 leveling
against a 1931/44 datum shows a 0.03 m down-to-
the-west tilt between these two marks (pl. 14).

THE LUCERNE VALLEY LINE
GENERAL REMARKS

The Lucerne Valley line (pl. 15A) is one of three
considered in this report in which the height
changes have been referred to a local datum,
chiefly because the vertical-displacement histories
along these lines are poorly controlled with respect
to Tidal 8. Nevertheless, four successive heights
have been established for the Lucerne Valley con-
trol point to which we have referred the height
changes along this line; hence a limited set of
height changes along the Lucerne Valley line can
be at least roughly estimated for several periods
through 1969/73. Moreover, because the vertical in-
tegrity between Lucerne Valley and Victorville has
been closely preserved through the period 1935-69
(and especially through the period 1953-69), and
because the height changes at Victorville are rel-
atively well controlled, we infer that the vertical-
displacement history of Lucerne Valley has closely
mimicked that of Victorville. Accordingly, the chro-
nology of the height changes along the Lucerne
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Valley line is much more accurately established
than would otherwise be possible.

The preuplift datum is based, in effect, on a com-
bination of the results of 1935 leveling extending
westward from Lucerne Valley and 1944 leveling
extending eastward from the Lucerne Valley con-
trol point. Because our analysis of height changes
along the Mojave-Cottonwood Pass line suggests
little if any long-wavelength deformation through
this region between 1944 and the spring of 1961,
the equivalence between a 1944 datum and a hy-
pothetical 1955 datum is reasonably presumed.
Moreover, even though a similar equivalence be-
tween the results of the 1935 leveling is less certain,
any resultant errors in height changes along this
line would be at the several-centimeter or even mil-
limeter level.

The vertical displacements along the entire line
with respect to Tidal 8 during the period 1955-69/
73 may be calculated by summing algebraically the
differeatial movements with respect to the Lu-
cerne Valley control point to those of the control
point with respect to Tidal 8. Although this pro-
cedure permits the development of several alter-
native reconstructions, the bulk of the evidence
indicates that nearly all of the uplift between 1955
and 1969/73 occurred largely, but less than entirely,
between the spring and fall of 1961. The cumulative
uplift during the full interval 1955-69/73 dimin-
ished gradually from about 0.20 m at Victorville to
0.18 m at Lucerne Valley, 0.14 m near White Water,
and about 0.10 m at Twentynine Palms.

DETAILED RECONSTRUCTION

The Lucerne Valley line consists of a primary-
control line between Victorville and White Water,
together with a single spur between Yucca Valley
and Twentynine Palms. Although the observed el-
evation changes are referred to a local datum, be-
cause the vertical displacements along thisline can
be determined with respect to bench mark V 325,
Lucerne Valley (pl. 15A), and because the history
of this mark with respect to Tidal 8 can be inde-
pendently assessed for three selected periods since
1935 (fig. 53), several sets of height changes along
the Lucerne Valley line may be calculated through
1969 and 1969/73.

The history of vertical movement at bench mark
V 325 (fig. 53) is based on only four separately de-
termined orthometric heights, two of which depend
on assumptions of stability over extended periods.
However, because V 325 and R 41, Victorville (fig.
54), retained their vertical integrity with respect
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to each other over the full interval 1935-69 (pl 15A),
we are virtually certain that the vertical displace-
ment history of V 325 has closely mimicked that of
R 41; hence, the represented history of V 325 (fig.
53) probably is about as accurate as that of R 41
(fig. 54). Moreover, because the movements at these
two marks have so closely matched each other, the
inflection point shown at 1953 in figure 53 probably
would shift 7 years to the right were a 1960 tie
available between R 41 and V 325.

Because our analysis of crustal stability within
the area traversed by much of the Lucerne Valley
line suggests little, if any, regional deformation
between 1944 and the spring of 1961 (see section
on “The Mojave-Cottonwood Pass Line”), a sug-
gestion supported by the general absence of ver-
tical crustal movementsin the Lucerne Valley area
during the period 1935-53 (fig. 53), we may view
any height changes based on comparisons with the
results of the 1944 (or even the 1935) surveys as
the approximate equivalents of those that would
have been produced had this earlier leveling been
carried outin the spring of 1961 (or 1955). Moreover,
we may reasonably infer that the late-1961 ob-
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FIGURE 53.—Changes in orthometric height at bench mark V
325, Lucerne Valley. The 1935 height is based on the 1935
height of R 41, Victorville (fig. 54), and 1935 leveling between
R 41 and V 325. The 1953 height is based on the 1956 height
of R 41, Vietorville (fig. 54), an assumption of stability at R
41 during the interval 1953-56, 1953 third-order leveling be-
tween R 41 and B 327, 1961 leveling between B 327 and V 325,
and an assumption of relative stability between B 327 and V
325 during the period 1953-61 (pl. 15A). One-standard-devia-
tion error bars show conventionally estimated random error
only.
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served elevations referred to bench mark V 325 lay
somewhere between those measured in 1944 or
1935 (early-1961 equivalents) and those measured
in 1969 (pl. 156A) —provided only that the differ-
ential movements generated between the spring
and fall of 1961 did not exceed those produced be-
tween the spring of 1961 and 1969. Even though
this provision cannot be demonstrated categori-
cally, and even though the late-1961 elevations gen-
erally closely matched the 1969 elevations between
Victorville and Lucerne Valley, the measured 1961
elevations consistently fell closer to the older da-
tum than did the 1969 elevations (pl. 15A). Hence,
in estimating the spring 1961-fall 1961 height
changes, we may take zero differential movement
between 1944 (early-1961 equivalent) and the fall
of 1961 as one extreme. As an alternative extreme,
we may assume that the spring 1961-fall 1961 ele-
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FIGURE 54.—Changes in orthometric height at bench mark R
41, Victorville. The 1927 height is based on the 1927 height of
E 43, Barstow (fig. 34), 1924 leveling between E 43 and R 41
(NGS line 82464), and an assumption of relative stability be-
tween these two marks during the interval 1924-27. The 1935
height is based on the 1935 height of bench mark E 57, Palm-
dale, determined through 1935 leveling between bench marks
E 57 and D 57 (NGS line L-3680), together with an assumption
of stability at D 57 during the interval 1926-35 and 1935 sec-
ond-order leveling between E 57 and R 41 (NGS line L-5334).
The 1939 height is based on the 1935 elevation of E 57, an
assumption of stability at E 57 during the period 1935-39, and
1939 second-order leveling between E 57 and R 41 (NGS line
L-8498). The 1956 height is based on the 1955 height of bench
mark E 41, Hesperia (fig. 39), and 1956 leveling between E 41
and R 41. The 1960 height is based on the 1960 elevation of
E 41, Hesperia (fig. 39), 1961 leveling between E 41 and R 41,
and an assumption of stability between these two marks dur-
ing the interval 1960-61. One-standard-deviation error bars
show conventionally estimated random error only.

vation changes matched the elevation differences
developed through a comparison of the results of
the 1969 surveys against a 1944 datum (pl. 15A).
The difference between these two postulated ex-
tremes reaches a maximum of about 0.08 m (at
bench mark WWL 15), and it generally averages less
than 06.06 m. Hence, simply meaning the 1944-69
differential movements between Lucerne Valley
and White Water should, in theory, provide a fairly
good approximation of the relative height changes
generated with respect to V 325 between the spring
and fall of 1961. Similarly, differential movements
along the Yucca Valley-Twentynine Palms spur be-
tween the spring and fall of 1961 can be developed
through meaning the differential movements de-
duced from a comparison of the results of the 1973
leveling against a 1944 datum (pl. 15A). The only
assumption required in order to make this com-
parison is that the heights eastward from and in-
cluding bench mark W 721 remained invariant be-
tween 1969 and the beginning of 1973. Nonetheless,
because the signal generated at R 41 between the
spring and fall of 1961 very nearly matches the
signal generated between the beginning of 1961
and 1969 (fig. 54), and because the 1961 observed
elevation differences westward from V 325 so
closely match the 1969 differences (pl. 15A), the
1969 observed elevation differences may much
more closely match the late 1961 differences along
the entire line than do the means between the 1944
and 1969 values.

Because the uplift of bench mark V 325 (with
respect to Tidal 8) between the spring and fall of
1961, as well as that between 1955 and the fall of
1961, can be estimated with considerable confi-
dence, the uplift developed at various other marks
along the Lucerne Valley line during the interval
spring 1961-fall 1961 can be obtained simply by
summing algebraically the vertical displacement
at V 325 and the differential movements measured
with respect to V 325. The 1960 height of R 41,
Victorville (fig. 54), is based on a tie with the spring
1961 height of D 430, Palmdale; thus, because D
430 sustained uplift of about 0.05 m between 1955
and the spring of 1961 (fig. 24), most of which may
have occurred between the spring of 1960 and the
following spring (see section on “The Los Angeles-
Mojave Line”), the reconstructed 1960 heights of
both R 41 and E 41, Hesperia (figs. 54 and 39), may
be about 0.05 m too high. Accordingly, the spring
1961—fall 1961 vertical displacements at V 325 and
R 41 probably are more closely approximated by
their 1953-61 and 1956-61 uplifts, respectively,
than they are by the represented 1960-61 uplift of
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R 41 (fig. 54). Accepting this likelihood, uplift at
these two marks between the spring of 1961 and
the fall of 1961 apparently diminished from about
0.17 m at R 41 to approximately 0.15 m at V 325
(figs. 54 and 53). Eastward from V 325 to C 720, and
disregarding the probably compaction-induced
subsidence between these two marks (pls. 3 and
15A), the uplift held at about 0.15 m, whereas east-
ward from C 720 to bench mark Z 720 it diminished
smoothly to about 0.12 m (fig. 53, pl. 15A). The
spring 1961-fall 1961 uplift along the Lucerne Val-
ley line reached its lowest value, of about 0.11 m,
at bench mark WWL 15. Southward from WWL 15,
it rose steadily from 0.11 m to 0.12-0.13 m at W 721
and held at roughly this value to the end of the
comparison at 1800 USGS (pl. 154A).

The spring 1961-fall 1961 uplift along the Yucca
Valley-Twentynine Palms spur may be derived
through a procedure identical to that used along
the main line. Thus, eastward from W 721 the uplift
decreased sharply from 0.12-0.13 m to about 0.11
m at WWL 20 and decreased gently eastward from
this mark to roughly 0.10 m at M 724, Twentynine
Palms (fig. 53, pl. 15A).

The spring 1961 (1955-equivalent)-69 uplift along
the Lucerne Valley line may be estimated some-
what more directly, and certainly more accurately,
than that developed between the spring and fall of
1961. Specifically, the spring 1961-69 uplift was ap-
proximately 0.20 m at R 41 (fig. 54) and fell off
eastwardly to about 0.18 m at V 325 (fig. 53). By
means of a procedure analogous to the one de-
scribed in the preceding paragraph, it can be de-
termined that the spring 1961-69 uplift was about
0.18 m at C 720, 0.11 m at Z 720, 0.10 m at WWL 15,
0.13m at W721, and 0.14 m at 1800 USGS. Although
the spring 1961-69 comparison ends at bench mark
1800 USGS, the uniformity of the vertical displace-
ments between Yucca Valley and 1800 USGS (pl.
15A) implies that uplift of 0.13-0.14 m persisted an
additional 6 km southward to the junction bench
mark, 603-70 (see section on “The Colton-Mecca
Line”). Eastward along the Yucca Valley-Twen-
tynine Palms spur, the spring 1961-69 uplift can
be estimated only if it is assumed that the elevation
differences remained invariant between 1969 and
the beginning of 1973, when the leveling was ac-
tually carried out (pl. 15A). While we have no direct
evidence to support this assumption, we have de-
termined that the second great deformational
surge that accompanied the evolution of the south-
ern California uplift probably propagated east-
* ward from Boron following the winter of 1972/73
(see section on “The Mojave-Cottonwood Pass

Line”). This suggests that as far east as Yucca Val-
ley there was little post-1961 differential move-
ment until after the beginning of 1973. Accord-
ingly, we infer that the spring 1961-69 uplift along
the Yucca Valley-Twentynine Palms spur dimin-
ished from about 0.13 m at W 721 to 0.11 m at WWL
20 and fell off gently east of WWL 20 to 0.09-0.11 m
at M 724, Twentynine Palms (fig. 53, pl. 15A).

The preceding estimates of uplift along the Lu-
cerne Valley line indicate that virtually all of the
vertical displacements generated along this line
over the full interval spring 1961-69 actually oc-
curred between the spring and fall of 1961. Thus,
while modest increments of uplift may have been
recorded at Victorville and Lucerne Valley be-
tween the fall of 1961 and 1968 (or 1969) (figs. 54
and 53), the fall 1961-69 uplift apparently dimin-
ished eastward to very small or even negative val-
ues at Yucca Valley and Twentynine Palms.

THE COTTONWOOD PASS-FRINK LINE
GENERAL REMARKS

Height changes along the Cottonwood Pass-
Frink line (pl. 15B) are referred to a local control
point at Cottonwood Pass and are based on the
results of only two levelings, one produced in 1974
and the second in 1976. The 1976 leveling was com-
missioned solely and explicitly to assess the extent
of any 1974-76 differential movement over what
was believed to be an exceptionally steep gradient
athwart the south flank of the southern California
uplift.

DETAILED RECONSTRUCTION

The Cottonwood Pass-Frink line consists of a
short primary vertical-control line for which we
have developed a single comparison, provisionally
referred to bench mark D 723 as invariant in height
(pl. 15B).

Reference of the 1974-76 vertical movements
along the Cottonwood Pass-Frink line to a local
datum derives chiefly from our persisting uncer-
tainty regarding the 1974-76 vertical displacement
at Mecca. Nevertheless, our best analysis of the
vertical-displacement history of H 516 (which can
be considered as having been fixed with respect to
G 516 during the period 1974-76) indicates that be-
tween 1974 and 1976 H 516 dropped 0.1617 m or,
much more likely, 0.2887 m (see section on “The
Colton-Mecca Line”). Accordingly, the apparent
1974-76 0.0240-m uplift of G 516 with respect to D
723 (pl. 15B) may equate with as much as 0.29 m
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of tectonic subsidence with respect to Tidal 8.
Hence, the absence of major 1974-76 differential
movement along this line could signal the occur-
rence of 0.3 m of tectonic subsidence over an area
of hundreds and perhaps thousands of square kil-
ometers centering on the northern Salton Sea.
Moreover, these same data also argue that the
1974-76 cumulative subsidence over this large area
could easily have exceeded the cumulative uplift
generated between 1955 and 1974.

THE OCOTILLO-OGILBY LINE

GENERAL REMARKS

Height changes along the Ocotillo-Ogilby line (pl.
15C) have been reconstructed with respect to a lo-
cal control point at the western end of the line.
Because the described changes are based on the
results of only two levelings, both of which were
carried out in the early 1970’s, the extent to which
the results of the earlier leveling approximate a
preuplift datum obviously is in doubt.

Although a fairly compelling argument suggests
that the designated control point probably re-
mained virtually invariant with respect to Tidal 8
during the interval 1971-74, the vertical-displace-
ment history of this same mark prior to 1971 is
unknown. Nevertheless, because the observed el-
evation differences between the Ocotillo control
point and a host of marks westward from Ogilby
remained virtually invariant during the period
1941-71/72, a reasonable argument can be made for
the stability of the selected control point with re-
spect to Tidal 8 since at least 1942. Moreover, the
results of repeated horizontal measurements, to-
gether with differenced lake-level measurements
from the Salton Sea, indicate that deformation
within the Salton Trough during the interval 1941
67 had largely ceased by 1954. Accordingly, we con-
tend that the results of the 1971/72 leveling re-
ferred to the Ocotillo control point may be treated
as the approximate equivalents of a hypothetical
(1955) preuplift datum referred to Tidal 8.

Although very modest height changes occurred
along the line between Ocotillo and Ogilby during
the period 1971/72-74, major tectonic subsidence of
as much as 0.14 m accumulated northward from El
Centro to Frink. Although this inferred subsidence
is an expression of nothing more than relative de-
formation, the alternative interpretation—
namely, uniform uplift across the full width of the
Imperial Valley and westward into the Peninsular
Ranges—seems much more unlikely.

DETAILED RECONSTRUCTION

The Ocotillo-Ogilby line consists of a primary ver-
tical-control line between Ocotillo and Ogilby, to-
gether with a single spur extending northward
from El Centro to Frink (pl. 15C). Vertical move-
ments along this line are limited to a single com-
parison referred to a local datum, bench mark Y
58, Ocotillo, as invariant in height. Because the
results of the 1971/72 leveling cannot be tied to
Tidal 8, either directly or indirectly, through the
tide stations in San Diego or La Jolla, use of a local
datum is unavoidable.

Although the observed elevation changes along
the Ocotillo-Ogilby line cannot be referred directly
to Tidal 8, it is likely that Y 58 probably sustained
very little differential movement with respect to
Tidal 8 during the comparison period 1971/72-74.
Thus, because the likelihood of movement at any
particular bench mark is inversely proportional to
the period of observation, the brevity of the inter-
val between these two sets of measurements (pl.
15C) is in itself an indication of the probable sta-
bility of Y 58. However, the most convincing evi-
dence of the 1971/72-74 stability of Y 58 with re-
spect to Tidal 8 is shown by the virtual invariance
of Y 58 with respect to a host of bench marks in
the Ogilby area during this same interval. That is,
had either Y 58 or Ogilby, which lie at opposite ends
of a 135-km line athwart the Saiton Trough, ex-
perienced significant differential movement with
respect to Tidal &, it is very unlikely that the other
mark or group of marks would have experienced
vertical displacements of almost precisely the same
magnitude. Moreover, except for the very shallow
downwarp developed eastward from Ocotillo to
about bench mark H 60 (pl. 15C), nearly all of the
marks along the main line retained their vertical
integrity with respect to each other. Especially sig-
nificant is the extraordinary stability that ob-
tained within the 40-km segment that defines the
eastern end of the line (pl. 15C), a stability that
testifies to the tectonically undisturbed nature of
this part of the Salton Trough. The only alternative
to the 1971/72-74 invariance of Y 58 and the Ogilby
marks with respect to Tidal 8 is uniform uplift or
subsidence of these marks. Because this alterna-
tive seems much more implausible in this tectonic
setting than does the absence of significant differ-
ential movement with respect to Tidal 8, we infer
that the 1971/72-74 height changes along the Oco-
tillo-Ogilby line measured with respect to Y 58
closely approximate height changes with respect
to Tidal 8 during this same interval.
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Although it is indeed probable that bench mark
Y 58 remained invariant with respect to Tidal 8
during the period 1971/72-74, this does not in itself
contribute to an assessment of the vertical-dis-
placement history along the Ocotillo-Ogilby line
with respect to a preuplift datum. Comparisons of
the results of the 1971/72 levelings along the main
line against those developed from 1941 surveys
(NGS lines L-9176, L-9179, and L-22603) indicate
that Y 58 remained virtually unchanged with re-
spect to a suite of bench marks extending at least
30 km westward from Ogilby and, hence, probably
with respect to Tidal 8 as well during the interval
1941-71/72. The chief activity along the main line
during the period 1941-71/72 consisted of differ-
ential warping of up to 0.08 m extending both east
and west from the trace of the Imperial fault, to-
gether with sharply localized displacements ath-
wart both the Imperial fault and an inferred fault
about 15 km west of El Centro. Similar 1941-71/72
comparisons along the El Centro-Frink spur doc-
ument about 0.07 m of uplift with respect to Y 58
within the area extending about 30 km southward
from Frink, associated with localized differential
displacements across or adjacent to the Imperial,
Brawley, and Calipatria faults (NGS lines L-9173
and L-22606). Although there is no direct way of
showing precisely when these displacements oc-
curred within the interval 1941-71/72, indirect yet
persuasive evidence indicates that nearly all had
occurred by 1954. Specifically, Thatcher (1979) has
shown that the Imperial Valley horizontal network
was characterized by large right-lateral shear-
strain rates during the period 1941-54, whereas
this pattern virtually disappeared during the pe-
riod 1954-67. Moreover, although studies of differ-
enced lake-level measurements indicate that the
southwestern edge of the Salton Sea sustained sig-
nificant 1967-71 down-to-the-south tilting with re-
spect to a control point about 12 km south of Mecca,
the vertical displacements that accompanied this
tilting probably were very small—perhaps 0.03—
0.04 m of tectonic subsidence with respect to the
selected control point (Wilson and Wood, 1980, p.
183-184). Because it is very unlikely that the area
traversed by the Ocotillo-Ogilby line experienced
significant deformation during the interval 1954—
67, and because such displacements as may have
occurred during the period 1967-71/72 were almost
certainly small, it is likely that the 1971/72 datum
closely approximates one that would have been ob-
tained had the leveling been propagated south-
eastward from Tidal 8 in 1955—an interpretation

that minimizes any 1955-74 tectonic subsidence
along this line.

Height changes along the Ocotillo-Ogilby line
consist of almost inconsequential subsidence ex-
tending eastward from Ocotillo to beyond Holtville,
coupled with conspicuous tectonic subsidence in-
creasing northward from about 0.02 m at El Centro
to nearly 0.14 m at Frink (pl. 15C). While interpre-
tation of the subsidence centering on Frink as
downwarping with respect to Tidal 8 remains con-
jectural, the complete absence of such downwarp-
ing would compel a virtually uniform 0.14-m uplift
over the full expanse of the southern Imperial Val-
ley, an interpretation that seems especially un-
likely. If the depicted tectonic subsidence between
El Centro and Frink (pl. 15C) is, in fact, a valid
representation of the 1971/72-74 vertical displace-
ment field with respect to Tidal 8, we are orice again
confronted with evidence of tectonic downwarping
developed along the leading edge of the eastwardly
and southeastwardly propagating uplift. More-
over, the probable existence of this downwarping
(with respect to Tidal 8) also implies a 0.5-m 1968—
74 (or, more likely, a 1972/73-74) down-to-the-south
tilt between Cottonwood Pass and Frink.

SELECTED STAGES IN THE EVOLUTION OF THE
SOUTHERN CALIFORNIA UPLIFT

The objectively developed vertical-displacement
histories described in the preceding sections pro-
vide a basis for an interpretive characterization of
the changing configuration of the southern Cali-
fornia uplift during the inclusive period 1955-1976.
This characterization is shown here as a series of
maps of the vertical-displacement field through a
sequence of unequal time frames. Each time frame
is a function of both the distribution of the data (in
both space and time) and the occurrence of several
distinct episodes of sharply accelerating vertical
movement. Even though it is impossible to show
how the configuration of the uplift was changing
over its full extent during each of the indicated
periods, it is possible to show how at least parts of
the uplift were changing during these periods.
Hence most of the successively developed repre-
sentations shown here are limited in the area of
their coverage.

The depiction of the uplift at various stages in
its development obviously is in part the product of
inference. While we are confident of the general
accuracy of this characterization, it is certain that
it errs in detail. Specifically, owing to the wide var-
iation in the distribution of the usable data, the
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displacement history must be extrapolated in both
space and (in a certain sense) time. Moreover, we
have arbitrarily removed any signals conceivably
attributable to changes in the underground fluid
regime (see pls. 3 and 4), and we have smoothed or
discarded both coseismic displacements (such as
those associated with the 1971 San Fernando
earthquake) and short-wavelength features (of
whatever origin) of less than a few kilometers.

THE 1955-59.0 EPOCH

There is no compelling evidence of any major
aseismic height changes within or adjacent to the
uplift that must have occurred during the period
1955-59. Nonetheless, it is not unlikely that the
195661 uplift centering on Colton (see sections on
“The Orange-Barstow Line” and “The Colton-
Mecca Line” and fig. 36) occurred entirely within
this interval. And because the 1956-61 uplift is, in
any case, apparently localized in space, we show it
here (fig. 55) as: (1) the only significant tectonic
signal developed during the period 1955-59.0 and
(2) as having evolved entirely within this period.
The measured control on the areal extent of the
1955-59.0 vertical displacement field is limited to
the line between Colton and Barstow. Hence its
inferred extent in all other directions is based on
the assumption that it is indeed a locally developed
feature.

THE 1959.0-60.5 EPOCH

Clearly recognized deformation within the area
of the southern California uplift during the period
1959.0-60.5 is limited to the western Transverse
Ranges (see sections on “The Ventura-Avila Beach
Line” and “The Ventura-Maricopa Line”). More-
over, while the occurrence of a major pulse of uplift
(marking the inception of the southern California
uplift) has been unambiguously established for this
interval, its distribution and magnitude beyond
the area of Ozena, together with the peripheral
coliapse that apparently accompanied this initial
pulse, is poorly defined. Accordingly, our charac-
terization of the 1959.0-60.5 vertical-displacement
field (fig. 56) is highly smoothed—perhaps unreal-
istically so.

The most conjectural feature associated with the
1959.0-60.5 representation (fig. 56) is the magni-
tude of the tectonic subsidence that occurred at
Surf. Assuming that the reported displacement at
Surf between 1956 and 1960 occurred entirely dur-
ing the period 1959.0-60.5, an assumption clearly

consistent with the chronology of the uplift (see
section on “The Ventura-Maricopa Line”), Surf
may have sustained subsidence of roughly 0.25 m
during this brief period (pl. 6B). However, the va-
lidity of this value depends directly on the validity
of the 1956 reconstructed elevation for the Avila
Beach Tide station, which depends in turn on the
accuracy of the 1970/71 observed elevation differ-
ence between Pismo Beach and San Pedro (see sec-
tion on “The Ventura-Avila Beach Line”). Accord-
ingly, because the 1970/71leveling produced a large
down-to-the-south sea slope reported by Balaz and
Douglas (1979, p. 6199), and because examination
of the field abstracts indicates that the 1970/71 lev-
eling (NGS line L-22292) was marked by several
significant interruptions within a tectonically ac-
tive area (notably at Point Conception), there is an
excellent chance that the 1970/71 observed eleva-
tion difference between Pismo Beach and San
Pedro was aliased by intrasurvey movement (Cas-
tle and Elliott, 1982). Nonetheless, major tectonic
subsidence at Surf during the period 1956-60 is
independently implied by the probable 0.16-0.17-m
misclosure of 1960 leveling on 1956 leveling into
Surf (see section on “The Ventura-Avila Beach
Line”), a value that we take to be a reasonable
estimate of the probable tectonic subsidence of this
junction during the period 1959.0-60.5.

The eastward divergence of the —0.05-m and
—0.10-m contours south of Lebec (fig. 56) is inferred
from the probably localized nature of the tectonic
subsidence. Directly supportive of the sharp turn
to the north of the —0.10-m contour southeast of
Lebec is the localization of the large misclosure
involving early 1960 leveling around the subcircuit
Sandberg-Fairmont-Castaic-Sandberg(fig. 15). The
alternative interpretation—namely, that these
negative contours curve westward toward and
south of Ventura—is even less plausible, for it con-
flicts with the observation that the northern Ox-
nard Plain remained substantially free of tectonic
subsidence during the period 1939-60 (Buchanan-
Banks and others, 1975).

THE 1959.0-61.4 EPOCH

By 1961.4 the southern California uplift had ex-
panded eastward to and beyond Palmdale (fig. 57).
The postulated eastward extension of the +0.05-m
contour as far as Hesperia extends both the mea-
surement system and the reconstruction to their
respective limits. However, the probability that the
reported signals at both Hesperia and Victorville
(figs. 39 and 54) err in a positive sense is no more
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likely than the reverse; hence the ridgelike form
of the uplift between Palmdale and Hesperia (fig.
57) probably is real.

While the magnitude of the 1959.0-61.4 uplift in
the area north of Los Angeles is clearly implied by
the pattern of height changes developed along the
main line between Los Angeles and Mojave during
the period 1955-61.4 (pl. 8A), we cannot be certain
that this eastward extension had not occurred as
early as 1960.5, or even before. We infer, however,
that the 1955-61.4 eastward propagation of the
uplift probably accompanied the recovery of the
tectonic subsidence centering on Lebec (fig. 56),
which apparently occurred no later than the fall
of 1961 and certainly subsequent to 1960.5 (see sec-
tions on “The Ventura-Maricopa Line” and “The
Los Angeles-Mojave Line”). Nevertheless, our
characterization of the cumulative vertical dis-
placements developed in the Lebec area through
1961.5 (fig. 57) is a compromise representation. The
chronology of the 1961 surveys into this area (see
section on “The Los Angeles-Mojave Line”) is such
that the recovery of the subsidence at Lebec may
have occurred entirely after the middle of 1961, in
which case the 1959-61.4 contours in the general
area of Lebec should approximate those shown in
figure 56. Alternatively, the uplift that occurred
by 1961.4 may have matched that which must have
occurred no later than 1962.0, in which case the
contours in the Lebec area (fig. 57) should be dis-
placed northeastward several tens of kilometers.
Because we see no objective basis for choosing be-
tween these two alternatives, we have effectively
split the difference. Our prejudices are such, how-
ever, that we clearly favor the second alternative
over the first.

The cumulative 1959.0-61.4 vertical-displace-
ment field within the area extending westward
from Ozena to Surf (fig. 57) probably changed very
little from that which had developed through
1960.5. Because the tectonic subsidence at Lebec
is believed to have recovered completely by the fall
of 1961, it is assumed that modest uplift during the
period 1960.5-61.5 probably took place west of Oze-
na as well. The maximum value for this uplift is
taken to be that which had occurred at Surf by
1970. Because Surf probably subsided about 0.16—
0.17 m during the period 1959-60.5 (see above), and
because the cumulative subsidence at Surf during
the period 1956-70 is given as 0.08 m (pl. 6B), we
infer that about half the recovery between 1960.5
and 1970, or roughly 0.05 m, had occurred by the
middle of 1961.

THE EVOLUTION OF THE SOUTHERN CALIFORNIA UPLIFT, 1955 THROUGH 1976

THE 1959.0-62.0 EPOCH

The first of the two major episodes of aseismic
uplift identified with the evolution of the southern
California uplift occurred between the middle and
end of 1961. Because the gecdetic measurements
developed over the area of the uplift during this
short interval obviously are very limited, the ver-
tical displacements that occcurred during the full
period 1959.0-62.0 (fig. 58) have been inferred
largely from measurements that both preceded
and followed the period 1961.4-62.0.

Controls on the magnitude and distribution of
this massive pulse of uplift derive chiefly from the
results of repeated levelings through the central
part of the uplift (see sections on “The Los Angeles-
Mojave Line,” “The Los Angeles-San Bernardino
Line,” “The Orange-Barstow Line,” and “The Lu-
cerne Valley Line”). Thus we can only assume that
the shape of the uplift west of Lebec changed very
little, if at all, between 1961.4 and 1962.0 (compare
figs. 57 and 58). Because the 1959/60 surveys along
the Ventura-Maricopa line were not repeated until
1968 (pl. 7), we cannot be certain that any post-1960
displacements along this line occurred before 1968,
although it is very likely that at least a part of the
1960-68 uplift had occurred by 1965 (see below).
Nonetheless, because Lebec apparently sustained
more than 0.1 m of uplift during the period 1961.4—
62.0 (or more than 0.2 m during the period 1960.5—
62.0), even if no additional uplift had occurred along
the Ventura-Maricopa line, it is likely that the con-
tours northwest of Ozena had begun to migrate
northwestward by 1962.0—or, alternatively, that
they had done so during the preceding epoch.

The 1962.0 configuration of the uplift along both
its northern flank and its eastward projection re-
mains somewhat conjectural. A comparison of the
1961 height of Barstow against its 1956 height sug-
gests that Barstow rose about 0.13 m by the fall of
1961, whereas a similar comparison indicates that
Barstow rose about 0.15 m between the spring and
fall of 1961 (fig. 34). Although these values are
nearly identical, the additional constraints placed
on the 1962.0 configuration by height changes re-
corded at Victorville and Lucerne Valley (see sec-
tion on “The Lucerne Valley Line”) suggest that
the smaller figure may be the more accurate. This
smaller valueis also supported by the 0.1382-m mis-
closure around the 1961 circuit Los Angeles-Sau-
gus-Palmdale-Mojave-Barstow-Colton-Los Ange-
les (fig. 25) developed from the application of a
machine-integrated orthometrie correction based
on observed gravity. The 1961.4-62.0 uplift of Mo-
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jave can be estimated in two ways. If it is assumed
that the measured uplift of Mojave during the in-
terval 1955-65.5 (or 1961.4-65.5) matched that
which had occurred by 1962.0, Mojave probably sus-
tained roughly 0.19 m of uplift during the period
1959-62.0. Alternatively, if it is assumed that the
marks in the Cantil area remained invariant in
height between 1959.0 and 1962.0, the 1959.0-62.0
uplift at Mojave probably was about 0.15 m (see
section on “The Los Angeles-Mojave Line”). While
neither of these assumptions is supported directly,
because they are independent of each other and
because the elevation difference between Palmdale
and Mojave remained nearly invariant during the
precollapse phase of the uplift, both estimates prob-
ably constitute farily good approximations of the
1959.0-62.0 uplift at Mojave. The estimated 1959.0—
62.0 uplift extending eastward from Lucerne Val-
ley is based on the assumption that the 1959.0-62.0
down-to-the-east tilt with respect to bench mark V
325 was about the same as the tilt that developed
during the interval 1944-69/73 (see section on “The
Lucerne Valley Line”). While the assumption of a
lesser tilt is seemingly more conservative (see sec-
tion on “The Lucerne Valley Line”), its acceptance
implies that the +0.10-m and +0.05-m contours ex-
tended even farther eastward—ecertainly a possi-
bility, but one for which we have no direct evidence
whatsoever. Alternatively, the 1959.0-62.0 tilt may
have been even greater than that shown on plate
15A. The acceptance of this assumption, however,
would force us to box in the contours toward the
west, producing a pattern of uplift characterized
by an especially unrealistic cast. Similarly, the rep-
resented uplift south of Lucerne Valley is based on
the assumption that the 1956-59.0 recovery cen-
tering on Colton (see above) could have extended
no farther northeastward than Big Bear City.

The 1959.0-62.0 vertical-displacement field along
the south flank of the uplift north of Azusa (fig.
58) represents a conservative interpretation of the
data (see section on “The Los Angeles-San Ber-
nardino Line”). Both the reentrant and the very
steep gradient to the north are implied (if not com-
pelled) by the uplift of Llano and the apparent
down-to-the-north tilt developed between Azusa
and Falling Springs sometime between 1934 and
the fall of 1961. However, because we have no direct
control between Falling Springs and Llano, the
gradient could have been even steeper than the
one shown here (fig. 58).

The most conjectural element of the represen-
tation shown in figure 58 is the tectonic subsidence
in the northern Salton Trough. Although the evi-
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dence strongly supports the occurrence of subsid-
ence of this form and magnitude sometime during
the interval 195668 (see section on “The Colton-
Mecca Line”), the precise timing remains in doubt.
However, because the large positive pulses gen-
erally seem to have been accompanied by down-
warping along the flanks of the uplift, there is
every likelihood that this subsidence was associ-
ated with the uplift that propagated eastward dur-
ing the interval 1961.4-62.0. This interpretation is
loosely supported, moreover, by the results of dif-
ferenced lake-level measurements, which suggest
that the western edge of the Salton Sea sustained
a down-to-the-southeast tilt episode that began no
later than about 1961 (Wilson and Wood, 1980, p.
183-184).

THE 1959.0-65.5 EPOCH

Although the areal extent of the height changes
that are known to have occurred after 1962.0 but
well before 1965.5 was insignificant, those changes
that had occurred by 1965.5 (see sections on “The
Los Angeles-Mojave Line” and “The Quail Lake-
Hesperia Line”) substantially modified the config-
uration of the uplift over the one that prevailed at
the end of 1961 (compare figs. 58 and 59). Again,
however, even though large changes are known to
have occurred over much of the uplift, our inter-
pretation of height changes over the full area of
the uplift is largely inferred.

Increased uplift in the westernmost Transverse
Ranges proceeds from the assumption that
changes along the Ventura-Maricopa line roughly
matched those that occurred along the Saugus-
Grapevine spur (see section on “The Los Angeles-
Mojave Line” and “The Ventura-Maricopa Line”).
Thus we have provisionally assigned about one-
half of the 1960-68 uplift along the Ventura-Mar-
icopa line to the period 1962.0-65.5. Moreover, be-
cause very little uplift occurred between 1962.0 and
1964 (see section on “The Los Angeles-Mojave
Line”), we infer that nearly all of the 1962.0-65.5
uplift occurred after the middle of 1964.

Eastward from Palmdale, the 1965.5 configura-
tion is based on the results of repeated surveys over
the Quail Lake-Hesperia line and the Azusa-Llano
spur. Because the 1960 leveling along the Quail
Lake-Hesperia line corresponded much more
closely in time to the 1961 leveling than to the next
preceding leveling into Palmdale, the 1960 ob-
served elevations were tied to the 1961 observed
elevation of bench mark D 430 (see section on “The
Quail Lake-Hesperia Line”). However, because the
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uplift almost certainly had not extended eastward
beyond Lebec by 1960.5 (see section on “The 1959-
60.5 Epoch”), the 1960 height of D 430 probably
closely matched its 1955 height, a consideration
that would put it about 0.05 m below the figure
actually used (pl. 8A). Hence we have arbitrarily
added 0.05 m to all of the vertical displacements
along the Quail Lake-Hesperia line referred to the
1960 datum (pl. 11).

The inferred disappearance of the reentrant
north of Azusa stems from the assumption that
the height changes which had certainly occurred
by 1971 actually occurred as early as 1965.5. Al-
though there is no direct support for this interpre-
tation, because the contours to the west were dis-
placed southward during the interval 1964—-65.5, we
have assumed that the change in the configuration
of the uplift along the south flank of the San Ga-
briel Mountains coincided with this increased
bulging.

THE 1959.0-69.0 EPOCH

Changes in the configuration of the uplift be-
tween 1965.5 and 1969.0 are based on the results
of the so-called “1968” leveling. In fact, however,
parts of the “1968” leveling were completed in 1969
and one small section (between Yuecca Valley and
Twentynine Palms) tied to the 1968 results was not
surveyed until the beginning of 1973 (see section
on “The Lucerne Valley Line”). Nonetheless, the
“1968” network closures were generally good, and
it is doubtful that the local inclusion of post-1968
results has substantially altered the reconstruc-
tion of the height changes that occurred within the
area of the uplift during the period 1959.0-69.0 (fig.
60).

The 1969.0 configuration of the uplift in the west-
ern Transverse Ranges (fig. 60) is based on the
results of both 1968 leveling along the Ventura-
Maricopa line and 1970 leveling extending west-
ward from Ventura (see sections on “The Ventura-
Avila Beach Line” and “The Ventura-Maricopa
Line”). Whether the uplift that had occurred west
of Ventura by 1970 in fact occurred by the end of
1968 remains moot. The 1970 leveling is, in any
case, the latest precollapse survey along this line,
and we have simply assumed that the results of
this survey closely matched those that would have
been produced had this work been carried out a
year or so earlier. Accordingly, we infer that the
configuration of the uplift west of Ventura shown
here (fig. 60) prevailed through at least the initi-
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ation of the collapse—which could have begun lo-
cally by the middle of 1974.

In addition to changes along the Ventura-Avila
Beach line and the Ventura-Maricopa line, the
chief changes in the form of the uplift during the
interval 1965.5-69.0 occurred in the western Mo-
jave. Specifically, the virtual disappearance of the
large, rather muted, eastward-projecting reen-
trant (figs. 59 and 60) and the appearance of a small
tectonic depression southeast of Lebec (fig. 60) are
deduced directly from the results of the 1968 lev-
eling (see section on “The Los Angeles-Mojave
Line”). These modifications, moreover, were ac-
companied by the growth of a shallow trough pro-
jecting westward through Lucerne Valley nearly to
Palmdale (fig. 59), the partial collapse of the 0.25-
m ridge immediately north of the San Andreas
fault (figs. 59 and 60), and the probable elevation
of the Barstow area by nearly 0.1 m (see sections
on “The Quail L.ake-Hesperia Line” and “The Or-
ange-Barstow Line”).

THE 1959.0-70.0 EPOCH

Our knowledge of height changes that occurred
between 1969.0 and 1970.0 is limited to the south-
central part of the uplift and is based largely on
the results of 1969 relevelings along the Quail
Lake-Hesperia line and the Saugus-Vincent and
Saugus-Sandberg sections of the Los Angeles-Mo-
jave line. The 1959.0-70.0 reconstruction (fig. 61) is
based on the assumption that the junection bench
marks south of Palmdale (D 430 and Loft A) re-
mained invariant with respect to Tidal 8 during
the period 1969.0-70.0. However, because levelings
carried out after the 1971 San Fernando earth-
quake show that these marks rose about 0.06 m
between 1968 and 1971, the 1969 heights of these
marks may have been somewhat greater than
those used in the reconstruction of the 1969
heights. The effects of this postulated increase in
the 1969 heights of the junction bench marks would
be to: (1) diminish the indicated extent and mag-
nitude of the tectonic subsidence between Lebec
and Palmdale (fig. 61), (2) increase the indicated
magnitude of the uplift between Llano and Hes-
peria (fig. 61), and (3) increase the indicated 1968-
69 uplift centering on Saugus (see section on “The
Los Angeles-Mojave Line”).

The portrayal of the uplift northeast of Barstow
(fig. 61) is the same as that shown in figure 60. This
configuration (fig. 61), however, must be inferred,
for Barstow is known to have collapsed roughly 0.1
m between 1968 and 1972 (fig. 34); hence, if this
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collapse occurred as early as 1970.0, the contours
north and northeast of Barstow should be pulled
sharply to the south.

THE 1959.0-71.5 EPOCH

The 1970.0-71.5 height changes within the area
of the uplift were dominated by the vertical dis-
placements that accompanied the 1971 San Fer-
nando earthquake. Because our purpose here is to
show the specifically aseismic changes that have
occurred within the area of the southern California
uplift. we have attempted to remove the specifi-
cally coseismic changes through the simple expe-
dient of projecting the peripheral contours
smoothly through the clearly defined epicentral re-
gion. This is, of course, a less than fully satisfactory
procedure for, among other disadvantages, it ob-
scures those preseismic changes that probably oc-
curred after 1960, but in advance of the earthquake
(Castle und others, 1975, p. 137-138). Hence our rep-
resentation of the 1959.0-71.5 configuration of the
uplift (fig. 62) differs very little—with one espe-
cially conspicuous exception—from that which ob-
tained at the end of 1969 (fig. 61).

In addition to the clearly coseismic changes as-
sociated with the 1971 earthquake, significant
1970.0-71.5 vertical displacements also occurred
along both the Los Angeles-Mojave line (including
its several spurs) and the Quail Lake-Hesperia line.
The changes in the configuration of the south flank
of the uplift between Montalvo and Castaic Junec-
tion (compare figs. 61 and 62) are based on com-
parisons between the results of 1971 leveling
against a 1968/69 datum (pl. 8B). However, because
the 1971 surveys were propagated through the ep-
icentral region during a period of probable post-
seismic adjustment, the results of these surveys
may have been distorted by intrasurvey move-
ment. In particular, the 1970.0-71.5 steepening of
the south flank of the uplift and the apparent de-
velopment of tectonic subsidence extending east-
ward through Montalvo are clearly suspect. In fact,
our belief that tectonic subsidence had not oc-
curred in the Montalvo area by the beginning of
1971 is supported by the near invariance of the 1968
and 1971 observed elevation differences extending
southward from Ventura into the northern Oxnard
Plain (Buchanan-Banks and others, 1975, p. 115,
119). Northward along the Los Angeles-Mojave
line, the 1971.5 heights at the crest of the grade
near Vincent increased by roughly 0.05 m over
those that prevailed during the next preceding lev-
eling, whereas still farther to the north, at Rosa-
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mond, the 1969.0-71.5 height chenges diminished
to virtuzally zero (pl. 8A).

Westward along the San Andreas fault from
Palmdale, the broad tectonie depression that had
developed between Lebec and Palmdale by 1970.0
largely disappeared by 1971.5 (compare figs. 61 and
62). This disappearance was accompanied, more-
over, by the evolution of a narrow band of uplift
extending westward from Palmdale to beyond Fair-
mont and the partial collapse of the previously de-
veloped high centering on Hesperia (compare figs.
61 and 62). Whether these neatly compensating ver-
tical displacements represent a truly balanced re-
distribution of mass within the lower crustal or
suberustal layers is obviously conjectural, but the
spatial and temporal relations are most suggestive.

THE 1959.0-73.0 EPOCH

The results of repeated levelings over the Quail
Lake-Hesperia and the Mojave-Cottonwood Pass
lines (pls. 11 and 12) indicate that a major defor-
mational event occurred along the north flank of
the uplift sometime after the 1971 San Fernando
earthquake, but before the end of 1972. Because
this deformation preceded the massive surge of po-
sitive movement that had propagated eastward by
no later than the beginning of 1974 (see below), we
have assumed that (with one exception) those dis-
placements disclosed by the 1973/74 surveys did not
occur until at least 1973.0. Accordingly, in the ab-
sence of any evidence to the contrary, we have as-
sumed that the configuration of the uplift at the
end of 1972 matched its 1971.5 configuration (fig.
62). Specifically, even though measurable and pre-
sumably significant changes occurred along the
southern edge of the uplift between 1971 and 1974,
it is assumed here that none of these changes oc-
curred before the end of 1972 along or south of a
boundary defined by straight-line connections be-
tween Ventura, San Fernando, Azusa, and Colton.
This operational premise is explicitly violated, how-
ever, by the procedure that we have adopted in
developing the 1972/73 starting elevation at Ro-
samond. That is, the results of the 1972/73 levelings
extending north and east from Rosamond are tied
to the 1973/74 elevation of bench mark 2407 USGS,
which in turn is based on the 1974 elevation of the
junction bench mark at Los Angeles, a mark that
rose 0.04 m between 1971 and 1974 (see section on
“The Los Angeles-Mojave Line”). Although we be-
lieve that the approach used in the reconstruction
of the 1972/73 observed elevations along the Los
Angeles-Mojave and Mojave-Cottonwood Pass
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lines is generally sound (see section on “The Los
Angeles-Mojave Line”), there is a reasonable like-
lihood that the 1959.0-73.0 height changes along
the north flank of the uplift (fig. 63) are in error
by as much as +0.04 m. On the other hand, how-
ever, the 1971/72 observed elevations that identify
the 1971.5-73.0 event along the Quail Lake-Hes-
peria line have been tied to the 1971 elevation of
D 430 south of Palmdale. While this approach is
seemingly inconsistent and certainly subject to
challenge, it is less capricious than it might seem
to be. Specifically, D 430 rose 0.02 m less than 2407
USGS during the period 1971-74 (pl. 8A), such that
the choice of a tie at D 430 is less critical than the
choice at 2407, Similarly, the acceptance of our re-
construction (fig. 63) implies 1959.0-73.0 height
changes of +0.24 m and +0.32 m at D 42, Bryman,
and E 41, Hesperia, respectively. Because the re-
sults of the 1971/72 leveling along the Quail Lake-
Hesperia line suggest a 1959-73.0 axial high of
+0.33 m about 10 km south of Victorville, the ex-
trapolated displacement closure between Bryman
and Hesperia is surprisingly good. We infer that
the Rosamond-Mojave-Edwards area probably
achieved its maximum precollapse height by 1973.0
(pls. 8A and 12), even where allowance is made for
the possibility that the 1973.0 heights may be ex-
aggerated by as much as +0.04 m; hence it is as-
sumed that the 1972/74 elevation differences along
the Mojave-Bakersfield spur approximate those
that would have been obtained had these surveys
been completed by the beginning of 1973. Similarly,
even though the 1972/73 levelings northward to
Cantil and eastward to Barstow and Bryman ex-
tended several months into 1973 (pls. 8A and 12),
we have assumed that the results of these surveys
are the same as those that would have been pro-
duced had they been completed by the end of 1972,

Constraints on the timing of the postulated
1971.56-73.0 deformation along the north flank of
the uplift are best developed along the Quail Lake-
Hesperia line. Comparisons of the results of the
1971/72 levelings against both early-1971 and 1969
datums (pl. 11) show that the height differences
eastward from Quail Lake to at least Pearblossom
and probably to about 15 km east of Llano remained
virtually unchanged during the interval 1971-71/
72. Between Pearblossom (or bench mark 377.30)
and Hesperia, on the other hand, differential uplift
of about 0.09 m occurred during the same interval.
Hence there is a strong likelihood that the chang-
ing configuration along the north flank of the uplift
(compare figs. 62 and 63) was well under way by
the beginning of 1972.

THE EVOLUTION OF THE SOUTHERN CALIFORNIA UPLIFT, 1955 THROUGH 1976

The most striking features shown by the 1959.0—
73.0 representation (fig. 63) are the increased uplift
extending northward to and beyond Mojave and
eastward to Kramer Junction and the probably si-
multaneous collapse of Barstow. Whether this col-
lapse extended significantly east or north of Bar-
stow is unknown, but the possibility certainly
cannot be precluded. Moreover, because the 1973.0
starting elevation at Rosamond may be off by as
much as +0.04 m, this subsidence could have been
even greater than shown here (fig. 63).

THE 1959.0-74.5 EPOCH

The southern California uplift culminated no
later than 1974.5, and it was apparently during the
period 1973.0-74.5 that the uplift sustained its sec-
ond major episode of spasmodic growth. Although
the uplift clearly peaked during the interval
1973.0-74.5, it is unlikely that maximum uplift of
the eastern and western halves coincided or even
overlapped in time. Moreover, because the timing
of the change in configuration of the uplift within
the period 1973.0-74.5 is equivocal, we have pre-
pared two interpretations of the 1959.0-74.5 con-
figuration (fig. 64). Both interpretations are based
on the acceptance of: (1) the virtually certain pre-
1974.5 partial collapse along the south flank of the
uplift in the western Transverse Ranges and (2) an
assumed invariance between 1968 (or 1970) and
1974.5 of the heights in the area north and west of
Ozena and Carpinteria, respectively. These inter-
pretations differ in that the first (fig. 644) is based
on the assumption that the south-central sections
of the uplift remained at their maximum precol-
lapse heights through at least the beginning of
1974, whereas the second (fig. 64B) presupposes
that the southern edge of the most elevated part
of the uplift subsided 0.05 m below its 1973.0 max-
imum prior to the development of the 1973/74 tie
between the junction marks at Palmdale and Ro-
samond (see section on “The Los Angeles-Mojave
Line”). Even though we believe that the second is
the more technically defensible interpretation, we
see no objective basis for choosing between these
two alternatives. On the other hand, even though
endless variations on any of the interpretations
presented in this series could be reasonably enter-
tained, the two interpretations shown here (fig. 64)
represent the chief viable options for the period
1959-74.5.

The most conjectural aspects of the 1959.0-74.5
reconstruction (fig. 64) involve the displacements
extending west-southwestward from Twentynine
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Palms and eastward from Cottonwood Pass. This
conjecture derives from the necessary use of the
results of 1976 levelings along the Twentynine
Palms-White Water and Cottonwood Pass-Parker
Dam routes, levelings that postdate the inception
of the collapse within the eastern reaches of the
uplift.

Both reconstructions (fig. 64) accept the equiv-
alence between the 1944/61 datum and one that
would have been obtained had the leveling along
the entire line between Mojave and Cottonwood
Pass been carried out not only simultaneously but
during 1955 (or 1959; see section on “The Mojave-
Cottonwood Pass Line”). Because the comparative
mark at Twentynine Palms (N 724) appears as a
spike on the Mojave-Cottonwood Pass profile, the
1959.0-74.5 displacement of this junction is as-
sumed to have been approximately 0.02 m less than
that shown on plate 12. Accordingly, the 1959.0—
74.5 displacements extending westward to Yucca
Valley and White Water are based on a +0.39-m (or
a +0.34-m) displacement at Twentynine Palms,
coupled with the cumulative 1944-76 displace-
ments measured with respect to Twentynine Palms
(see sections on “The Lucerne Valley Line” and
“The Colton-Mecca Line”). It is assumed as well, of
course, that our interpretation of the equivalence
of the 1974.5 and 1976 height differences between
Twentynine Palms and White Water is indeed valid
(see section on “The Colton-Mecca Line”).

Because the 1959.0-74.5 down-to-the-east tilt be-
tween Parker Dam and Cottonwood Pass may have
been nearly 0.6 m, the represented gradient ex-
tending eastward to the Arizona border (fig. 64)
may be unrealistically conservative. However, ow-
ing to the probable occurrence of unassessed move-
ment at various critical junctions during the
course of the 1974/75/76 levelings leading into (or
out of) Cottonwood Pass, we have based our recon-
struction on the first of several possible options
and have assumed that Parker Dam remained in-
variant with respect to Tidal 8 during the interval
1931-74.5 (see section on “The Cottonwood Pass-
Parker Dam Line”). Thus we have distributed the
1959.0-74.5 vertical-displacement gradient along
this line almost uniformly, diminishing from a max-
imum of +0.36 (or +0.31) m at Cottonwood Pass to
zero at Parker Dam (fig. 64). While this is clearly a
less than wholly satisfactory characterization, be-
cause bench mark 2H (MWD) (Cottonwood Pass)
had almost certainly sustained significant collapse
by the time the 1976 leveling was underway (such
that the measured tilt was less than that that
would have been revealed had the leveling been

THE EVOLUTION OF THE SOUTHERN CALIFORNIA UPLIFT, 19556 THROUGH 1976

carried out in 1974), and because the actually mea-
sured tilt between Cottonwood Pass and Parker
Dam was relatively smooth (pl. 14), the attenuation
of the uplift eastward from Cottonwood Pass prob-
ably is closely approximated by that shown in fig-
ure 64.

The configuration of the tectonic subsidence in
the Salton Trough (fig. 64) is constrained by the
results of the 1974 leveling between Mecca and
Truckhaven and the inferred equivalence between
the 1971/72 datum and a hypothetical 1955 datum
along the Ocotillo-Ogilby line (see sections on “The
Colton-Mecca Line” and “The Ocotillo-Ogilby
Line”). Because Mecca apparently rose about 0.18
(or 0.13) m during the period 1968-74, and because
the height differences between Mecca and Truck-
haven remained virtually unchanged during this
interval, the entire spur must have undergone
uplift of about 0.18 m (or 0.13 m) between 1956 and
1974.5 (see section on “The Colton-Mecca Line”).
The magnitude of the represented subsidence cen-
tering on the Salton Sea (fig. 64) is based on the
probable stability of bench mark Y 58 (Ocotillo)
with respect to Tidal 8 during the period 1971/72—
74 (and, less certainly, 1941-74 as well), coupled
with the inferred equivalence between the 1971/72
datum and the datum that would have been de-
veloped had the surveys been carried out in 1955
(see section on “The Ocotillo-Ogilby Line”). If the
1971/72 heights were significantly below the 1955
heights along the Ocotillo-Ogilby line, it would tend
to reduce the 1959.0-74.5 subsidence, but probably
not by enough to eliminate the —0.10-m contour.
Similarly, if the 1971/72 heights were well above
the 1955 datum, the represented 1959.0-74.5 sub-
sidence would be increased to the point that it prob-
ably would catch a —0.15-m contour (see pl. 15C).

THE 1959-77.0 EPOCH

The partial collapse of the southern California
uplift is clearly revealed by the results of the 1976
(and, locally, 1977) levelings. However, because the
distribution of the 1976 data are very limited, we
have attempted to describe the residual uplift in
only two areas (fig. 65). Moreover, because those
1976 data that do exist indicate that the collapse
proceeded very rapidly, such that the “1976” height
differences between bench marks, and especially
between successive junction points, are much more
apt to have been aliased by intrasurvey movement
than those based on earlier levelings. Accordingly,
the 1959.0-77.0 reconstruction (fig. 65) is perhaps
the most questionable of any of those shown here.
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The 1977.0 configuration of the uplift is relatively
unequivocally defined through its central girth by
the results of 1976 levelings in this area (see sec-
tions on “The Los Angeles-Mojave Line, The Los
Angeles-San Bernardino Line” and “The Quail
Lake-Hesperia Line”). However, the demonstrably
tectonic subsidence along the south flank of the
uplift (fig. 65) is based on no more than skeletal
information from both east and west of the Los
Angeles-Mojave line and from the westernmost
part of the Los Angeles-San Bernardino line. Spe-
cifically, the results of December 1976—-April 1977
levelings by the Bureau of Engineering of the City
of Los Angeles and the Los Angeles County De-
partment of County Engineer indicate that by 1977
the coastal route between San Pedro and Santa
Monica (directly west of Los Angeles) had sus-
tained significant tectonic subsidence with respect
to earlier datums. Comparisons against 1960 and
1968 datums show that this subsidence accumu-
lated more or less linearly northward, whereby
Santa Monica subsided about 0.03 m and 0.05 m
during the intervals 1960-77 and 1968-77, respec-
tively (NGS lines L-17850 and L-21537; J. F. Me-
Millan, Los Angeles County Department of County
Engineer, written commun., 1977). Similarly, com-
parisons of the results of March—May 1977 surveys
against a 1968 datum between La Canada and
Azusa by the Los Angeles County Engineer show
that tectonic subsidence referred to a control point
in La Canada increased smoothly eastward to a
maximum of only about 0.02 m at Azusa (J. F.
McMillan, Los Angeles County Department of
County Engineer, written commun., 1977). Accord-
ingly, because the line between La Canada and
Azusaprobably sustained nearly uniform uplift be-
tween the spring of 1961 and 1968, and because the
La Canada reference mark (47-11) apparently sub-
sided about 0.07 m between the spring of 1961 and
1976 (see section on “The Los Angeles-San Ber-
nardino Line”), we infer that tectonic subsidence
measured with respect to a hypothetical 1955 (or
1959) datum increased gradually eastward to a
maximum of about 0.09 m at Azusa. Finally, the
“1976” height of bench mark D 39, Colton, is based
on the results of 1977 leveling through Cajon Pass
tied to 1976 surveys propagated eastward from
Palmdale to Hesperia (see section on “The Colton-
Mecca Line”). Thus there is a reasonable likelihood
that the “1976” heights of both D 39 and those
bench marks extending northward to Hesperia
may have been contaminated by intrasurvey
movement.

THE EVOLUTION OF THE SOUTHERN CALIFORNIA UPLIFT, 1955 THROUGH 1976

The characterization of the residual (post-1974)
uplift through its eastern reaches (fig. 65) has been
developed from what we believe to be an extreme
interpretation of the 1974-76 collapse in this area.
That is, the represented reconstruction is based on
avery conservative estimate of the 1959-74.5 uplift
at Cottonwood Pass (fig. 64B) and the likelihood
that the alternative (lower) of the two 1976 heights
for bench mark H 516, Mecca (fig. 50), is the more
accurate choice. However, even if these prove to
be inaccurate judgments that lead to exaggerated
estimates of the 1974-76 collapse, the form of the
eastern part of the residual uplift would remain
unchanged. If, for example, the 1959.0-74.5 uplift
at Cottonwood Pass was 0.05 m greater than that
used in this reconstruction (fig. 65), it would simply
add 0.05 m to the value of each contour.

OTHER EXAMPLES OF ASEISMIC UPLIFT

Although aseismic uplift identified with active
orogenic belts has been recognized before, both
here and elsewhere, we know of no example (with
one conspicuous exception) that matches the south-
ern California uplift in areal extent, magnitude,
and its spasmodic growth. Gilluly (1949, p. 562-565),
for example, in one of the earliest references to this
phenomenon, described uplift of up to 0.20 m based
on 1906 and 1944 levelings across Cajon Pass. Ad-
ditional examples from southern California include
the aseismic uplift that preceded the 1971 San Fer-
nando earthquake (Castle and others, 1974; Castle
and others, 1975), uplift apparently precursive to
the Point Mugu earthquake of 1973 (Castle and
others, 1977), and uplift deduced from differenced
sea-level measurements in the Los Angeles harbor
area (Leypoldt, 1938; Nascon, 1976; Wyss, 1977b, p.
1092) that preceded the 1933 Long Beach earth-
quake. Elsewhere, the most commonly cited ex-
ample of aseismic uplift is that which reportedly
occurred in advance of the 1964 Niigata earth-
quake (Tsubokawa and Dambara, 1968). Thatcher
and Matsuda (1981), moreover, have described ap-
parently continuing extensive uplift in the Tokai
district southwest of Tokyo. This zone of uplift is
about 40-50 km wide, projects northward about 250
km through the Akaishi Mountains, and has been
characterized by positive height changes of more
than 0.20 m during the period ~1900-70. Addition-
ally, and although it might be viewed as other than
strictly orogenic, Reilinger and Oliver (1976) have
described uplift in the Socorro district of New Mex-
ico that is inferred to be associated with deep-
seated magmatic activity. Similarly, aseismic dom-



OTHER EXAMPLES OF ASEISMIC UPLIFT

ing over a roughly elliptically shaped area perhaps
100 km across, also interpreted as the product of
magmatic intrusion at depth, has been reported
from the Yellowstone area, Wyoming (Reilinger
and others, 1977).

Although several of the examples cited in the
preceding paragraph are in some respects compa-
rable to the southern California uplift, the differ-
ences clearly outweigh the similarities. The Tokai
uplift, for example, is certainly a major feature by
any measure, yet there is no evidence that its aseis-
mic growth has proceeded spasmodically or episod-
ically (Thatcher and Matsuda, 1981). On the other
hand, the uplift in the Los Angeles harbor area
was identified with accelerated and unusually
rapid growth and subsequent collapse (Leypoldt,
1938), but it probably extended over an area of no
more than several hundred square kilometers.
Thus, as contrasted with any of these examples,
the southern California uplift emerges as a unique
tectonic event.

The remarkably similar uplift that apparently
occurred within this same general area during the
early part of the 20th century (Castle and others,
1976; Castle and others, 1977; Castle, 1978; Vanicek
and others, 1979; Wood and Elliott, 1979; Yerkes
and others, 1980) is clearly an exception to the pre-
ceding generalization. Although our investigation
of this earlier event is incomplete, we have assem-
bled sufficient information on its history and dis-
tribution to enable us to draw a number of com-
parisons between this early uplift and its recent
counterpart.

Comparisons between the results of 1897/1902
and 1914 levelings along the Los Angeles-Mojave
line indicate that the area northward from San
Pedro sustained increasing uplift during this in-
terval that culminated south of the San Andreas
fault at about +0.5 m (fig. 664). Moreover, uplift
of about this same magnitude apparently propa-
gated across the full width of the western Mojave,
diminishing to about 0.27 m at Bakersfield (fig.
66A). Preliminary comparisons based on the 1897/
1902 levelings and a combination of 1914, 1924,
1926, and 1928 surveys between San Pedro and
Mecca indicate that comparable uplift (of up to 0.5
m or more) must have extended eastward as well,
to at least White Water (Wood and Elliott, 1979, p.
254-256). Similarly, comparisons based on some-
what more fragmentary data argue that this early
uplift persisted westward along the southern mar-
gin of the western Transverse Ranges and thence
northward to beyond Point Arguello (Yerkes and
others, 1980). Accordingly, even though we have

119

discovered no data from the area east of Barstow
and north of the Salton trough that bear on this
problem, and even though the data that we have
assembled are relatively skeletal, this earlier uplift
certainly rivaled or even surpassed the more re-
cent uplift in both magnitude and areal extent. Not
surprisingly, the evolutionary chronology is much
less well defined for this early-20th-century event
than it is for the later uplift. Nonetheless, com-
parisons between the results of 1897 and 1902 lev-
elings indicate that uplift could not have begun
before 1902. Furthermore, our analysis of misclo-
sures associated with a part of the early level net-
work supports the conclusion that significant uplifé,
did not begin before 1905, yet was almost certainly
well underway by 1907.

The accuracy of the measurements that define
the early-20th-century southern California uplift
was well below the accuracy of the measurements
that have been incorporated in the reconstruction
of the recent uplift. For example, the estimated
random errors identified with the 1897/1902 and
1914 height determinations for a representative
mark located well within the uplift are about three
times the magnitude of those computed for the re-
sults of later levelings (fig. 67). Nevertheless, both
circuit closures and the results of repeated level-
ings obtained prior to the inception of the uplift
indicate that the accuracy of even the least accu-
rate (primary) geodetic leveling of this vintage was
a good deal higher than suggested by these error
bars (fig. 67). Moreover, permissive support for the
accuracy and certainly the validity of these earlier
measurements is implied by the gross similarity in
both distribution and magnitude between the
early-20th-century and later southern California
uplifts. Furthermore, the reported signals are so
large in comparison with any likely error that it
would be difficult to dismiss these displacements
as artifacts of the measurement system.

We must acknowledge, however, that our initial
identification of the early-20th-century uplift (Cas-
tle and others, 1976, p. 252-253) was developed from
uncorrected or improperly corrected field values
which are now known to be substantially in error.
Specifically, our earlier report was based on 1897
leveling between San Fernando and the San An-
dreas fault that, contrary toour original statement
(Castle and others, 1976, p. 252), was single rodded
over this particular reach; subsequent reconstruc-
tion of the field observations revealed two major
blunders (one of which could be corrected) that led
to significant errors in the 1897 datum extending
northward from San Fernando (or, more precisely,
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FIGURE 66.—Projections into north-south section through San Pedro showing height changes (Ah) with respect to bench mark
Tidal 8 along parts of the Los Angeles-Mojave and Los Angeles-San Bernardino lines. Marks that appear as spikes or fall
within areas of recognized compaction-induced subsidence have been discarded in these comparisons. A, Height changes
identified with early-20th-century uplift measured against an 1897/1902 datum. B, Height changes identified with modern
uplift measured against a 1955 datum. Estimated coseismic displacements associated with the 1971 San Fernando earthquake
have been subtracted from these comparisons; data through region of recognized coseismic displacements were not used in
the construction of the alternative profiles (dashed lines).



OTHER EXAMPLES OF ASEISMIC UPLIFT

the adjacent community of Pacoima). Similarly, the
results of the 1914 double-run leveling were found
to be contaminated by unusually large errors of as
much as 0.15 m that had been produced through
improperly computed rod corrections. The datum
has since been corrected through the substitution
of the results of 1902 double-rodded (precise) lev-
eling between the San Andreas fault and San Fer-
nandothatjunctioned with 1897 double-rodded sur-
veys extending southward to San Pedro. The 1914
measurements have also since been corrected
through the application of recomputed rod correc-
tions based on the original field calibrations of the
wooden rods incorporated in the 1914 survey and
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a subsequent U.S. Bureau of Standards recalibra-
tion of one of the two standardized steel tapes used
in the field calibrations. Accordingly, our earlier
characterization (Castle and others, 1976, p. 252—
253) should be disregarded and should be replaced
by the revised interpretation shown in figure 66A.

The early southern California uplift roughly
mimicked the recent uplift in a number of ways.
That is, not only did this uplift extend over the
same general area, but its growth was both gen-
erally aseismic and apparently characterized by
rapidly accelerating vertical displacements of
about the same magnitude as those identified with
the later uplift. Moreover, the partial collapse of
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FIGURE 67.—Changes in orthometric height at bench mark 3219 USGS, Vincent, with respect to bench mark Tidal 8, San Pedro,
since 1897/1902. The 1897/1902 height is based on double-rodded third-and second-order levelings of the U.S. Geological Survey.
The 1914 height is based on second-order (double-run) leveling of the U.S. Geological Survey. All other heights are based on
the results of first-order levelings of various agencies. One-standard-deviation error bars show conventionally estimated
random error only. Orthometric corrections based on observed gravity.
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about the same magnitude as those identified with
the later uplift. Moreover, the partial collapse of
the early uplift is similar in chronology, if not in
form, to that which followed the 1974 culmination
of the recent uplift (figs. 66 and 67). In fact, it is
not unlikely that the uplift across Cajon Pass de-
scribed by Gilluly (1949, p. 562-565) is characteristic
of the general form of the south flank of the resid-
ual early uplift—that is, the uplift that persisted
following the partial collapse that must have begun
no later than 1926 (figs. 66A and 67).

Granting the similarities between the earlier and
later uplifts, there remain several notable differ-
ences that can be loosely described as second-order
variations. The most significant of these differ-
ences is the much more pervasive involvement of
the Peninsular Ranges in the earlier uplift (fig. 66;
Wood and Elliott, 1979). Indeed, the significant
propagation of this earlier uplift into the Penin-
sular Ranges south of Los Angeles (fig. 664) sug-
gests that these vertical displacements may be as
much the product of collapse of the northern edge
of the Peninsular Ranges as uplift of the Trans-
verse Ranges. While this interpretation would nei-
ther remove nor diminish the measured tilt along
the south flank of the early-20th-century uplift, it
implies that the represented displacement field
(fig. 66A) distorts the vertical-movement history
with respect to a tectonically invariant control
point. However, several short-term occupations of
the San Pedro tide station during the second half
of the 19th century (Wood and Elliott, 1979, p. 258)
argue that this has not occurred to any significant
degree. Specifically, the results of these measure-
ments indicate that the sea-level trend at this tide
station remained virtually unchanged through the
growth and partial collapse of the early uplift. The
earlier uplift apparently differed as well in its mode
of collapse. That is, as can be deduced from direct
inspection of the profiled height changes, the col-
lapse of the modern uplift was expressed as a re-
markably uniform down-to-the-north tilt that ex-
tended at least as far north as Rosamond (fig. 66B).
The earlier uplift, on the other hand, was charac-
terized by a much more irregular pattern of col-
lapse, and its southern margin was virtually devoid
of tectonic subsidence (fig. 664). Moreover, while
there is some indication that the deflation of the
recent uplift may have begun in the western Trans-
verse Ranges and spread rapidly eastward, the ear-
lier uplift apparently sustained major collapse in
the western Transverse Ranges and the western
Mojave block well in advance of any collapse in its
eastern reaches. Specifically, if we assume that the
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reported 0.6-m uplift of the northern Salton trough
was at its maximum in 1928 (Wood and Elliott, 1979,
p. 265)—and it is difficult for us to reject this as-
sumption—major collapse of the western lobe (fig.
66A4) must have begun at least 2 years before any
significant subsidence had occurred in the eastern
part of the uplift. There is, in addition, at least
permissive evidence that the collapse of the east-
ern uplift probably persisted at least into 1931 (see
Wood and Elliott, 1979, p. 254 and section on “The
Colton-Mecca Line”). Finally, conspicuous down-
warping along the south flank of the uplift, such
as occurred between 1955 and 1976 (figs. 656 and
66B), almost certainly did not accompany the col-
lapse of the earlier uplift. It is, in fact, this dis-
tinction that most clearly differentiates these two
episodes of uplift and partial collapse. The occur-
rence of an earlier episode of uplift within the same
general area as that occupied by the recent south-
ern California uplift suggests that the recent uplift
represents but a single event in a continuing and
more or less cyclic tectonic process. Although the
historic record embraces less than two full cycles,
if we assume the later cycle to be representative,
it suggests a period of about 50 years. Use of this
value indicates that the cumulative uplift rate in
the Palmdale area during the past century has
been about 5 mm/yr (fig. 67), a figure that is cer-
tainly in acceptable agreement with the uplift
rates deduced from studies of emergent marine ter-
races along the south flank of the western Trans-
verse Ranges (Wehmiller and others, 1977; Weh-
miller and others, 1979), and hence along the south
flank of the uplift. In the larger geologic context,
moreover, the areas of maximum cumulative uplift
and maximum cumulative collapse are generally
consistent with their geologic locale. For example,
based on repeated geodetic measurements, the
high desert and western Transverse Ranges and
at least parts of the San Bernardino Mountains
have been identified as areas of relatively high cu-
mulative uplift rates (figs. 65 and 67) that roughly
coincide with areas of geologically determined high
uplift rates during Holocene or late Quaternary
time (Wehmiller and others, 1977; Bull and others,
1979; Wehmiller and others, 1979; Herd, 1980, p. 15—
16). Similarly, the geodetically determined maxi-
mum cumulative collapse (or negative uplift) rates
are at perhaps their greatest in the central Salton
trough (fig. 50; Wood and Elliott, 1979, p. 255), which
is precisely the environment in which one would
expect continuing cumulative tectonic subsidence.
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SEISMICITY ASSOCIATED WITH THE
SOUTHERN CALIFORNIA UPLIFT

The rapidly accelerating vertical displacements
identified with the evolution of the southern Cal-
ifornia uplift (figs. 55-65) invite an almost intui-
tively obvious comparison with the instrumentally
recorded earthquakes in this same general area.
Accordingly, we have compared the distribution of
earthquakes of magnitude 4 and greater during the
period 1932-76, inclusively, with our preferred
interpretation of the cumulative uplift developed
during the period 1959-74.5 (pl. 16). Shocks of less
than magnitude 4 have been excluded chiefly be-
cause they probably contributed very little to the
elastic strain release in this area. Moreover, while
we recognize that much more rigorous compari-
sons could (and probably should) be made between
the changing pattern of seismicity and the evolving
uplift, our purpose here is simply to draw attention
to several of the evident relations between the
uplift and the spatially associated earthquakes
that occurred during the interval 1932-76.

Perhaps the most valid generalization that can
be made in this connection is that the uplift and
the seismicity of this area are surprisingly poorly
correlated. The generally uncorrelated nature of
these two phenomena would be even more striking
were we to exclude from consideration those earth-
quakes that preceded the uplift. Specifically, vir-
tually all of the earthquake activity along the New-
port-Inglewood zone (pl. 16) can be attributed to
the 1933 Long Beach earthquake and associated
aftershocks (Hileman and others, 1973, p. 11, 15—
20). Similarly, a large part of the seismicity south
of Santa Barbara, north of Cantil, east of Barstow,
and in the area centering on White Water is clearly
identified with the 1941 Santa Barbara, the 1946
Walker Pass, the 1947 Manix, and the 1948 Desert
Hot Springs earthquakes, respectively (Hileman
and others, 1973, p. 11, 34-39). Finally, and perhaps
most importantly, nearly all of the shocks devel-
oped along the northwest flank of the uplift can be
related to the 1952 Kern County earthquake (Hile-
man and others, 1973, p. 34—41). In short, although
a significant part of the 1932-76 seismicity oc-
curred after 1959, more than half of the seismic
energy produced during this period probably pre-
ceded the inception of the uplift.

Apart from the pre-1960 earthquake activity, the
seismicity associated with both the growth and par-
tial collapse of the uplift is localized largely within
(1) the Santa Barbara Channel westward from Ven-
tura, (2) the Saugus-San Fernando area, (3) the San
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Bernardino Mountains area, and (4) various areas
along the trend of the San Jacinto fault (pl. 16).
Perhaps even more apparent, however, is the oc-
currence of several large, generally aseismic areas
within and around the uplift. Specifically, the west-
ern lobe of the uplift (exclusive of the Saugus-San
Fernando area) remained virtually free of earth-
quakes during the period 1960-76. In addition, and
even if the pre-1960 earthquakes are taken into
consideration, the area projecting eastward across
the southeast flank of the uplift into the eastern
Mojave has been almost totally free of seismic ac-
tivity.

The apparent spatial independence between the
uplift and the temporally associated seismicity
could be interpreted as indicating that the two are
genetically dissociated. It could be argued with
equal conviction, moreover, that the identified
“seismic gaps,” particularly around the flanks of
the uplift, represent zones of significant elastic-
strain accumulation indicative of impending and
conceivably major earthquake activity. However,
at least one and perhaps both of these generali-
zations probably are wide of the mark. That is,
there is no evidence to conclude other than that
both the seismicity and the apparently aseismic
deformation are equally valid expressions of the
orogenic process. Simply because we are unable to
show that one is somehow directly derivative from
the other does not preclude an ultimately demon-
strable relation between the two. Similarly, there
is as yet no clearly defined basis for assuming that
the aseismic areas within and around the uplift
should be targeted as sites for major seismic ac-
tivity in the near term—although we should add
that this is certainly a reasonable possibility. None-
theless, and even though we recognize at least one
major difference between the two historically de-
fined episodes of uplift that may bear on this prob-
lem, what little we know of the early-20th-century
uplift argues by analogy that we need not neces-
sarily expect to see these seismic gaps filled by
large earthquakes.

THE ORIGIN OF THE SOUTHERN
CALIFORNIA UPLIFT

The southern California uplift is, at best, an im-
perfectly understood phenomenon. Nevertheless,
various scholarly speculations dealing with the or-
igin of this feature appeared almost immediately
after its recognition (Thatcher, 1976; Hadley and
Kanamori, 1977b, p. 1474-1477; Kosloff, 1977; Wyss,
1977a; Castle, 1978, p. 7; Savage and Prescott, 1977;
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Rundle and Thatcher, 1980). However, several of
these hypotheses were generated in advance of sig-
nificant constraints that have since been placed on
any theory of the origin of the uplift; thus the range
of reasonable explanations has been correspond-
ingly narrowed and, in a certain sense, further com-
plicated. Specifically, any model that attempts to
explain the origin of the uplift must consider the
episodic or spasmodic growth of the uplift and its
subsequent collapse, the apparently cyclic nature
of this phenomenon, the surprisingly short period
identified with each cycle, and the generally aseis-
mic nature of the uplift and subsequent collapse.
Moreover, any viable explanation of the uplift must
also accommodate its apparent involvement with
the Transverse Ranges (or, alternatively, with the
double bend of the San Andreas fault) and both the
measured and inferred contractional strain ath-
wart the uplift. Although we have seriously con-
sidered all of those explanations for the origin of
this feature of which we are aware, we obviously
favor some over others; hence this discussion fo-
cuses on what we perceive to be the most soundly
based suggestions and criticisms formulated to
date.

Shortly after the recognition of the southern Cal-
ifornia uplift, but prior to the identification of its
partial collapse, Thatcher (1976) concluded from an
analysis of repeated triangulation surveys that the
impulsive inception of the uplift was accompanied
by horizontal strain rates roughly four times
greater than those normally associated with the
San Andreas system. Thus, according to Thatcher
(1976, p. 691-692), anomalous shear straining dur-
ing the periods 1952-63 and 1959-67 probably de-
structively interfered with the normal pattern in
such a way that the compressive stress axes were
rotated into azimuths roughly perpendicular to the
axis of the uplift. This anomalous pattern sug-
gested to Thatcher (1976, p. 693) that the uplift
could be explained as the product of aseismic slip
along a virtually horizontal megathrust diving be-
neath the Transverse Ranges or, alternatively, de-
coupling between the asthenosphere and a rela-
tively thin lithosphere. Savage and Prescott (1979)
subsequently challenged this model, chiefly be-
cause (1) geodimeter lines that roughly parallel the
maximum compressive axes identified by Thatcher
(1976, p. 693) seemed to lengthen during the critical
period 1956—63 and (2) they could detect no evidence
of anomalous horizontal straining accompanying
the partial collapse of the uplift during the period
1974-77. Rundle and Thatcher (1980) have since
proposed a modified megathrust model that is
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seemingly consistent with Thatcher’s (1976) earlier
analysis and may overcome several of the earlier
objections. The Rundle-Thatcher model presup-
poses a layered system extending into the asthen-
osphere, in which each layer is characterized by
significantly different time constants. Thus, ac-
cording to Rundle and Thatcher, relatively rapid
slip along a shallowly dipping megathrust within
the lithosphere would be accompanied by corre-
spondingly rapid elastic uplift along the leading
edge of the upper plate. The viscoelastic asthen-
ospheric response to this rapid slip would tend to
produce relatively slow uplift overlying the slip
zone that would persist until such time as equilib-
rium was restored. Collapse rapid enough to over-
come the asthenospheric recovery could occur
within a porelastic layer characterized by rela-
tively short time constants and extending to a
depth of perhaps no more than 5 km. The defor-
mation of the porelastic layer is attributed in turn
to fluid diffusion, although other mechanisms
might be postulated. Unfortunately, the complex-
ities of the Rundle-Thatcher model preclude a sim-
ple synopsis; hence we have attempted here to out-
line only its more basic aspects in order to
demonstrate its general consistency with Thatch-
er’s (1976) earlier hypothesis.

While the post-1973/74 partial collapse persists as
perhaps the most enigmatic feature associated
with the evolution of the uplift, the seemingly di-
vergent positions of Thatcher (1976) and Savage
and Prescott (1979) may be less irreconcilable than
the data suggest. Specifically, the occurrence of an
unusual horizontal strain event superimposed on
the secular strain pattern could explain the asso-
ciation between the inception of the uplift and the
anomalous shear straining identified by Thatcher
(1976), yet at the same time show at least partial
consistency with the data reported by Savage and
Prescott (1979). For example, lines 43, 59, and 61
(fig. 68) are characterized by apparent strain his-
tories that Savage and Prescott (1979, p. 172-173)
largely dismiss as the products of measurement
error, but which we contend are consistent with
discontinuous migration of slip (in both space and
time), both athwart the axis of the uplift and along
a horizontal or subhorizontal surface underlying
the uplift. Owing to the relatively short length of
these lines (with respect to the width of the uplift)
and the discontinuous nature of the postulated slip
events, we see no reason why such events should
necessarily be expressed at the surface as short-
ening—even though we would expect that a con-
tractional trend should be evident along the av-
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The Lachenbruch-Sass model—at least in its un-
modified form—assumes that simple shear is con-
tinuous across the entire subseismogenic plate
boundary. It also assumes that right-lateral shear
straining associated with this continuous move-
ment is symmetrically distributed with respect to
the medial line that traverses the length of the
boundary zone, falling off to zero at either edge of
the boundary zone. Because the velocity of any
point within the subseismogenic shear zone is, by
definition, unimpeded, whereas that for a corre-
sponding point within the overlying brittle zone is
constrained (Lachenbruch and Sass, 1973, p. 198,
fig. 4Cb), a horizontal shearing traction, 1, (fig.
69A4), is necessarily imposed on the base of the brit-
tle layer (or, alternatively, on the base of some ar-
bitrarily designated section within the low-viscos-
ity layer).

Adoption of this characterization of the San An-
dreas fault (fig. 69A) carries with it implications
significant to the origin of the southern California
uplift. Specifically, “the seismogenic layer could of-
fer appreciable resistance to plate motion even
though stress on the main fault were negligible;
[thus] the principal resisting surface would be the
horizontal base of the seismogenic layer” (Lach-
enbruch and Sass, 1980, p. 6219). Hence, provided
that 1, rises to values large enough to overcome
the shearing resistance along the horizontal fault,
the brittle or seismogenic layer may simply ride
out over the subseismogenic zone (fig. 69B). More-
over, because of the geometric and strength con-
ditions that govern movement on the San Andreas
fault where it traverses the Transverse Ranges,
slip along the horizontal fault need not necessarily
be accompanied by movement along the vertical or
main fault. That is, since continuing contractional
strain across the San Andreas fault between the
two chief bends in the system is enhanced with
respect to that both north and south of this reach,
increasing normal stress across the vertical fault
will increase the frictional resistance to movement
throughout and immediately beyond this section
of the fault, whereas the shear stress along the
main fault, T, probably remains at a minimum with
respect to that elsewhere within the seismogenic
layer (Lachenbruch and Sass, 1973, p. 198, fig. 4Cc).
Hence the interaction between these stresses ef-
fectively bonds the main fault over short periods.
However, those factors that probably led to this
welded-like condition in no way preclude movement
along the main fault (it would be absurd to argue
otherwise since it is known to have sustained large
displacements during historical time); that is, pro-
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vided that the horizontal shearing traction across
the horizontal fault rises to some critical value, slip
may occur along both parts of the fault.

The variation in 7, as a function of both position
and time is controlled by a variety of factors. Per-
haps the most obvious of these is the velocity dis-
tribution across the subseismogenic layer, which
is ultimately dependent on interplate motion. That
is, the velocity must increase gradually from zero
at the edge of the boundary zone to a value along
the opposite edge that matches the velocity of the
plate motion itself. Similarly, the shearing resist-
ance must vary widely across the width of the
boundary zone, but it may be controlled chiefly by
the rheologic properties that characterize the pos-
tulated low-viscosity layer. Accordingly, if the rel-
ative velocities for points within the subseismo-
genic zone fall off toward the edges of the plate
boundary, whereas the shearing resistance in-
creases toward the edges, failure conditions along
the horizontal fault will, in general, tend to develop
toward the central part of the boundary zone. Fail-
ure (where 1, = the shearing resistance) may be
achieved much more readily and, hence, much
more frequently than one might intuitively infer.
For example, if the shortening (90 =20 mm/yr) be-
tween Quincy, Calif., and San Diego (fig. 1) reported
by Smith and others (1979) and Smith (1980) is even
approximately correct, relative motion of 110 mm/
yr between the North American and Pacific plates
is certainly a reasonable expectation. Thus, for cor-
responding points on opposite sides of the low-vis-
cosity layer midway across the plate boundary, dif-
ferential movement over a period of 50 years could
easily rise to about 1.35 m (or roughly half the dis-
placement of a point within the subseismogenic
zone with respect to some point beyond the plate
boundary). Differential movement of this magni-
tude could easily increase 7, to values large enough
to produce failure within the decoupled zone. Ac-
cordingly, if the southern California uplift is, in
fact, attributable to slip along the horizontal San
Andreas fault, cyclic repetition of uplift at about
50-year intervals may be much more expectable
than would have otherwise seemed possible.

Given the occurrence of slip along the horizon-
tally decoupled zone (fig. 69B), the displacement
may be braked through the restoration of equilib-
rium between 7, and the horizontal shearing re-
sistance (that is, through a reduction of 1,), the
strength of the brittle seismogenic layer (which
would tend to inhibit breakthrough at the bends
along the vertical fault), and, conceivably, the in-
tersection between the northward-dipping frontal
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NORTH AMERICAN PLATE

PACIFIC PLATE
Al
TIGURE 69.—Schematic representation of layered lithosphere astride the plate boundary in southern California. A, Preuplift.

B, Postuplift. All movement is with respect to A-A’, whose position and configuration are fixed. The shear stress along
the east side of the vertical part of the San Andreas fault is indicated by T; that along the seismogenic layer on the
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subseismogenic layer of the horizontal part of the San Andreas is indicated by 7,. The uplift is assumed to be the product of

slip along the decoupling surface (or layer) between the seismogenic and subseismogenic layers. Relative displacements of
upper layer indicated by dimensionless arrows. See text for details.
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fault system and the decoupled zone—or through
some combination of all of these. Because the max-
imum uplift associated with this postulated decou-
pling seems to have been about the same for each
of the two historic uplift cycles, there may be some
threshold load above which collapse may occur
through flow within the low-viscosity layer (Castle,
1978). Moreover, the prevention of complete col-
lapse could result from strain hardening set up
within the low-viscosity layer during the uplift pe-
riod. We hasten to add, however, that we see no
reason why a general collapse should necessarily
preclude further slip through the decoupled zone
and, hence, the occurrence of localized uplift dur-
ing or immediately following this general collapse.

The explanation we present here may be un-
realistically idealized, and we probably would be
well advised to simply dismiss the evolutionary
complexities of the uplift as the products of unas-
sessed variations and perturbations within the de-
coupled zone. However, several of the more evident
second-order features may be significant to our un-
derstanding of the overall process. For example,
Thatcher (1976, p. 693) observed that the southern
California uplift nucleated immediately west of the
southwestern end of the 1952 Kern County after-
shock zone. If the slip event that produced the 1952
earthquake is viewed as underthrusting of the
wedge defined by the White Wolf fault and the base
of the seismogenic zone, it would tend to increase
the gradient in 7, westward from the rupture zone
and load the horizontal fault in the area north of
Ventura. Thus, there is some basis for arguing that
the uplift should have nucleated in this area. Sim-
ilarly, the early-20th-century uplift propagated
well into the Peninsular Ranges province, whereas
the southern boundary of the recent uplift is
closely coincident with the active front of the
Transverse Ranges. Thus, it seems to us that there
is a significant likelihood that the recent uplift may
have terminated on the south through slip along
the frontal fault system and, hence, further loaded
this potentially active series of faults.

CONCLUSION

We have attempted in this report to outline the
evolution of the southern California uplift as
clearly as the data permit, recognizing that our
reconstruction almost certainly errs in detail. That
is, we must contend not only with the possibility
that some of the measurements may be system-
atically contaminated owing to the occasional use
of a bad rod or local runs of unequal-refraction er-
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ror, but also with the much more difficult problem
associated with intrasurvey movement. Nonethe-
less, and in spite of persisting uncertainties sur-
rounding the changing configuration of the uplift,
the coherence of the reconstruction argues con-
vincingly that the general pattern of vertical dis-
placements described here is indeed real and not
simply an artifact of the measurement system.
This conviction is strengthened, moreover, by the
1978 general releveling of southern California
which shows that nearly the entire uplift sustained
a general collapse (Burford and Gilmore, 1984) re-
markably similar to the collapse that followed its
early-20th-century counterpart. To suggest that
the measurements that defined the recent uplift
and its partial collapse were characterized by cycli-
cally distributed distortion of the same form and
the same order as were those that defined the ear-
lier episode, asks too much of coincidence. More-
over, the consistency of the pattern of uplift with
the late Quaternary tectonic history of southern
California strongly supports the existence of this
feature, although obviously not its spasmodic
growth and subsequent collapse.

The presumably cyclic phenomenon that pro-
duced the southern California uplift may be unique
to this area and directly related to the very recent
and certainly complex, if not convoluted, develop-
ment of the San Andreas system in southern Cal-
ifornia. Regardless, those whose efforts are di-
rected toward an improved perception of not only
the recent tectonic history of southern California,
but the orogenic process in general, can hardly ig-
nore the significance of the episodic and spasmodic
deformation that seems to have characterized the
evolution of this feature.

Finally, how the uplift may be related to the
evolving seismicity of southern California is no bet-
ter understood than is the origin of the uplift itself.
Specifically, the question that ultimately will be
addressed and hopefully answered is whether this
regionally developed uplift (as contrasted, for ex-
ample, with the localized uplift that preceded the
1971 San Fernando earthquake) is directly or in-
directly precursive to a large-magnitude earth-
quake. We are aware of no firm evidence indicating
a one-to-one relation between the growth of the
uplift and the temporally associated seismicity.
Nonetheless, if our preferred explanation for the
origin of the uplift retains any technically redeem-
ing merit, the mere existence of the uplift suggests
that the occurrence of a large-magnitude earth-
guake is especially enhanced in the region of either
of the two major bends in the San Andreas fault
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or in the central section of the frontal fault system.
For example, the horizontal slip that is postulated
to have produced the uplift would tend to decrease
the basal tractional stress through the central part
of the uplift, yet could at the same time have armed
the frontal fault system along its southern margin.
Similarly, if we shift our reference to some point
along the San Andreas (rather than to one out-
board or west of the boundary zone and well within
the Pacific plate—fig. 69), horizontal slip along the
decoupled surface would tend to increase 7, in the
area west of the San Andreas and north of Ventura
(or, and perhaps less likely, east of the San Andreas
north of the Salton Trough). In either case, signif-
icant indications of the imminence of a large-mag-
nitude shock in southern California may prove
quite different than our earlier experience might
have suggested. For example, if we accept both the
Lachenbruch-Sass model and the reality of the
uplift, the increasing frequency in either of the
bend areas or along the frontal fault system of
small relatively deep-focus (~12-15 km) earth-
quakes characterized by horizontal or shallow
thrust solutions could be interpreted as foreshock
activity precursive to a major seismic slip event in
the higher crust. Similarly, a sudden acceleration
in the contractional strain rate astride the frontal
fault system, particularly were it associated with
migrating tilt reversals of the sort that preceded
the San Fernando earthquake (Castle and others,
1974, p. 64-65; Thatcher, 1976, p. 693-695), would
suggest updip propagation of slip conceivably pre-
cursive to major seismic activity along one or more
of the faults that make up this system.
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