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SUMMARY OF RECENT ACTIVITIES

Introduction

Vertical crustal movement information has been derived from releveling
data collected by the National Geodetic Survey (NGS) in the western U.S. Our
objective is to determine to what extent this data base can contribute to our
understanding of geodynamic phenomena with emphasis on earthquake prediction
and seismic hazard evaluation. After critically examining the crustal move-
ment information from a geodetic perspective, the leveling results are inter-
preted in view of other relevant geophysical and geological data.

This report describes the more significant accomplishments of our
research effort, concentrating on results achieved during the past six months.
Our most recent work has been directed towards a reevaluation of Southern
California releveling observations (because of their importance for the
earthquake prediction problem) from the perspective supplied by analysis of
leveling throughout the entire U.S. Previous tectonic interpretations of
certain leveling measurements in Southern California (including some of
those used to define the Palmdale Bulge and preseismic deformation for the
1971 San Fernando earthquake) are significantly in error because they failed
to adequately account for spurious influences (ground water effects, system-
atic errors). Using newly developed techniques and reliability criteria
we have identified those southern California observations which appear to.
reflect tectonic deformation. Because tectonic deformation can often be
separated from spurious effects, the releveling data base remains a valuable
source of information on neotectonic activity with important implications for

earthquake prediction and seismic hazard evaluation.



Recent Results (for details of particular studies see appropriate appendix)

I. Neotectonic Deformation, Near Surface Movements and Systematic Errors

in U.S. Releveling Measurements: Implications for Earthquake Prediction

Analyses of U.S. releveling measurements indicate that derivative crustal
movement estimates may reflect tectonic deformation, near-surface movements,
and/or systematic errors. Discriminating the contributions of these factoxrs
is especially crucial for unambiguous geodetic detection of possible precursory
seismic deformations. While reliable leveling measurements of co-seismic and
post—-seismic movements are well documentea for some of the larger (M > 6)
dip-slip earthquakes, leveling evidence for pre-seismic motion is generally
sparse and often ambiguous. Subtle earthquake-related motions may be masked
by both aseismic movements and systematic errors. For example, deep magnma
injection and surficial groundwater withdrawal are two mechanisms which
have been documented to cause surface movements which, under some circum-
stances, could be misidentified as seismic~related. Of more concern, perhaps,
are systematic measurement errors. Topography dependent errors afe an
exceptionally troublesome type, perhaps affecting as much as 20% of U.S.
leveling. However, other varieties of systematic error also contribute to
the uncertainty. Discrepancies between leveling and tide gauge data and
within nets of leveling alone suggest large, long baseline accumulations of
error. In many cases, aseismic and erroneous contributions cannot be
unequivocally determined ex post facto. However, a comprehensive examination
of the NGS crustal movement data base, representing a large sampling of the
entire U.S. Level Net, provides perspective and criteria needed to begin
to recognize movement directly related to earthquake activity.

Perhaps the most extensive set of relevant measurements exists in



southern California, where much attention has recently been focused,
Reevaluation of some of these leveling observations indicates that while some
appear to reflect tectonic deformation, others are suspect because of indi-
gations of systematic errors and/or near-surface, non-tectonic movements,
Specifically, possible preseismic movements reported for the 1971 San Fernando
earthquake in the vicinity of the earthquake fault as well as approximately
30 km northwest of the epicenter may be due to systematic errors. Movements
near the San Gabriel fault, initially ascribed to the Palmdale Bulge and more
recently to preseismic effects of the 1971 San Fernando earthquake apparently
reflect near-surface sediment compaction due to water table fluctuations.
Similarly, there is strong evidence of contamination by rod calibration
errors in the releveling observations used to define the southwestern portion
of the "Palmdale Bulge'" (Llano to Azusa, California). The reality of the
"Palmdale Bulge" itself must be questioned in view of this reevaluation,

In contrast, possible tilting southwest of Palmdale between 1961 and 1964

is not easily related to systematic errors or near-surface movements and

thus may represent tectonic deformatioﬁ. Whether this tilt anomaly was

due to preseismic effects of the San Fernando earthquake or a mechanically

separate tectonic event is presently unknown.

II. Elevation Changes Near the San Gabriel Fault, Southern California

Analysis of repeated leveling observations in the vicinity of the San
Gabriel fault in Southern California indicate subsidence immediately south
of the fault relative to points to the north, south, and east. These
observations were previously interpreted as reflectiﬁg tectonic motions
associated with either the 'Palmdale Bulge' or with preseismic effects of
the San Fernando earthquake. Relative subsidence between 1953 and 1964

reaches approximately 9 cm and extends over a distance of more than 20 km.
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Subsidence occurs directly above the Saugus aquifer and shows a temporal
correlation with the history of water level decline within the aquifer, The
degree of subsidence of individual benchmarks is roughly proportional to the
product of aquifer thickness and water level decline at the location of the
benchmarks. These observations strongly suggest that movements of the
surface near the San Gabriel Fault, previously inferred to be of tectonic
origin, actually result from near surface sediment compaction within the

Saugus basin.

IIT. Time Behavior of Vertical Crustal Movements Measured by Releveling

in North America: A Geologic Perspective

I some areas geodetically determined rates (* mm/yr) are comsistent in
sign with geologic trends but 10 - 100 times faster. Although the reliability
of some of the leveling results is open to question, this "rate paradox"
suggests that any real contemporary movements are episodic or oscillatory.

In the U.S. midcontinent oscillatory movements with a period of approximately
3000 years are implies. Deformation in the Rio Grande rift (New Mexico and
Texas) and at Hegben Lake (Montana) has constant direction and similar rates
for the past 50 - 100 yr (excluding the 1959 coseismic movement at Hegben
Lake), though geologic evidence indicates transitory behavior in the long
term (=10,000 years). In Oregon and Washington, 10-50 yr span releveling
shows more or less constant-rate landward-tilt of the relatively aseismic
coastal ranges that is consistent with the deformation rate of marine terraces
(230,000 yr) and underlying strata (36,000,000 yr). 1In contrast to the 50 -
100 yr span constant rates above, releveling in some seismically active

areas (e.g. Alaska and California) suggests rapid rate changes. However the
examples presented here suggest that in areas free of major earthquakes,’

rates from releveling, although high in a geologic sense, can likely be

extrapolated for 50 years.
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CONCLUSIONS AND RECOMMENDATIONS

In spite of laudable progress in developing sophisticated new geodetic
methods (e.g., VLBI, Laser Ranging, GPS) releveling measurements continue
to be the most accurate (over appropriate distances) and widespread source
of information on contemporary vertical movements of the continental cfust.
As such they constitute an important input to the earthquake prediction
problem. Previous investigations clearly demonstrate the potential of the
technique for monitoring subtle earth movements. However, it is equally
clear that releveling estimates of crustal movement are influenced by near-
surface movements and as yet poorly understood systematic errors which
can obscure or be mistaken for tectonic deformation. Thus, uncritical
interpretation of releveling observations can lead to erroneous tectonic
conclusions, which in the case of earthquake prediction could entail serious
social ramifications. The checking techniques (e.g., circuit closure analysis)
and reliability criteria developed by our group, represent an attempt to
quantify specific procedures for evaluating the tectonic significance of
particular leveling data sets. Although not foqlprpof, these procedures
have proven effective in a number of cases at discriminating tectonic
movements from suspect effects. However, even when spurious effects can be
eliminated, relating observed deformation to preseismic mechanisms may be
quite difficult because of the limited understanding of precursory phenomena
and the general inability to distinguish them from vertical movements due to
other causes (e.g., magmatic activity, isos;atic movements, orogenic deforma-
tions, etc.). Integrating other geophysical and geological information with
the leveling results, a major part of our program, is an essential element
for proper interpretation.

Substantial progress has been made towards evaluation of releveling



T

evidence for tectonic activity in the U.S, Yet, the implications of many of
these measurements remains unclear. Our new techniques for identifying
spurious observations and the massive releveling program currently underway
by the NGS, hold considerable promise for resolving many of the remaining
interpretational problems. Our future effort has been greatly facilitated
by the installation of a fully automated leveling data base at the NGS,

and development of programs specifically designed for geodynamic analysis

at Cornell. The social and scientific importance of understanding
contemporary movements of the crust is at least as great now as it was when
work on this problem began at Cornell. They require that the remaining
uncertainties concerning proper interpretation of releveling observations

be resolved so that this information can be effectively applied to earthquake

prediction and seismic hazard evaluation.
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NEOTECTONIC DEFORMATION, NEAR SURFACE MOVEMENTS AND
SYSTEMATIC ERRORS IN U.S. RELEVELING MEASUREMENTS:
IMPLICATIONS FOR EARTHQUAKE PREDICTION
by
Robert Reilinger and Larry Brown
Department of Geological Sciences
Cornell University
Ithaca, NY 14853

Abstract

Analyses of U.S. relevel%ng neasurements indicate that derivative
crustal movement estimates may reflect tectonic deformation, mnear-surface
movements, and/or systematic errors. Discriminating the coantributions of
these factors is especially crucial for ﬁnambiguous geodetic detection of
possible precursory seismic deformations. Wnile reliable 1leveling
measurements of co-seismic and post-seismic movements are well documented
for some of the larger (M > 6) dip-slip earthquakes, levelinz evidence for
pre-seismic motion is generally sparse and often ambiguous. Subtle
earthquake-related motions may be maéked by both aseismic movements and
systematic errors. For example, deep magma injection and surficial
groundwater withdrawal are two mechanisms which have been documented to
cause surface movements which, under some circumstances, could be
misidentified as seismic-related. Of more concern, perhaps, are systematic
measurement errors. Topography dependent errors are an exceptionally
troublesome type, perhaps affecting as much as 20% of U.S. leveling.
Howaver, other varieties of systematic error =also contribute to the
uncertainty. Discrepancies between lev.-ling and tide gauge data and witﬂin
nets of leveling alone suggest large, long baseline accumulations of error.
In many cases, aseismic and erroneous contributions can not bhe

unequivocally determined ex post facto. However, a comprehensive



examination of the NGS crustal movement data base, iepresenting a large
sampling of the entire U.S. Level Net, provides perspective and criteria
needed to begin to recognize movement directly related to earthquake
activity. Re-examination of certain observations from southern California
illustrate both the effectiveness and limitations of this approach. It is
clear that more frequent, more extensive, and better counstrained
observations are needed before leveling achieves its full potential in

earthquake prediction research.

Introduction

Vertical movements of the earth’s crust are comménly expected to
accompany the various phases of strain buildup and release associated with
najor earthquakes. Observations of vertical co-seismic and post-szismic
movenents using precise leveling are well-documented. However, reports of
preseismic movement in the U.S. are rare and, as will be argued,
questionable. Recognition of true pre-seismic motion is complicated by
systematic leveling errors, near—-surface non-tectonic processes (e.g.,
fluid withdrawal), the general lack of sufficiently redundant and extensive
surveys, and the fact that significant changes in elevation have been
identified which are unrelated to earthquakes. Such "noise" could easily
hide a pre-seismic signal. Considerable wuncertainty exists as to the
extent and magnitude of these obscuring '"movements". Direct determination
of their effects is often extremely difficult. However, some perspective
on these problems can be obtained from empirical analyses of existing
leveling (Figure 1). Such an analysis forms the basis of this report.

Perhaps, the most extensive set of relevanﬁ meaasurenents exists 1in

southern California, where mnuch attention has recently been focused.
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Reevaluation of some of these leveling observations in light of empirical
criteria developed froa broadsr analysis using most of the available U.S.
releveling indicates that while some appear to reflect tectonic
deformation, others are suspect because of indications of systematic errors
and/or near-surface, non-tectonic movements. Specifically, possible
preéeismic movements reported for the 1971 San Fernando earthquake in the
vicinity of the earthquake fault as well as approximately 30 km northwest
of the epicenter may be due to systematic errors. Movements near the San
Gabriel fault, 1initially ascribed to the Palmdale Bulge and more receatly
to preseismic effects of the 1971 San Fernando earthquake apparently
reflect near-surface sediment compaction due to water table fluctuations.
The reality of the "Palmdale Bulge" itself has been questioned because of
evidence of topography related systematic errors (Jackson and Lee, 1979;
Strange, 1980). In contrast, possible tilting southwest of Palmdale
between 1961 and 1964 1is not easily related to systematic errors or near-
surface movements and thus may represent tectonic deformation. Whether
this tilt anomaly was due to preseismic effects of the San Fernando
earthquake or a mechanically separate tectonic event is presently unknown.
This paper reviews some of those‘ factors that must be considered when
attempting to extract tectonic information, especially that relevant to
earthquake prediction, from historic releveling observations. Evidence for
the extent and nature of systematic errors, non-tectonic movements, and
tectonic deformation (both earthquake related ' deformation and tectonic
novenents unassociated with earthquakes) from U.S. releveling measuremeats
is presented. Specific criteria to help recognize suspect movements are
developed and illustrated with their application to a reevaluation of

certain southern Californmia leveling results of particular interest to the
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earthquake prediction problem.

Systematic Errors in Leveling

At the root of much of the current debate regarding leveling-derived
estimates of crustal motion is the prevailing uncertainty as to the role of
systematic measurement efrors. In particular, systematic errors which
accunulate with relief have become a central issue in crustal movement
research . While errors of this typs have been known to geodesists for
some time (e.g., Bomford, 1971), their influence has been considered toco
small to be of concern in most geodetic applications. However, new field
experiments carried out by the National Geodetic Survey (NGS: Holdahl,
1980) and empirical analyses (Brown et al., 1980) confirm earlier
suspicions (e.g., Savage and Church, 1974; Brown and Oliver, 1976; Citron
and Brown, 1979; Jackson and Lee, 1979; Chi et al., 1980) that topography-
induced systematic errors are largef and more common than heretofore
established and consequently that such errors can be and probably have been
misinterpreted as tectonic motions of the crust.

Topography-correlated errors can arise from improperly calibrated
leveling rods and from unequal atmospheric refraction of the foresight and
backsight readings. The effects of these two sources of error should
differ in a number of respects and thus in principle can be distinguished.
For example, ficticious movements resulting from rod calibration errors
should correlate rather closely with detailed topography, and change
nagnitude only where rod pairs are changed. In contrast, atmospheric
refraction will be independent of the rods wused in the survey-.
Furthermore, refraction errors can be expected to accumulate in a more

complex manner because refraction depends on a variety of parameters which
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nay vary sigunificantly during the course of a given survey (e.g., .near
surface temperature gradients, individual sight lengths, wind, etc.). In
addition, because of procedural changes (a tendency towards shorter sight
lenzths in newer surveys) atmospheric refraction should more often than not
result in ficticious movements which show a positive correlation with
topography (i.e., high areas will appear to be rising) while errors due to
rod miscalibration should have mno preference . for positive or mnegative
correlations. In practice, these distinctions are not always easy to draw.
However, a preliminary survey of NGS releveling estimates of elevation
change which correlate with topography indicates that about 757% displaf
positive correlations. Furthermore, the -'suspected errors seem too large

and too common to be attributed to rod miscalibration. For these reasons,
refraction appears to be the more pervasive source of elevation correlated
error.

The expected magnitude for refraction error is a point of considerable
uncertainty. According to one approximation (i.e., Kukkamaki, 1938), this
error is proportional to the height difference between benchmarks, the
temperature -difference between 0.5 m and 2.5 m above the ground, and the
square of the sight length used in the observation. Figure 2 shows
representative values for refraction error using constants.given by Holdahl
(1939). For reasonable temperature differences (1-2 degrees C) and sight
lengths (25-75 m), errors as large as 30-40 m©mm or more can easily
accunulate over height differences of 100 m (300-499 ppm). Since
refraction error will usually have the same sign, its effect should tend to
cancel when differencing surveys to conpute movement. This rationale has
often been wused as an argunent for ignoring the effect. However, if

.

surveys are conducted using different sight lengths and/or under different
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nicrometeorological conditions, the refraction effect will result in what
appear to be movements that correlate with relief;

Exémples of apparent movement correlating with elevation ar« numeroué
(Brown et al., 1980). Approximately 207 of U.S. releveling observationé
show visual correlations between apparent movement and topography; The
magnitude of the effect often reaches 30-40 mm per 100 m change iﬁ
elevation. Although, correlation with topography alone is insufficientAto
varrant rejection of a tectonic interpretation (e.g., see Reilinger et al.,
1977), it is clearly grounds for suspicion. For example, Figure 3a shows
apparent vertical movements and terrain along the route from Colorado
Springs to Leadville, Colorado based on surveys conducted in 1925, 1953,
and 1954. The reversal of the 1953-1925 apparent tilt for the period
1954-1953 and the close correlation with terrain (Figure 3b) sirongly
suggest elevation correlated error. Since elevation-dependent errors may
contaminate a significaant portion of the NGS releveling data base, éhe
possibility of such errors must always be considered prior to invoking
tectonic explanations for afparent movements which correlate with relief.

Topography dependent error is not the only type of systematic error
affecting U.S. leveling measurenents. Table 1 1lists a number of areas
where comparison of repeatad leveling measurements show large systematic
discrepancies which may be due to errors in the observations. Theée

xamples occur in areas of generally subdued relief, thus ruling out

elevation-correlated errors. If leveling errors are solely responsible for
thaese disarepancies, whatever their cause, they range in magnitude from .3
an/ka to 1 mm/km arnd remain systematic (i.e., accumulate nonotonically) for
distances ranging from about 190 km to over 500 km.

Figure 4 shows three different estimates of elevation change (assuming
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constant rates of wmovement over the time period between levelings) alorng
the east coast of the U.S. from Maine to Florida: 1) from unadjusted
leveling measurements; 2) from tide gauge records (squares); and 3) from
the same levelinz observations adjusted with standard 1least squares
procedures for «consistency with other repeated leveling lines which form
circuits extending inland from the coast (tide gauge data were not used in
the adjustment, Jurkowski et al., 1979). The leveling measurements span an
approximately 30 yr. time interval. The fact that the relative movement
between Maine and Florida is substantially reduced through the adjustmeat
and the fact that the adjusted leveling profile is more consistent with
tide gauge data (although serious discrepancies still remain) indicate that
the regional mnorth-south tilt results from systematic errors in the
leveling observations. The error remains more or less systematic over
distances of 1000°s of kilometers, and on some sections (e.g., 1800-2600
ka) reaches .5 rm/km.

Comparison of 1leveling and tide gauge estimates of crustal_movement
along the west coast of the U.S. between Astoria, Oregon, and Crescent
City, California show similar discrepancies (Brown et al., 1980). Unlike
the east coast profile, apparent crustal movements along the west coast
were derived from only two surveys and were thus not subject to possible.
temporal bias due to stringing together segments covering different time
intervals. For the west coast profile, the north-south error reaches .3
m/km and remains systematic over a distance of 2330 kn.

The cause of the apparent errors in these coastal surveys is presently
unknown . The substantial reduction of the apparvent tilt indicated by the
east coast profile when adjusted with inland data suggests that the error

may be related to the proximity of the leveling route to the coast (i.e-.,
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the error did not effect, or had less of an effect, on profiles further
inland)}. Alternatively, the predominantly north-south orientation of the
coastal profiles way suggest unequal lighting or other factors which are
believed to preferentially accumulate primarily .on .north-south 1liunes
(Bomford, 1971). UV

Suspect movements are not restricted to coastal profiles. For example,
consider the large apparent tilt across the U.S. midcontinent identified by
Brown and Olivaer (1976) from releveling between Davis Junction, Illiunois
and Willard, Ohio (Figure 5). This tilt is perhaps the largest apparent
movement defined by leveling in the eastern U.S. The tilt anomaly shows no
relationship to geologic structure and is inconsistent with movements
inferred from comparisons of water level gauges in the great lakes (Brown
and Oliver, 1976). Figure 5 shows the results of a loop closure analysis
(see Chi et al., 1980 for discussion of method) for circuits including the
Davis Junction to  Willard route. The fact that misclosures are
considerably larger whem the circuits are closed with the 1967-1969 surveys
between Davis Junction and Willard than with the 1930-1947 surveys, even
though the remainder of the loop was surveyed more closely in time to the
1967-1969 interval, suggests that the large apparent tilt of the interior

be
plains may/due to systematic error and not real ground motion- Such an
error would have to reach 1 mm/km and remain systematic for distances of
well over 500 km.

In both the coastal and interior examples cited above, the
discrepancies are characterized by consistent accumulation over large
distances. Although the net effect over a profile can be large, the tilt

rates 1involved are rather 1low, especially when compared with those

exhibited by unequivocal examples of real movement. Tilt may therefore be
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the more diagnostic parameter in evaluating reliability of crustal movement

estimates.

Near-Surface Movements

In addition to systenmatic errors, releveling mwmeasureuments are
influenced by near-surface movements which can mask, or be mistaken for
deep-seated tectonic motion. Table 2 lists some near-surface effects which
can be inmportant in crustal movement studies. Benchmark instability and
surface failure (e.g. nine collapse) are often easily identified or of
such local extent that they are not a serious problem for regional tectonic
studies. Such effects can, howaver, complicate local investigations - for
example, of movements near earthquake faults. In fact near-surface soil or
sediment compaction due to earthquake ground-shaking may be responsible for
the predominance of subsidence over uplift near many earthquake faults
(Savage and Hastie, 1966). Subsidence due to surface 1loading and fluid
withdrawal is, in general, easily related to human activity. In fact,

leveling has proven quite effective at monitoring such movements, with

important engineering applications (e.g., Poland and Davis, 1969).

=4

However, near-surface movemnents, and din particular movements due to
variations of water levels in aquifers, appear to be more widespread than
previously reported. In addition, such effects can be subtle and

subsequently nmisidentified as tectonic deformation.

Figure &6 shows releveling profiles in the. U.S. which indicate
subsidence relative to surrounding areas and which overlie aquifer systems
whalch have experienced variations inm water levels due either to pumpiag or
natural causes. These movements may therefore represent sediment

compaction associated with these water 1level wvariations, and are
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consequently suspect as indicators of tectonic wmotion. It is interesting
to note from Figure 6 that these apparently near-surface movements are
quite common in southern California, affecting much of the area peripheral
to the Palmdale Bulge. Arguments will be presented later suggesting that in
at least one case such groundwater subsidence in southern California has
been misidentified as tectonic uplift.

A particular example, not previously reported, which dillustrates
criteria which can be used to recognize near-surface sediment compaction is
the relative subsidence of the Los Angeles basin. TFigure 7 gives a map of
the L.A. Basin showing contours of basement depth and the location of a
leveling route traversing the basin. Also shown are the elevation changes
along the leveling route and the history of water level decline measured in
an observation well near the centeerf the basin. Subsidence near the
center of the basin reaches 15 cm relative to the periphery and extends
over a distance of 40 km. The observed subsidence correlates spatially
with aquifer geométry and temporally with the history of water 1level
decline. In addition, the magnitude of the effect (i.e., the ratio of
subsidence to water level decline) is comparable to observations in other
areas (Poland and Davis, 1959). Had the relationship between aquifer
geometry and subsidence not been noticed, it 1s possible that these

measureaents could have been misinterpreted as tectonic motion.

Vertical Movements and Earthquakes

In spite of the substantial difficulties associated with releveling
estimates of crustal movement, sone of which have been described in
previous sections, the capability of the leveling technique for monitoring

tectonic earth movements is well established. In a2 unumber of cases,
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relatively subtle earth movements (i.e., tilts few x 10_6 rad and tilt
rates few x 10*8 rad/yr) have been identified. In this section we briefly
review releveling evideance for earthquake related deformation in the U.S.
and use specific examples to illustrate some of the criteria employed to
identify real tectonic movements.

The best examples of tectonic deformations measured by leveling in the
U.S. are vchuose in the vicinity of major earthquakes. Figure 8 and Table 3
review those U.S. earthquakes for which vertical movements have been
reported. All of these earthquakes are associated with faults that have a
significant component of dip-slip movemant (with the possible exception of
the 1940 Imperial Valley earthquake). Up to the present, there is no clear
evidence from U.S. releveling measurements for permanent vertical
deformation associated with purely strike-slip faulting although present
observations are not sufficient to rule this out.

The most obvious vertical movements are those accompanying the
earthquake (coseismic). Coseismic deformation has been well-documented for
several of the larger (M > 6) normal and thrust earthquakes which have
occurred in areas of preexisting geodetic control (Table 3). Observed
movements range in magnitude from a few cm to a few m depending on the size
of the earthquake and the proximity of the leveling measurements to the
epicentral area. In general, coseismic movements are well explained by
elastic dislocation theory (Savage and Hastie, 1965) although complications
can arise from such factors as near-surface soil or sediment compaction due
to ground shaking.

Post-seismic vertical movements have also been obsarved by releveling
for some of the larger dip-slip earthquakes (see Table 3). These movements

are usually smaller than associated coseismic movements; however 1like
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coszismic movenents they can often be identified by their close spatial and
temporal association with earthquakes, and in some cases surface faulting-
Where sufficient observations exist, post-seismic deformation rates appear
to decrease exponentially from the time of the earthquake. For example,
movements near Anchorage following the 1964 Alaska earthquake are shown in
Figure 9 (Brown et al., 1977). The Alaska earthquake, one of the largest
events ever recorded, occurred where the oaceanic Pacific plate 1is being
thrust under the continental North Americaa plate at a rate of over 5 cm/yr
(Plafker, 1972). Savage and Hastie (1966) and Hastie and Savage (1970),
using a dislocation model of thrust faulting, showed that the coseismic
displacements were consistent with low-angle thrusting- Post-seismic
movements near Anchorage (Figure 9) amounted to as much as 0.55 m of land
uplift at an exponentially decreasing rate duringz the decade following the
earthquake. Additional evidence fér deformation following the Alaska
earthquake was reported by Prescott and Lisowski (1977) from analysis of
detailed leveling arrays on Middleton Island in the Gulf of Alaska. Tilts
associated with the Alaska post—seismic movements were on the order of 10-—5
to 10 = rad. There is still considerable debate as to the mechanisn
responsible for post-seismic movements, but at least some of the
observations appear consistent with after-slip on the fault, or an
extension of the fault that ruptured during the earthquake, althouzh other
explanations have been proposed (e.g., Nur and Mavko, 1974; Scholz, 1972).

While co-seismic and post-seismic movements are well established fqr
at least some earthquakes, clear evidence for preseismic deformation from
U.S. releveling measurements is quite rare. This may be due to a lack of
appropriate measurements as opposed to the absence of such novements since

it is unusual to have multiple levelings of sufficient proximity prior to
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an earthquake. Precursory vertical movenents have been sugzested froa
leveling measuremants for only three U.S. earthquakes: the 1959 magnitude
7.1 Hebgen Lake, Montana, the 1971 magnitude 6.4 San Fernando, California
and the 1973 magnitude 6.0 Point Mugu, California earthquakes (see Table
3). The evidence for preseismic movement near Point Mugu is marginal,
both because the proposed movements are barely significant relative to
random error estimates and because the area was subject to surficial
subsidence due to groundwater withdrawal during the period of interest
(Castle et al., 1977). The 1971 San Fernando earthquake is exceptional in
that significant releveling was available for the epicentral area prior to
the earthquake. These observations were analyzed after the earthquake and
were interpreted to indicate precursory movements (Castle et al., ‘1974).
However, reevaluation of the relevant leveling observations, described in a
later section of this paper, cast some doubts on the reliability of these
measurements and hence on their tectonic significance. Reilinger et al.
(1977) found evidence for possiblé precursory uplift throughout a broad
region surrounding the area of major co-seismic movement of the 1959 Hebgen
Lake earthquake which apparently accumulated at a rate of 3-5 mm/yr (Figure
10). The =zone of uplift is defined by five independent elevation change
profiles derived from 12 independent surveys. Althougzh three of the five
aovement profiles show positive correlation with topography (i.e. high
areas going up), one shows a negative correlation and one shows no
correlation; yet all indicate 'a consistent sense of movement. This
consistency argues strongly against elevation correlated errors as the
cause of the observed uplift. The doning stands out distirnctly in relation
to movenments in surrounding areas, and shows a close spatial correlation

with the zone of major co-seismic deformation and aftershock activity for
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the 1959 ecarthquake (Figure 10). In additiom, the geodetically measured
deformation is consistent in sign with Cenozoic deformation deduced from
geologic structure (Reilinger et al., 1977). Tilts associated with this
uplift range from 3 - 7 x 10——6 rad with associated tilt rates between 1 - 3
x 10 rad/yr. Although Reilinger et al. (1977) suggest that doming began
prior to the earthquake, because of the limited number of pre—-earthquake
leveling measurements, it is impossible to prove that the activity was
precursory (i.e., doming may have accompanied, and/or immediately followed
the earthquake). Brown et al.(1978) suggest a pre-seismic interpretation
of uplift din western Texas, although they favor an alternative tectonic

explanation. Thus leveling evidence for vertical movements preceding any

U.S. earthquake is relatively weak in both quantity and quality.

Other Tectonic Deformation

Recognizing real tectonic deformation from releveling, although
necessary, is not sufficient grounds to infer that they are directly
relevant to the earthquake prediction problem. Earthquake related
novenents mnust be separated from movements due to other deep seated
processes, such as isostatic adjustments and magmatic activity. Both of
these mechanisms are believed, on the basis of observational evidence, to
rasult in contemporary vertical movements which are sufficiently rapid to
be detected by releveling measurements-

Movemants due to subsurface magmatic activity are not restricted to
volcanically active regions (e.g., Hawaii, Iceland, Japan), having been
reported in Yellowstone National Park (Reilinger et al., 1377; Pelton and
Smith, 1979), and the Rio Grande rift (Reilinger et al., 19%)) as well.

Crustal wuplift in the Central Rio Grande rift illustrates tectouic
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deformation which appz=ars to be unrelated to major earthquake agtivity.
The existence of an active magma body beneath the central Rio Grande vift
was inferred primarily on the basis of geophysical, and some geological
information (Sanford et al., 1977). The magma body is believed to counsist
of a thin sill at a depth of about 20 km (Figure 11). Elevation change
profiles along the routes shown in Figure 1l are given in Figure 12. All
three profiles indicate uplift of the area overlying the magma body. The
observed wuplift is Dbelieved to be due to tectonic deformation and not
measurement errors or near-surface movements because: 1) uplift is defined
by three independent elevation change profiles; 2) while the two east-west
profiles show a rough negative correlation with topography near the area of
uplift, the north-south profile shows no correlation, thus ruling out
elevation~dependent errors as the primary cause of the observed movements;
3) the Belen to Amarillo profile demonstrates that the uplift of the rift
is anomalous relative to points to the east; &) geomorphic evidence for
post-Pliocene deformation (Backman and Mehnart, 1978) is consistent in sign
with the geodetic observations; 5) anomalous uplift occurs directly above

the magma body; and 6) modeling studies indicate that uplift could result

from activity within the magma body. If uplift is accumulating more or
less continuously as suggested (Reilinger et al., 1980), it is
characterized by an average rate of 4 m/yr, with corresponding tilt

-8
rates of 5 to 10 x 10 . rad/yr. If independent evidence for an active
nagma body beneath the area of uplift were not available, these movements

might have been attributed to an impending earthquake.
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Reliability Criteria

The selected cases described above demonstrate both the utility and
limitations of geodetic 1leveling to detec; tilts of a few x 10"6 rad and
tilt rates of a few x 10~8 rad/yr. Thus while non-tectonic influences .
(e.g. systematic error) can obscure real earth movement, the technique has
clearly proven effective at nonitoring relatively subtle tectonic
deformation. It is essential, however, that individual releveling
observations be examined in detail for possible countamination by systematic
errors and near surface movements prior to invoking tectonic explanation.
Particularly useful quantitative  techniques include comparison  of
foresight-backsight readings (e.g., Savage and Church, 1974) and loop
closure analysis (e.g., Chi et al., 1980). In addition, the following
qualitative criteria, some of which were dillustrated by the previous
examples, have proven useful for evaluating the reliability of particular
data sets (Brown et al., 1980): 1) magnitude relative to possible errors
(since many errors remain poorly understood this is equivalent to
determining whether the movements in question stand out in relation to
"background noise’); 2) consistent temporal behavior when multiple
levelings are " available (e.g., Alaska); 3) relations with independent
geophysical or geologic estimates of recent movement (e.g., tide guage,
lake levels, tilt meters, horizontal movements, geomorphic evidence, etc.);
4) consistent movements when multiple leveling lines cross a given feature
(e.g., Hebgen Lake, Rio Grande rift); 5) correlation with geologic
structure and tectonic activity (e.g., Hebgen Lake )3 6) lack of
correlation with topography ruling out possible elevation correlated
errors; 7) lack of relationship to possible near-surface processes (e.g.,

f£luid withdrawal, reservoir impoundment, etc.); 8) lack of relationship
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between apparent movenmants and procedural changes (changes in sight
lengths, rod or instrument changes); and 9) consistency of inferred

mechanism with tectonic setting (e.g., Alaska).

A Case Study: Southern California Releveling Measurements

Much attention has recently been focused on leveling in southern
California, where there is both considerable concern about future
earthquakes and an abundance of leveling observations. Using the above
reliability criteria, developed through analysis of the much broader data
base of U.S. releveling, we have reevaluated some of the observations used
to deduce pfeseismic movements for the 1971 San Fernando earthquake as well
as the Palmdale Bulge. Our reevaluation, representing a different
perspective, suggests that many of the southern California measurements are
significantly affected by both topography-dependent errors and near-surface
movements. On the other hand, at least some of the observations may
reflect real earth movements. Thus, the configuration of the Palmdale
Bulge will, at the very least, require revision in light of improved
understanding of those factors which can influence releveling measurements.
However, since certain spurious effects may be isolated, the southern
California releveling data remain an important source of information on
contemporary tectonic activity.

In our analysis of southern California releveling observations, data
nave been displayed in terms of relative movements, or tilts, for
sequential time intervals along the pertinent segments of the leveling
routes. This contrasts with previous 2ttempts to tie the obhservations to a
tide gauze 1in order to relate movements to sea level. Analyzing tilts

minimizes the effects of systematic errors, which can accumulate to rather
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substantial amounts over the 100-200 ko distance to the tide gauge, éﬁd és
will be demonstrated, greatly simplifies interpretation of the
observations.

Figure 13 shows those leveling routes in southern California for which
crustal movement information has been investigated for this study.
Possible preseismic movements of the 1971 San Fernando earthquake were
reported by Castle et al. (1974) and Strange (1980) in three areas: in the
vicinity of the earthquake fault (segment B), .30 km northwest of the
epicenter (segment A), and just north of Saugus (along segment A).
Vertical movements prior to the 1971 earthquake were also reported in the
area south of Palmdale. (segment C). Although the movements south of
Palrdale were not believed to be precursory to the earthquake (Castle et
2l., 1974), they subsequently were used in defining the "Palmdale Bulge"
(Castle et al., 1976).

The sequence of movements along segment B crossing near the area of
surface faulting are shown in Figure l4. Coseismic movement counsisting of
subsidence south of the San Fernando Fault and uplift north of the fault
are clearly indicated for the 1969-1971 interval. These wmovements are
roughly consistent with elastic rebound accompanying . thrust faulting
(Savage et al., 1975). Possible preseismic tilting up to the north is
indicated by the profiles for the time intervals 1955-1951, 1941-1964, and
1954-1965. Apparently no tilt accumulated along this section from
1955-1969. Figure 132 shows relative wmovenments between points near the

[o4

eads of this profile segment plotted as a function of time. The tenmporal

consistency of these movements is, in itself, normally evidence that the
neasurenents reflect real movements. However, there are two reasons to

suspect systematic error, and in particular refraction errors, vtather than
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true ground motion.

Exanination of the profiles in Figure 14 indicates that the observed
tilting correlates with topography. This correlation, although suggestive,
is not sufficient to confirm systematic evrror because real movements can in
some cases correlate with relief (e.z., Reilinger et 21., 1977). However,
the sequence of apparent tilts between 1955 and 1959 show a systematic
relationship to‘the sight lengths used for different surveys (Figure 15b)};
a relationship that is consistent with that expected from refraction errors
(Holdahl, 1980). The 3°C temperature difference that results in a good fit
to the observations, although somewhat high for a daily average, is not
unreasonable for the spring and summer wmonths in southern California- In
view of the possibility of such refraction errors, the tectonic
significance of the sequence of apparent tilts shown in Figure 14 remains
ambiguous.

Figure 16 shows profiles of relative elevation change for sequential
time intervals crossing the two areas of reported preseismic deformation
northwest of the epicenter (Segment Aj; Figure 13). During the 1953-195%
interval the main deformation consisted of subsidence in the vicinity of
Saugus relative to points farther north (ruled area of plot). This
novement was originally attributed to the Palmdale Bulge (Castle et al.,
1975) and more recently to preseismic effects of the San Fermnando
earthquake (Strange, 1930). However, analysis of releveling measurements
taroughout the Saugus Basin indicates that relative subsidence shows a
close correlation with the geometry of the Saugus aquifer and the history
of water level decline (Reilingew, 19%0). This relationship 1is shown
graphically in Figure 17. These observations strongly suggest that

subsidence above the Saugus aquifer results from near-surface sediment
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conpaction due to fluctuations of the water level within the underlying
aquifer and not from tectonic deformation. This result is particularly
important to the current controversy surrounding the "Palmdale Bulge"
since, unlike many of the measurements defining the Bulge, tﬁose in the
Saugus area do not correlate with relief.

The other large possible movements shown in Figure 16 occurred between
1965 and 1968 and Dbetween 1963 and 1959. These observations were the
primary evidence wused to infer pre-earthquake slip at depth on the fault
(Thatcher, 1975). The 1965-1958 movements consisted of uplift of the north
section relative to the south by about 6 cm. The 1968*1969 movements were,
in esssnce, a reversal of the 19565-1968 movements. The important point is
that both sets of apparent movements were depeﬁdent upon the 1968 survey.
This is illustrated by the bottom-most plot in Figure 16, which shows the
zeneral absence of movement for the 1955-1969 interval.  Therefore, either
we were fortunate enough to catch preseismic deformation at a tima of
significant deflection (1968), and again when the movements had exactly
reversed themselves (1969), or the 1968 survey was 1in error. While
oscillatory movements may have occurred, the possibility of errors in the
1968 survey is at least as likely, particularly in light of the now suspect
results south of the epicenter, and similarly suspect trends identified in
leveling observations in other parts of the country.

The  possibility  that refraction errors countaminate  leveling
measurements south of the epicenter naturally raises the question as to
whether this same effect is respoansible for the apparent error in the 1958
survey northwest of the earthquake. The steep tilts indicated by the
1955-1968 and the 1953-1969 movemeat profiles occur where there is a

corresponding steep slope in topography (25 to 40 km). However, the
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topographic slope 1is so steep (>.04 rad) that only short gight—lengths
could be used, making it unlikely that atmospheric refraction coupled to
sight-lengths was a signiéicant effect. Unusual near-surface temperature
differences at the time of the survey, or other elevation-correlated
errors, such as miscalibrated leveling rods (Jackson and Lee, 1979) may
have affected these observations.

Movements along the leveling route C. in Figure 13 were originally
believed to be unrelated to the earthquake. This counclusion was based on
the observation that the movements south of Palmdale showed no teamporal
relationship to the movements which were believed to be preseismic ia
origin (Castle et al., 1974). The movements south of Palmdale do not
appear to be due to either systematic errors or near-surface effects and
thus may represent tectonic deformation.

Figure 18 shows the sequence of relative movements along the survey
route south of Palmdale. The major tilt event occurred between 1961 and
1964 and amounted to more than 10 cm of relative movement over a distance
of 20 km. This corresponds to a tilt of 5 X 10.—6 rad. The general absence
of movements for the 1955-1961 interval (uppermost movement profile in
Figure 18), the 1964-1955 interval and the 1965-1971 interval (bottom two

rofileé) attests to the reliability of all of these surveys (i.e.,
comparison of the 55 or 61 surveys with any of the later surveys will give
roughly the same result). This implies that the 1951 to 1954 tilt event is
in fact defined by five independent surveys. In adiition, the tilt anomaly
2oes not show & strong correlation with topography (i.e., the direction of

t-

ting does not reverse vhere the topographic slope raverses) .

Turthermore, the sequence of relative movenents show no relationship either

to chaages in leveling rods or to changes in sight lengths. This evidence
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suggests that the apparzat tilting sou:zh of Palmdale reflects real crustal
novements. Whether the tilt anomaly was a precursor to the Saa Fernanido

earthquake or represented a mechanically separate event 1is presently

unknovmn .

Discussion and Conclusions

In spite of laudable progress in developing sophisticated new geodetic
methods (e.g., VLBI, Laser Ranging, GP3) releveling measurements continue
to be the most accurate (over appropriate distances) and widespread source
of information on contemporary vertical movenments of the continental crust.
As such they constitute an important input to the earthquake prediction
problemn. Previous investigations, a few of which have been described here,
clearly demonstrate the potential of the technique for monitoring subtle
earth movements. However, it is equally clear that releveling estimates of
crustal movement are influenced by near-surface movements and as yet poorly
understood systematic errors which can obscure or be mistaken for tectonic
deformation. Thus, uncritical interpretation of releveling observations
can lead to erroneous tectonic conclusions, which in the case of earthquake
prediction could entail serious social ramifications. The checking
techniques (e.g., circuit closure  analysis, foresight-backsight
comparisons) and reliability criteria illustrated im this study, represent
an atteampt to quantify specific procedures for evaluating the tectonic
sizgnificance of particular leveling data sets. Although not foolproof,
these procedures  have proven effective in a number of cazes at
discriminating tectonic movements from suspect effects. Howaver, even when
spurious effects can be eliaminated, relating observed deformation to

preseismic mechanisms may be quite difficult because of our limited
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understanding of precursory phenonena and our general inability to
distinguish them from vertical movemeats due to other causes (e.g.,
ragmatic activity, isostatic movements; orogenic deformation, etc.).
Furthermore, the sparse distribution of leveling surveys in both space and
time, even in areas like southern California, makes it highly unlikely that
precursory movements for all but the largest earthquakes will ever be
detected. In order for leveling to become wmore than an accidental
ceatributor to earthquake prediction, a systeumatic leveling program
designed for geodynamic rather than geodefic objectives is needed to
develop the observational background required to recognize possible

preseismic movement.
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Table 3.

Figure 1.

Figure 2.

Figure 3.
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TABLE AND FIGURE CAPTIONS

Magnitude of systematic discrepancies between levelings in areas

of subdued relief.

Near surface effects on leveling estimates of crustal movement.
Earthquakes for which vertical crustal movements have been reported

from releveling observations. Maximum amplitude of observed movements,

.and typical dimension of area effected are also given.

Leveling routes for which crustal movement information has been

obtained in the U.S.

Magnitude of refraction error (Rz) normalized by height difference (AH)

versus sight length (L) for various temperature differences.. Based on

relationship and theoretically determined constant given by Holdahl (1980).

a) Profiles of apparent elevation change and topography from
Colorado Springs to Leadville, Colorado. Reversal of apparent
tilt and correlation with topography strongly suggest elevation
correlated error.

b) Apparent elevation change versus elevation difference for 1954-1953
profile in Figure 3a. Correlation coefficient (r) and regression
slope (magnitude of error) are also shown.

Elevation change profiles along east coast of U.S. (map at right).

Unadjusted profile based on observed elevations from leveling assuming

constant velocity movement (modified from Brown, 1978). Adjusted

profile is same data adjusted by other leveling lying inland from

coast (tide gauge data not used in adjustmeqt). Squares show similar

profile derived fronm tide gauges.



Figure 5.

Figure 6.

Figure 8.

Figure 9.

Figure 10.

igure 11.

tri

uQ

Figure 12.

Leveling locops used to investigate apparent tilting between Davis
Junction, Illinois and Willard, Ohio. Elevation change profilé and
topography along Davis Junction to Willard route shown at right.
Misclosures are also given.

Location of elevation change profiles which indicate subsidence
possibly due to groundwater effects. Shaded areas represent pre-
viously published cases of near surface subsidence.

Map of Los Angeles basin. Contours indicate depth to basement (Ft),
heavy dashed lines are faults, stippled areas are bedrock outcrops,
heavy solid line (San Pedro to Los Angeles) is leveling route -
crustal movements for period 1955-1964 shown below map. Asterisk
shows location of observation well for which water level history is
shown at right.

Locations of U.S. earthquakes for which releveling evidence of crustal
movement has been reported. Numbers refer to Table III.

Elevation changes and topography between Anchorage and Whittier
following 1964 Alaska earthquake (modified from Brown et al., 1977).
Profiles are tied to sea level at Anchorage. Elevation chaunge versus
time for benchmark near center of uplift is shown at right. Note
exponentially decreasing uplift.

Contours of elevation change (1 mm/yr and 5 mm/yr contours shown) for
doming of Hebgen Lake region.

Locations of leveling routes and benchmarks (dots) in Soccoro-~
Albuquerque, New Mexico area. Outline of mid-crustal magma body is
also shown (from Rinehart et al., 1979).

Profilas of elevation change and topography used to infer uplift

above Soccoro magma bodv. Dates of leveling are indicated at the top

" of each plot.
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NEAR SURFACE EFFECTS

I. BENCH MARK INSTABILITY

A, FROST HEAVE
B. SOIL MOISTURE AND TEMPERATURE
C. - HUMAN DISTURBANCE

II. SURFACE FAILURE -

A, LAND SLIDES
B. MINE AND CAVERN COLLAPSE

IIT. LOADING

A. RESERVOIR IMPOUNDMENT
B. BUILDING SETTLEMENT

Iv. FLUID WITHDRAWAL (WATER, OIL, GAS)
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ELEVATION CHANGES NEAR THE SAN GABRIEL FAULT, SOUTHERN CALIFORNIA

Robert Reilinger

Department of Geological Sciences, Cornell University

Ithaca, N.Y. 14853

Abstract. Analysis of repeated leveling ob-
servations in the vicinity of the San Gabriel
fault in Southern California indicate subsidence
irmmediately south of the fault relative to points
to the morth, south, and east. These observa-
tions were previously interpreted as reflecting
tectonic motions associated with either the
"Palmdale Bulge' or with preseismic effects of
the San Fernando earthquake. Relative subsidence
between 1953 and 1964 reaches approximately 9 cm
and extends over a distance of more than 20 km.
Subsidence occurs directly above the Saugus aqui-
fer and shows a temporal correlation with the
history of water level decline within the aqui-
fer. The degree of subsidence of individual
benchmarks is roughly proportional to the product
of aquifer thickness and water level decline at
the location of the benchmarks. These observa-

tions strongly suggest that movements of the
surface near the San Gabriel Fault, previously
inferred to be of tectonic origin, actually re-
sult from near surface sediment compaction with-
in the Saugus basin.

Introduction

Releveling estimates of crustal movement may
reflect tectonic deformation, nontectonic motion,
or systematic measurement errors. Proper inter—
pretation of releveling measurements entails de-
scriminating between these effects. The re-
leveling measurements in Southern California
which are presented here were initially inter-
preted as representing tectonic movements asso-
ciated with the '"Palmdale Bulge" (Castle et al.,
1976). More recently, Strange (1980) has sug-

N\

AN s,
\* \.BM X370

LANG

o EM M53

Fig. 1.
faults.

Copyright 1980 gy the American Geophysical Union.

Paper number 80L1439.
0094-S276/30/0080L-1439501 .00

Contours (meters) showing thickness of the Saugus aquifer (Robson, 1972). Level-
ing routes and benchmarks (dots) crossing the basin are also shown.

Dashed lines arc
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Fig. 2. A) Top: Movement of benchmarks along
approximately North-South route plotted versus
distance along route. BMX370 on northern peri-
phery of aquifer assumed stable. Years of level-~
ing surveys shown at top. Middle: Profile of
thickness of Saugus aquifer along leveling route
(from Robson, 1972). Bottom: Profile of decline
in potentiometric surface (water level) as of
1963 relative to 1945 surface (from Robson,
1972). B) Profiles along route from north of
Saugus to Lang (see Fig. 1). Same format as A.

gested that these measurements reflect preseismic
deformation associated with the 1971 San Fernando
earthquake. 1In this study, evidence is presented
which strongly suggests that movements of the
ground surface south of the San Gabriel fault

in Southern California result, for the most part,
from near surface sediment compaction due to
fluctuations of the water level within the Saugus
aquifer and not from tectonic activity. Al-
though these crustal movements most likely are
not tectonic in origin, they do represent real
surface movements and in this sense further de-
monstrate the ability of precise leveling to
detect relatively subtle deformation.

Data

Figure 1 shows contours of the thickness of
the confined Saugus aquifer (Robson, 1972) with
leveling lines and benchmarks superimposed. Pro- -
files of elevation change, aquifer thickness and
estimated change in potentiometric surface
(water level) along the survey routes are shown
in Figure 2a,b. The elevation change profile
from north of Castaic through Saugus is plotted
assuming stability for benchmark X370 immediately
adjacent to the aquifer. This benchmark is
chosen as a reference since it lies outside of
the aquifer and appears generally stable rela-
tive to benchmarks further north. The elevation
change profile from Saugus to Lang is plotted
assuming stability near Lang since the bench-
marks immediately adjacent to the Saugus aquifer
occur within the alluvial aquifer of the Santa
Clara River and appear to have subsided them-
selves. The change in water level shown in
Figure 2a,b represents the calculated decline as
of 1963 relative to the steady state level es-
timated to have existed around 1945 (Robson,
1972). This decline was due to pumping from thsz
Saugus aquifer as well as overlying alluvial
aquifers, and to an extended drought (Robson,
1972, pp. 8, 40). Because the water level was
already below the steady state at the time of
the first leveling survey (1953), the decline in
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Fig. 4. Plot of subsidence versus change in

potentiometric surface times aquifer thickness
for benchmarks in and immediately adjacent to
aquifer. Different symbols refer to different
releveled segments: circles-north of Castaic to
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(1955-1964); triangles-Saugus to Lang (1955-
1961).

water level shown in Figure 2a,b is somewhat
larger than the actual change between leveling
surveys. However, water levels declined more or
less continuously up to 1963 (Robson, 1972).

Figure 2a,b indicate a reasonable spatial
correlation betwesn subsidence, aquifer thickness
and change in water level. In addition, the
water level within the Saugus aquifer stabilized
after 1963 and began to recover around 1968
(Robson, 1972). Examination of post-1964 eleva-
tion changes across the northern part of the
basin indicate a general absence of subsidence
of the basin (Figure 3). Thus, the observed
elevation changes correlate spatially with
aquifer geometry and temporally with the history
of water level decline.

In the ideal case, the amount of compression
(subsidence) of a sediment layer is proportional
to the thickness of the layer and the increase
in effective pressure (grain to grain pressure)
on the sediments (Terzaghi and Peck, 1967; p.
278). Lowering the water level produces a
proportional reduction in the buoyant force be-
tween grains and hence causes an increase in the
effective pressure on the underlying sediments
(Terzaghi and Peck, 1947: p. 584). Assuming
uniform sediment characteristics throughout the
aquifer (constant compressibility), to a first
approximation the amount of compaction (subsi-
dence) at a particular location will be roughly
proportional to the product of water level de-
cline and aquifer thickness. Figure & gives a
plot of relative subsilence versus the product
of the change In water level and aquifer thick-
ness :or benchmarks in and immediately adiacent
to the Saugus aguiier. Considering the u.cer-
tainties in aquifer parameters and probable
spatial variations in aquifer compressibility,
the observations fit the simple linear relation-
ship guite well. The three circled points on the
right side of the plot lie in the southeastern
portion of the aquifer (Figure 1) and mayv reflect
either different sediment characteristics or
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possibly tectonic movement in this area. The
slope of the straight line in Figure 4 is an
estimate of the average compressibility of the
Saugus aquifer. Although the compressibility
can vary through at least two orders of magni-
tude depending on sediment type, strz2ss level,
and stress history, the value obtained from
Figure 4 (=7 x 107 8cm™!) is quite comparable to
those reported for other confined aquifers in
California (Lofgren, 1979, p. 35).

Conclusions

Repeated leveling surveys conducted between
1953 and 1964 indicate subsidence of the Saugus
Basin relative to benchmarks on its periphery.
Subsidence extends over a distance of about 20 km
with maximum relative subsidence near the center
of the basin reaching 9 cm. The spatial corre-
lation between the area of relative subsidence
and the Saugus aquifer, the temporal correlation
with the history of water level decline, and the
parameter dependence indicated in Figure 4,
strongly suggest that movements in the Saugus
Basin, previously inferred to be associated with
either the "Palmdale Bulge" or preseismic effects
of the 1971 San Fernando earthquake, result from
near-surface sediment compaction. This study
demonstrates the need for caution when applying
tectonic interpretations to releveling observa-
tions in areas of unconsolidated sediments. On
the other hand, the fact that the leveling meas-—
urements accurately detected real surface move-
ments under actual field conditions demonstrates
the potential of this technique for monitoring
crustal deformation.
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ABSTRACT

In scme areas ceodetically determined rates (- mm/yr) are consistent in
with geologic trends but 10 - 100 times faster. Although the reliability
e of the levelling results is open to question, this "rate paradox”

sts that any real contemporary moverents are episodic or oscillatary.

e U.S. midcontinent oscillatory movements with a period of approximately
220 years are implied. Deformation in the Rio Grande rift {MNew Mexico and
xas) and at Hegben Lake (Montana) has constant direction and similar rates

r the pas* 50 - 100 yr (excluding the 1959 coseismic movemant at Heghen

), though geclocic evidence indicates transitory behaviour in the lonc

cm (- 10,000 y2ars). In Oregon and Washington, 10-50 yr span releve111nq
10WS more or lass constant-rate landward-tilt of the relatively aseismic
2stal ranges that is consistent with the daformation rate of marine terraces
=32,000 yr) and underlying strata (36,000,000 yr). In contrast to the 50-
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yr span constant rates above, relevelling in sorme seismically active
arzas (e.g. Alaska and California) suggests rapid rate changes. However the
examples presented here suggest that in areas free of major earthquakes,
rztes from relevelling, although high in a geologic sense, can likely be
extrapolated for 50 yrs.

SOMMAIRE

2 #n3, les variations (-~ mm/an) Zvaludes par mithode gi-
consistantes (en gigne) avec les tendarces g:blogpquﬂs tout en
I00 Fois plus grarndes. Mémz si la Itabclzoedk certaines fordZes
arent peut Etre riise en quastion, ce 'paradoxe de variations" im~
es mouverznts actuels sont 8pisodiques cu osscillatoirves. Au
EtC:S-JVbu, cezet implique des mouvemzmts cscil Zato ires ayant ure
environ 3,000 ans. Les déformations dans la rZgion de la fissure du
(Fouveau-Mezizue st Texas) et au Hegben Laoke (lowntanal ont des di-

lons constantes et des variations sirmilairves depuwis §0 4 100 ans (2 1'exz-
on d'un rouverment surveru en mime temps gu’un siisre au Hzgben Lake en
me §i, & long terme ﬁb 10,000 ans), un comportsrent transitoire semble
. Davs lps éiats d' rzgon et de faahvzgt n Jzo nivellerants ezspacis
& £ ans rivdiert que, powr la zonz estidre ol l'activité Sﬂzsmque est
222 vorigtions d'inclinaison en dirszotion du continent sort plus ou
ovstantee et corsistantes avze les variations de déformation des
Formes mariies (230,000 ans) et d2e coucies ecrvani i8z8 & ez
g~-forras f3€,3v1,000 ars). En apposu+‘or qux ririode oriatlions
tes travaux dz rentvalle-
gE x. L'4laskz et la
il Cer (7
dens 1
3 rani
it exip
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1. INTRODUCTION

Understanding vertical movements of the earth's crust has important
implications for geodetic as well as geologic research. Awareness of ver-
tical movements and their time behavior is necessary in order to provide
accurate instantaneous heights from levelling observations made at different
times. In addition, information on the temporal behavior of crustal move-
ments is useful for deducing their causes and can contribute to our under-
standing of a variety of geophysical phenomena such as earthquakes, aseismic
strain buildup and release, magma migration, and plate tectonic interactions.

Levelling observations in tectonically active areas, while in some cases
poorly understood, are often accepted as geologically significant because
they can be associated with likely causative mechanisms. By analogy, similar
observations in "stable" plate interiors have been interpreted as indicating
substantial vertical motion, although tectonic activity is generally
unexpected and plausible mechanisms are difficult to identify (e.g.
zzarerikov 1959; Brown and Oliver 1978). The latter group of observations
especially has raised some fundamental questions concerning the reliability
of levelling estimates of vertical movement (at least in some cases), the
time behaviour of any real movements, and the nature of the neotectonic
forces which may be currently deforming plate interiors (Brown and others
1530).

In some areas the trends of geodetically measured movements are consis-
tent with trends in the geologic record, although contemporary rates of
movement (several mm/yr) are ten to one hundred times faster than average
rates estimated from geomorphic and geologic evidence for the past 1 to
100 m.y. Similar observations have been made in many intraplate areas where
levelling measurements have been examined in detail (e.g. USSR), and the

apparent contradiction termed the "rate paradox". The paradox has lead to
the hypothesis that contemporary movements are episodic or oscillatory with
relatively short periods (.~ 10,000 years). Clear examples of episodic
rovements are those associated with earthquakes. Oscillatory movements may
result from magmatic activity (i.e. inflation and deflation). However
tnese mechanisms do not appear to be applicable to observations in many

7 most) intraplate areas. Besides the lack of jdantified mechanisms there
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are other problems with tha hypothesis since 1) present rates appear high
almost everywhere, an abnormal situation if the rates are real and episodic,
and 2) oscillatory movements have rarely been unambiguously identified.

Long wavelength tilts on the order of 0.5 mm/km which give rise to
large absolute movements are likely to be due to systematic error, as
evidenced by discrepancies between levelling and tide gauge measurements
along the east coast of the U.S. (Zrown 1978). In addition, elevation
correlated errors (atmospheric refraction, rod miscalibration) may be
responsible for many of the apparent movements deduced from levelling in
"stable" plate interiors (3rown and others 1920). As geologic structure
often controls topographic relief, elevation correlated errors may account
for the gbserved relationship between geodetically measured apparent move-
ments and geologic structure. It is quite possible that large absolute
rovzients of plate interiors are not as widespread as suggested by previous
analyses of lev211ling observations. ’

In this paper we discuss studies that characterize the time behaviour
of some localized vertical crustal movements in nine parts of North America
(Fig. 1). WHhile there is evidence for continuous, for episodic, and for
oscillatory behaviour in various places, wa infer that in areas free from
large earthquakes the contemporary rate can likely be extrapolated for 50
years.

2.  CASE STUDIES

2.1 Eastern United States
In that part of the United States east of the Mississippi, Brown and

0liver (1976) assembled four large levelling circuits by assuming constant
rate and so justifying the joining together of line segments levelled at
different times. The tilt rates calculated from the circuit misclosures were
an order of magnitude smaller than most tilts shown by the levelling data

and thought significant, and they were also smaller than the propagated
random error.

Brown (1573) analysed a profile along the east coast that was assembled
in the same way. Although there is a major disagreement betuween the very
largz north-south tilt shown by the levelling and the much smaller tilt
showin by tide gauge records, some localized features appear to correlate with
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major geologic/tectonic structures. The deformation across these structures
is occuring too fast to continue for very long, and so if these are real,
some as yet not identified, episodic or oscillatory causative mechanism must
bz involved. ’

2.2 Eastern United States {(Map)

In the same general area of the eastern United States studied by Brown
and Oliver (1978), an attempt has been made by Jurkowski and others (17979; in
rrep.) to fit a velocity surface to a sparse, extensive network of 252

selected benchmarks. The selected benchmarks were those considered repre-
sentative of the velocity of "nearby" (up to 40 km distant) bench marks.

The velocity surface {potentially a map of relative vertical crustal movement
rates) was constrained by tide-gauge data. To include all the data, the rate
of movement at each benchmark was assumed constant between 1888 and 1974.
While poorly constrained by the available data, the misclosure statistics
were acceptable, and hence the assumption of constant rate seemed appropriate
as a first approximation.

Although the statistics were acceptable, it is still possible that cer-
tain systematic errors may have distorted the velocity surface. However if
some terrain-correlated error was responsible for the broad uplift shown
along the Appalachians, it would need to be systematic not only with
topography (e.g. refraction error or rod miscalibration), but also systematic
with time, since many levellings done at many times fit together acceptably
(#o1danl 1979). One explanation is the systematic change in sight length
that has occurred with time (shorter in newer surveys) and which results in
smaller refractive error in newer surveys. Given normal near-surface temp-
erature gradients, the change in sight length produces a positive correlation
of height change with topography that is of the correct magnitude to explain
the apparent movement between surveys (Rz2ilinger 1£29).

For these and other reasons, the velocity surface should only be consid-
ered a map of "apparent" crustal uplift. The high rates (+ 2 and -6 mm/yr)
relative to sea level are probably not real, but more localized features
may represent real movements. If any of the apparent movements are real, they
rmust be episodic or oscillatory in the long-term, because geclogic evidence
indicates rates one hundred times slower.
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2.3 Midcontinent United States

Some evidence for oscillatory as opposed to episodic movements comes

from an analysis of levelling results in the United States midcontinent
Setween Iowa and Tennessee (idams 1980a). Despite the high tilt rates (as
large as 10'7 rad./yr) and rapid relative uplifts (several mm/yr), the
observations do appear to represent real crustal movements.

The level lines follow large rivers, and there is a remarkably high
corralation between tilt shown by the levelling and downstream changes in the
river sinuosity (Fig. 2). Along north-south lines, the slope of the
correlation suggests that the present tilting would need to have started
several hundred years ago and to have continued at the present rate to
account for the downstream changes in river sinuosity. Along east-west
linas, the correlations appzar to imply that the measured tilting will de-
stroy the present sinuosity pattern only if it continues at the present rate
for the next few hundred years. Taken together, the correlations suggest
that the midcontinent is being deformed by oscillatory tilting with a period
of about 3,000 years. Even without the above interpretation, the correlations
provide good evidence that present tilting has continued in the same direction
as measured for the last 80+ yr, and if the periodicity of 3,000 yr is even
approximately correct, the assumption of constant rate for the 100-yr-span
seams justified.

2.4 Diablo Plateau

Across the Diablo Plateau of New Mexico-Texas, three-fold levelling
indicates uplift of an area 120 km wide (Rzilinger w:d others 1980; Brown
and others 1978). Observations in 1934, 1943/1958, and 1977 indicate up-
1ift (as fast as 4 = 1 mm/yr relative to surrounding areas) at a nearly
constant rate (Fig. 3), at least during the time-scale of the observations
(~ 20 yr). The progressive deformation indicated by the relevelling measure-
ments, the large magnitude relative to possible levelling errors, and the
spatial dimensions of the uplifted area rule out systematic errors or near-
surface effects as an explanation and favour a tectonic origin. Crustal
magmatic activity or some form of preseisnic deformation appear to be the
most‘reasonable explanation in view of the tectanic setting (eastern branch
of Rio Grande rift). Contemporary deformation is consistent in sign with



with Cenozoic displacements, but the Cenozoic rates are Tikely to have been
7ar slower than the present rate, suggesting that episodic movements occur in
the long-term.

2.5 Socorro

In the Rio Grade Rift north of Socorro, levelling lines show contemp-
orary doming above an active magma body that has been inferred from the high
level of microearthquake activity, seismic reflection studies, high heat
Tlow, and some weak seismic Pn phases (Reilinger and Oliver 1975; Railirnger

z:d otners 1980). The observed uplift rates at Socorro can be explainad

* by inflation of the magma body. Uplift at the centre of the dome is more

. than 3.9 mm/yr relative to the sides. The fit of nearby level Tines,
" relevelled at different times, suggests that the observed doming has been at

a constant rate for the last 80 yr.

Post-Pliocene tilt rates (averaged over the last few million years) are
about 30 times slower than present rates, although they do have the same
direction. On the southarn side of the dome, the inferred geodetic tilt rate -
is 13 x 10'8 rad./yr, down to the south. In the same area, Pliocene sands
of the ancestral Rio Grande River are tilted 0.0067 rad. down to the south

2acnman crd Meknert 1978, p. 288). If the doming occurred at the presently
measured rate, then the sands would have had the same downstream slope as the
Rio Grande only 50,000 years ago. At the magma flow rates of 1 to 2 x 10'2
km3/yr required to account for the present doming (Reilingzr and others 1980),
tha entire magma body (a sill 1700 km® in area and assumed to be 0.5 km
thick) would be formed in 40,000 to 90,000 yr. Thus there is a general
consistency between the present magma flow rates, the volume of the magma
chamber, and the total tilt as shown by the Pliocene sands. If present
activity represents the only activity in the last few million years, then the
Socorro body could have been inflated and the sands tilted in the last
100,000 years or less. Alternatively the tilt of the sands may represent

tne cumulative effect of several magma injections with intervening periods of
suiascence or even backtilting.

2.6 Montana-Idaho-Yellowstone

Lavelling in southwestern Montana and Idaho suggests a steady doming
zxtending over an area of 8000 km2 with a peak rate of 3 to 5 mn/yr

ST sy ~ -7 HES
VIUlLtnger wia Jthear

s 1977). The doming apparently preceeded and continued
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atter the Hegben Lake earthquake. The general high regional altitude
suggasts that the area is being broadly uplifted, and the doming may have
cantinued for hundreds of thousands of years. The cause of the regional
uplift is unclear, but the high rates suggest some mechanical cause (possibly
magma injection), since the rates are too high to be attributed to thermal
effects. The consistency between many lines levelled at different times from
1923 to 1967 and the steady movements of some bench marks (Reilinger and
sihers 1577, Figurz 6) suggest that uplift has been at a more or-less con-
stant rate (excluding the 1959 coseismic movement) for the last 40 yr or
more. .

To the east of the area studied by Reilinger and others (1977), two-
fold levelling in the vicinity of Yellowstone National Park has revealed an
elongate dome, 50 km long and 40 km wide within the caldera rim (Pelton and
Smizh 1379). At its centre, the dome is rising at about 14 mm/yr relative
to the rim. Yellowstone Lake extends across the rim toward the centre of the
dome, but a terrace 18 to 20 m above lake level has been imperceptably
tilted. Thus the present uplift cannot be older than a few hundred years,
and episodic deformation related to periodic magma injection is suggested.

2.7 Oregon-liashington Coastal Ranges

Tilted and uplifted marine terraces of Oregon and Washington show pro-
gressive landward tilting of the coast ranges at about 4 to 7 degrees per
m.y. for the last 0.25 m.y. (4dams and others 1987; in prep.). The tilting
is almost certainly due to the subduction of the Juan de Fuca plate beneath
the coast ranges, and as such is likely to have continued for the last few
million years. Seven resurveyed levelling lines (two described by 4ndo
zn3 Balazs 1979) running inland from the coast indicate contemporary landward
tilt rates of about 1 to 9 x 1078 rad. yr'] (0.6 to 5 degrees per m.y.)
averagad over periocds of from 10 to 40 years (Fig. 4). The levelling lines
traverse, and the terraces cut acrass, dipping Cenozoic strata: Pleistocene
(dips to 3%), Mio-Pliocene (dips to 30%) and Eocene (dips to 600). At least
four places {Cape Blanco, Bandon, Cape Arago, and Siuslaw River) are

characterized by geodetic or terrace dips that have the same direction as the
underlying stratal dips.
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A constant tilt-rate can be deduced from the geodetic and terrace
observations, If extrapolated to the stratal dips, the tilt rate suggests
that deformation began some 7 m.y. ago. Alternatively, the average rate
indicated by the deformation of the Eocene strata (-~ 36 m.y. old) is one
quarter the present rate, so that if deformation bagan when the strata were
Tirst deposited, it must have been episodic with a period greater than 0.25
m.y.

2.8 Isostatic uplift, North America

In the northern United States and eastern Canada, postglacial rebound
following the removal of ice load dominates present vertical crustal move-
ment. From Milwaukee, Wisconsin 760 km north-east to Lake Superior, lake
cauges indicate 5 mm/yr of relative uplift (Maleott 1972) with a down-to-the- .
southeast tilt of about 0.7 x 10~8 rad./yr. The best evidence that most of
the uplift occurs at constant-rate is pairs of lake gauges (e.g. Moore 1943,
Figure 2) which show steady, progressive differences with time. If unsteady
uplift is occurring, it is likely to be averaged out over periods of 10 to
15 years.

Thus in these areas, where the absolute uplift rates are large (but
tilt rates are still relatively small), uplift probably occurs at a constant-
rate, and once regional rates are deduced, observaticns made at any one time
may be adjusted to them. However, suggestions of isostatic block-movements
superposed on the regional trends {e.g. Moore 1948, p. 708), postglacial
faults and folds in some places (Adams 1980b), and other, non-isostatic block-
rovemants elsewhere in the continental interior (4dwms 1980a), suggest that
caution will still be needed in the adjustments.

2.9 Seismically active areas, western North America

In contrast to the above examples where approximately constant rates seem
to characterize the 50-100 yr span, relevelling measurements in other areas of
th2 U.S. suggest rapid changes in deformation rates within a few years.
Crustal uplift following the 19564 Alaska earthquake was characterized by
exponentially decreasing rates with a time constant of <10 yrs (Browr and
siners 1977, figure 3). The uplift can best be described by down-dip creep
61 the fault plane, and in time the postseismic deformation will presumably
dacay to zero and be replaced by a phase of strain accumulation. Recognition

of earthquake strain-accumulation phases in levelling results has important
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* implications for earthquake prediction.

Aseismic movements near Palmdale in southern California have apparently
undergone rapid changes in direction and rate over periods of a few years or
less (Vanicek and others 1979), although the reliability of the measurements
¢afining this feature have recently been questioned (Jackson and Lze 1978).
Such rapid changes are to be expected in these seismically active areas in
view of the episodic nature of certain earthguake related deformation.
Relevelling measurements in such areas must be frequent and rapidly accom-
2lished if their results are to be meaningful.

3. CONCLUSIONS

In most areas there are not sufficient multiple relevellings to allow for
the development of a clear picture of the short-term temporal behavior of
vertical crustal movements. In addition, where multiple relevellings are
available the apparent temporal behavior is often quite complex. In many
cases it is not presently known whether this complex behavior is due to
actual crustal movements or to survey errors.

Circuit analysis is one method that can demonstrate survey errors in
releveliing data (Chi and otners 1980). Misclosures around the circuits
analysed should be smallest for the circuit with the most temporally-
homogeneous data. For example, circuit analysis has shown that an apparent
uplift on the San Andreas Fault north of San Francisco is probably due to
an error in one survey, rather than to real crustal movements. The develop-
ment of this and similar techniques may resolve many presently ambigtious
survey results.

With the continuing support of geologic and especially geomorphic
information on the long-to medium-term deformation rates of the North
American continent, the interpretation of the short-term rates measured by
levelling will become more certain. If the examples described here are
c¢znarally applicable, they suggest that in areas free of major earthquakes,
rovement rates deduced from relevelling observations spanning tens of years,
21though fast in a geologic sense, can likely be extrapolated for 50 yr with
some degree of assurance. The degree of assurance in any one place will de-
sand on local studies like those above, and on a regional synthesis of
vertical crustal movement rates, styles and causes.
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