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Figure 1. Location map showing outline of
Sierra Nevada geologic provincs, the routa
of tha |levaling suneyes and arsa [100kEkm
radius from Aha) for which apicantars are
plottad.

INTRODUCTION

Repested precise  leveling  surveys
across the Sierra Nevada at Donner Sum-
mit simce 1912 reveal vertical crustal de-
formation within the Sierra Nevada
provines (figure 1). The observed cleva-
tion changes are generally closely as-
sociated with known faclting or contacts
between major structural vaite (fgare 2).
On the western Sierra Nevada slope, verti-
czl deformation is clearly localized m the
immediate vicinity of the Melones fanlt
zone near Alts Sipnificant clevation
changes are also evident near the intrusive
contsct betwesn metamorphic rocks of
the Palenzoic Shoo—fly Formation and the
Mesozoic gramitic rocks of the Sierra Ne-
vada batholith near Emigrant Gap. To the
east of the Sierra Nevada, peologically re-
cent movernents have occorred within the
Basm and Range Provimce betwesn
Trockee and the California-Nevada state
line. Within the Sierra Newada the ob-
served elevation changes have not been
and are thuos attributed mamby to asstemic
deformation. Near the eastern front of the
Sierra Nevada, bowever, the observed dif-
ferences are probably related to Quater-
nary faulting and the mors promounced
seismic activity that has occurred in this
region since 1900 (figure 3).

JOHN H. BENNETT, GARY €. TAYLOR. and TOUSSON A TOPPDZADA
Californa Dvision of Mines and Geology

Significantly, the sence of movement in-
dicated by the leveling surveys hes not
been consistent; indesd, distinct reversals
have oceurred which suggest that periodic
adjustments befwesn major structural
units may be the “normal™ regimen of
movement The time efapeed betwesn sue-
CessIve SUTYEYS Spans [oo many years to
determine whether the differences in ele-
vation have accumnlated doring periods
of more or less steady state deformation,
whether they are the result of short-term
episodic events, or are a combination of
these The observed elevation changes
Tepresent the condition at the time of the
survey, and may not be the maximum
changes that have occurred betwesn sor-
VEys.

Assismic and possibly episodic crustal
movement evidenced by these and similar
gendetic data elsewhers in California sng-
pests that deformation of this nature may
be common, and that our Hmited aware-
ness of this behavior may reflect the lack
of comparative geodeatic data The recent-
Iy meporied uplifi near Palmdale in south-
ern Califforma (Castle and others. 1976)
maay im fact be 3 similsr expression of
“normal™ processes of cructal adjustment.
Most of the uplifi near Palmdale devel-
oped over 2 brief peniod during the eariy
1960s without any onusual sejsmic activ-
ity. Castie and others (1976) also report
that mear the tum of the centory, uplift
possibly amounting to as much as 0.5 me-
ter was indicated by leveling survevs in
the Transverse Ranges and theat sobse-
quent releveling indicated this uplift had
largely dissipated without significant seis-
mic activity. Episodic vertical movement
of 2 similer oature also occurred nesr
Long Beach between 1928 and 1931 (Ley-
pobdt, 1937), which may or may not have
been refated to the 1933 Long Beach

carthquake (magnitude = 6.3).

Thus, while the long—term trend of ver-
tical movement in the northemn part of the
Sierra Mevada and other tectonically ac-
tive areas of California may be one of
gradual uplifi, this consequence may de-
rive from countless vanied and predomi-
nantly asemsmic  adjestments  between
mapor individual stroctural units. Perhaps
it is only when these adjustments can not
be accommodated ather by fault creep or
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plastic deformation that brittie failure ac-
companied by seiemic activity occurs
along zones of weakness.

GENERAL GEOLOGY

The Sierma Nevada is a strongly asym-
metric moantain range, fanlt bounded on
the east by a high steep escarpment and
with a broad gentl: slope on the west. A
3060 kilometer (km) wide zome of fault—
bounded Pabsoroic and Mesozoic mets-
morphic rocks occupies the western
foothill region, extending some 320 km
from Mariposs northward to Chico. This
zone lies between the granitic rocks of the
Sierra Nevada bathobith on the east and i
overlapped by ummetamorphosed vol-
canic and sedimentary Tertiary strata on
the west.

Structurally, the metamorphic belt is
not well understond but can be general-
ized in terms of four stroctoral blocks
scparated by reverse faults, dipping
steeply eastward, along which progres
sively younger metamorphosed sediments
hawve been thoust beneath older metamor-
phosed sediments {Clark, 1976, fipure 2).
Direct evidence of the amount of vertical
and horizontal movement and age of these
major faolt zones i lacking. Howewer,
most of the deformation in this region is
older than the Sierra Nevada batholith
{ * 125 milfion years) indicating that
this has been a major structural zone of
deformation sines pre-Jurassic Hme.

The highly deformed Paleozoic and
Mesozoic metamorphic rocks of the wesi-
em Sierve Nevads belt are covered, in
part, by extensive westward dipping
deposits of Tertiary volcanic tuffs and
brecciat that form an acote angular un-
confonmity on 2@ Tertiary erosion surface
preserved in the underlying foliated meta-
morphic rocks. Little or no evidence of
fault offset hat been reported in these Tar-
tiary units where they overlie any of the
{ault zones that bound the major struc-
tural blocks of mectamorphic rocks.
However, relative clevation changes de-
seribed im the present paper are confined
to or closely associated with these Fault
TOMmes.
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FALLT TRACES ARE INDICATED BY S0LID LINES WHERE WELL LOCATED, BY DASHED LINES WHERE APPROXIMATELY LOCATED OR INFERRED,
AND BY DOTTED LMES WHERE CONCEALED BY YOUNGER ROCKS OR BY LAKES OR BAYS, FALULT ALONG WHICH HISTORIC (LAST 200 YEARS)
DISPLACEMENT HAS OCCURRED SHOWN BY HE&VY LINE.

) Figure 3 Earthquake epicenters located within & 100 kilometer

radiuzs of Ala. California from Y900 through 1871, plus the 1975
Oroville sarthquake saqueance.
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REGIONAL SEISMICITY

The earthquake epicenters shown in
figure 3 are those which have been located
within = 100 km (60 mile) radius of Alla,
Placer County. They span the period 1900
through 1971, plos the Ovroville earth-
quake sequence of 1975, Because of the
scarcity of ssismograph stations in the re-
giom, not all the smalber magnitude carth-
guakes in this area have been located, so
the mamber of epicenters shown in figure
3, i incomplete Earthquakes having
magnitudes less than 4 are probably in-
caomplete prior to 1950; those having mag-
nitides bess than 5 are  probably
incomplete prior to 1930,

During this cenfury, earthquake activ-
ity has besn concentrated zlong the east-
e front of the Sierra Nevada, where the
siniking topographic relief is forther evi-
dence of tectomic activity. Three earth-
guakes of mapgnitude 6 or greater have
occurred in the region since 1900: an
cvent in A pril 1914 near Reno, the Verd
earthguake of December 1948, and the
Truckee carthquake of September 1966
{figure 3). The Trckes carthquake was
followed by approximately 50 aftershocks
of magnitsde 3 and greater; these events
appear = a single symbal n figure 3 be-
cause of their common epicentral loca-
tion. The ssiemicity in the Sierra foothills
to the west was dommated most recenthy
by the Orowville earthquake sequence of
Aungust-October 1975 which had a main
shock of magnitude 5.7. Damaging carth-
guakes have also occurred within the Si-
erra block. The most important of these
are the two events in the magnitude ramge
5.0 to 5.9 which occarred in 1909 near
Nevada Gity (figure 3).

Du-rim,lltllnﬂ haif of the past cen-
«ight significant (magnitude proba-
bl]rgrﬁln‘ﬂﬂhSIHthlnkﬁm
within the 100 km radius of Alta. Foor of
these earthguakes appear to have oc-
carred near the eastern front of the Sierra
MNevada: the other four within the Sierra
Mevada pear Grass Valley and Downie-
ville {figure 3). Becanse the magnitndes
and locations of these earlier earthguakes
are uncertzin, they have not been included
in fipure 3. They are listed in table | basad
on the descriptions of Coffman and von
Hakc (1973).

A significant earthquake outside the
arca considered occurred on 10 Apnl
18281 m the Stockion—Modesto area. Coff-
man and von Hake (1973) assipned an
approximate location at latitede 38' N
and longitude 121" 'W. The shock was

Tabis 1 ﬁn—mﬁmmmn m:mwﬂnmﬁm Piscer County

Dhats= i
Menu‘.b—l-lh:nﬁ.- me"l‘l.l.'lr

LES5, Jan. 24 30 4
1587, Dee_ | ol
1568, Dec_ 20 398
153, Dec. 26 305
1568, Drec. 27 VIVl 3 %
1657, June 3 Vi b

1885, Apr. 28 VIE ®’ W
LEEG, Jun, 27 ¥i a8

widely fedt from Greenville, Plumas
County, on the north, to Visalia, Tulare
County, on the sooth, and west 1o the
coasl. This earthquake may have oc-
curred on 2 fzolt in the Siara foothlls

LEVELING DATA

The only high—precision leveling dats
spanning this part of the Siera Mevada,
and thus the oaly data considered hersin,
are the results of first-order eveling
which follows the Southern Pacific Rail-
moad 2cness the Sierma Nevada vis Donner
Pass; specifically, the data evaluated ex-
tends from the vicinity of Roseville in
wistern Placer County to Reno, Nevada
{figures 1 & 3). Three other first—order
level lines cross the central and southern
Sierra Nevads, vie Sonora Pass, Tioga
Pass, and Lone Pine—Eaweah River .

The Domner Pass ine comprises one of
the primary lines in the national vestical
conirol petwork established and main-
tained by the National Geodetic Survey
(NGS, formerdy US. Coast and Geodetic
Survey). Initial leveling along this route
was completed in 1912 ac part of 2 1434
km line connecting Brigham, Utah, and
San Francasco (U5, Department of Com-
merce, 1[914). Subsequent releveling
across the Sierra Mevada wia this route
was completed in 1947 and 1969. Portions
of the line were releveled by the NGS in
1938 (Roseville to Gold Run) and 1953
{Emigrant Gap to Cisco). The datz re-
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sulting from fhese NGS surveys and a2 17
km segment of first—order releveling imi-
tiated by CDMG duoring June 1976 {(Gold
Run to Blue Canyon) comprise the todz]
data s considered in this study.

The comparstive profiles of figores 2
and 4—6 are based upon observed field ele-
wation differences and ace thus unbeased
by any subsequent adjustment cormec-
tions. All leveling was performed to firse—
order standards which requare that levels
be mun both forward and backward
between adppcent bench marks and that
the devation differences derived from the
two levelings agree within 4 mmY D
(4mm x the square root of the distance,
in kiloeneters). The 1969 and 1976 sur-
veys conform to a higher standard of
3ImmV¥D . The standard deviation of the
obsarved eevation difference Betwern
two bench marks i about lmm¥ D ;in
comparing two sorveys the standard
deviation of the difference betwesn
the two observed elevation differences
is sbout 14 mmVD . Thus, for the
most  lengthy leveling comparison
considered in this stody, the 200 km
distance —between Roscville and Reno
(figores 2, 3), the standard deviation of
the observed elevation difference for a
particular snrvey would be abont 15mm;
for the difference between two surveys,
about 20mm.

Evidence of systemalic erTors in precise
leveling are often most readily detected by
comparing obscrved clevation changes



with the cornesponding topographic pro-
file as shown on figure 2. With the possi-
ble exesption of the partial releveling of
1938, no evidence of systemalic error &
apparent in any of these data; most of the
significant changes occur within relatively
limeted horizontal sections, The required
agreement berween forward and back-
possibility of these vertical differences be-
ing attributed o gross error.

This stody was concemned primarily
with cwidence of differential movement
within the Sierrs, 50 no attempt was made
1o assess absolute elevations (relative to
sea level datum). For each of the com-
parative profiles, the cdevation changes
between surveys are relative to a partice-
lar bench mark sslected as invanant
clevation.

COMPARATIVE
ELEVATION
CHANGES

194719628 SURVEYS

Elevation differences resulting from the
1947 and 1969 surveys between Roseville
and Reno, Nevads are compared in figure
L Elevations for the two sarveys are based
upon bench mark D10 near Newcastle be-
ing arbitrarily held invariant in elevaticn.
Thas bench mark was sclected because it
s one of the few original 1912 marics that
has been preserved and included in each
of the subsequent surveys, and becanse of
its apparent relative stability with respect
to several adjacent bench marks. In fact,
one of the most significant conclusions 1o
be drawn from the comparative data
shown m figore 2 &5 the virtual absence of
&ny relative elevation change over the en-
tire 70 km distance from Roseville (o near
Gold Run. Except for the ares of slight
depression centered near Auburm, there 1s
no more than 1 centimeter * of relative
elevation difference between the two sor-
veys over this entire segment duning this
22—year perind. Although the magnitede
of the elevation differences are very small,
the segment within which scveral marks
are depressed near Avbuem coincides re-
markabiy well with foliated metavolcanic
rocks which apparently comprise the
northern extension of the Bear Mountzin
fault zone {figure 3.

Tust west of Gold Ran, however, and in
the immediate vicinity of the fault contact
between rocks of Mesozoic age and the
FPaleozoic Calaverass Formation, relative
uplift if indicated by the 1969 survey (fig-
ure 2). About 3 cm of positive elevation
change accroes over the 10 km distance
from this contact to the commuonity of

Alta at the western boundary of the Me-
lones fault zone Easterly of the fault an
obvious increase in the rate of melative
uplift occurs, with an additional 5 em ac-
cumufatimg over the next 15 km to Blue
Canyeon. From Blne Canyon northeaster-
Iy to near Emigrant Gap, no relative
change is mdicated. A fow kilometers cast
of Ermigrant Gap near the contact be
tween the Paleoroic Shoo{ly Formation
and the Mesozoic granitic rocks of the
Sierra Nevada batholith, a further uplift
of 3 cm occurs resulting in a total and
maximum differenge in elevation near
Cizco of 11 cm over the 22 yvears betwesn
the two surveys. Easterly from Cisco the
magnitude of indicated ophift gradueally
decreasss with no obvious change appar-
enl at the eastern Sierra Nevada fromt
near Donner Pass. Easterly from an ap-
parent discontinuity near Bocs, indicative
of differential movement, the observed
differences between the two surveys rap-
udly decreases by 9 cm over the 25 km
distance between Boca and Verdi. The re-
salt is a totzl absence of any mef elevation
change between the two ends of the profile
durng this period.

Two large damaging earthquakes oc-
curred in this region donog the period
between these two surveys: The Vendi

of 29 Drecember 1948(magni-
tade 6), and the Truckes earthquake of 12
September 1966 (magnitude 6). Epicen-
ters of these events, indicated m figore 3,
show that both earthguakes occarred in
close proximity to this beveling line
Therefore, it seems reasonable that the in-

dicated movement near Boca—Yerdi could
be attributed to strain release accompany-
ing cither or both of thess éevents. From
the seismic record, there was virtually no
major seismic activity during this 22-year
period which might aceoont for the move-
ment omn the western Sierra MNevada slope.

Therz is a similarity betwesn the rela-
tive uplift occurring between Gold Run
and Blue Canyon on the western slope
and the comresponding changes betwesn
Boca and Verdi near the eastern end of the
Eevel line (figure 2). At both locations, the
magnitude of change is on the order of
8-9 cm occurring over a distance of 20-25
km. A corresponding symmetry is sug-
pested in the comparson of the 1912-
1947 surveys (figurs 4), but the sense of
the relative movernents is in the opposite
direction.

1969-1976 SURVEYS

Noting the appasent change in the rate
of indicated uplift occurming in the vicin-
ity of the Melones fault zone near Alts, as
evidenced by the data in figure 2, the Divi-
sion of Mines and Geology mitiated relev-
cling of the segment between Gold Run
and Blue Canyon during June 1976 1o de-
termine whether any additional evidence
of movement was indicated since the 1969
survey. The data resulizng from this most
recent survey are shown in figure 5 to-
gether with an colarged plot of the 1947
1969 comparakive data in this area. For
purposes of this comparizon, beach mark
D569 near Gold Run was assomed to
have remaimed at constant elovation,
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The June 1976 releveling prodoced no
evidence of relative elevation chanpe (in
excess of a few millimeters) over the west-
erly 8 km from bench mark D569
northezsterly to bench mark M231 just
exst of Alta (figore 5). The Alts location
coircides with the western boundary of an
extensive serpentine unit m the meta-
morphic rock belt, and with the Melones
fault zome. Eastward from this contact,
smeall persistent changes occur over the
next few kilometers totaling over 2 em
just west of Blue Canyon. Thuis, the 1976
survey abso indicates a definite change in
movement behsvior occurming at the Me-
bones faunlt zone, Significantly, however,
the sense of movement is opposite (o that
which was indicated between the 1947-
1969 sarveys. During this earlier 22—-year
period, movement on the east side of the
zome was refatively “op™ wheress it was
“down™ donng the recent T—year period.

From these comparative data, it ap-
pears that the major units in conti=ct 81 the
Melones fault are responding to mposed
regional stresses which are producing de-
formation (strain), or tilting, about an
ams coincident with this major zone of
weakness. These fimited data do not clear-
ly indicate, bat nefther do they precinde,
the possibility of & component of vertical
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offset ocowrming within this brosd fault
zome. To cstablish 3 more detaibed base for
future releveling measurements, addition-
al, closer—spaced, bench marks are
planned across the entire Melones fault
zome at this location.

1512 vs. LATER SURVEYS

In figure 4, the results of the 1947,
1969, and partial releveling of 1938 arc
compared with the original 1912 leveling.
At the time of the original 1912 survey,
permanent bench marks were spaced an
average of 8 km apart, much bess frequent
than corrent standards. Thus, compara-
tive data for only a relatively few bench
marks are available for direct comparnison
af 1912 dsta with subseguent surveys. For
this analysis, the elevation of bench mark
D10 mear Newcastle was again assumed
to be invariant in clevatyom. Most appar-
ent in the comperison of the 1912-1947
levehings is the 7 cm disparity eviden:
between Emigrant Gap and Cisco. In this
same segment 2 3 on change was notad
previcusly in the 19471969 comparison.
Elevation changes occurring in this sep-
ment are discusted later in greater detail.
Although the location is not well defined,
elevation differences of magnitude corre-
sponding to those occurming nesr Emi-
grant Gap are again indicated (=5 they
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were in the 1947-1969 comparison ) in the
Baan and Range Province between
Truckes and the state line. As in the 1947
—1969 period, significant mer differential
change between the two ends of the profile
is absent

Only a few bench marks commeon to the
i912 and 1947 surveys had survived by
1969 to provide a direct companson of the
1912 and 1969 surveys. However, by tak-
ing the differences between the 1947 and
1969 surveys at a few selected locations,
the gemerzl comfiguration of the 1912-
1969 survey comparison is construcied as
shown i figure 4. Again, relative change
between the west end of the profile at
Mewcastle and the state line iz nil, while
additional evidence of deformation or tilt-
ing s indicsted within the Sierra Nevada,

The significance of the data from the
partial [938 survey i uncertain. Taken at
face value, this survey sugpests approxi-
mately 9 cm of graduezl aphift or tltng of
the block betwesn Newcastle and Gold
Run over the period 1912-1938, but the
possibality of systematic error m the §938
data cannot be precindad,

The most significant change indicated
in the 1912-1947 comparison i the dra-
matic change of 7 cm evidenced between
Emigrant Gap and Cisco (figure 4). The
NGS releveled this relatively short (14
km) segment in 1953 to confirm this obvi-
ous difference between the 1912 and 1947
keveling. The resunits of the 1947, 1953,
and 1967 surveys within this section are
compared in figure 6. Elevation differ-
ences ars based upon an assumed constant
elevation of bench mark 010 at Emigrant
Gap. Significantly, the 1953 releveling re-
vealed differences of op t0 3 cm compared
with the leveling of 1947 just 6 years pee-
vious, with the sente of movement oppo-
site to the T cm change that was mdicated
during the carlier 1912-1947 period. Dur-
ing the enswing 16 years, between the 1953
and 1969 surveys, no appreciable change
is indicated. Thus, the 3 cm change
between Enugrant Gap and Cisco from
1947 o 1969 (figure 4) evidently oe-
curred during the &—year period 1947-
1953,

On 29 December 19438, during the peri-
od between these two sorveys, (1947-
1953), the previously noted magnituds &
earthquake occurred near Verdi This
event was preceded by several foreshocks,
the strongest of which was reported two
days cariier, on December 27. This fore-
shock was recarded as follows: “Felt with
greatest intensaty at Emigrant Gap (Lake
Speulding) where there was visible sway-



ing of buildings and trees. floor lamps,
Christmas trees, pictures on walls, and
doors. Ddistant roaring subterrancan
sounds heard at time of shock " (U.S. De-
partment of Commerce, 1948). Although
this foreshock was awsigned the same opi-
central Incation a5 the subsequent main
shock, the grestest intensity was reported
at Emigrant Gap nearly 60 km to the
southwest It is uncertsin whether there
was sympathetic movement or some other
relation betwesn the sesmic activity in
the Trockes Verdi area and the vertical
movements in the Melones-Emigrant
(Gap area.

Bench marks added during the 1947
survey enable the location and con-
figuration of the apparent deformation
nezxr Emigrant Gap to be examined. Al-
though no surficial evidence of a major
fauh contact has been noted et this hoca-
tion, a contact between metamorphic and
intrusive rocks exists The leveling data
sugpgest & possible vertical offset or axis of
flexure similar to that indicated at the
Melones fanlt ocourring near bench mark
FE3S (fignre 6). The proximity of this
lpcation to the comtact between mefa-
morphic rocks of the Paleozoic Shoo-fly
Formation and the Cretaceous granitic
rocks sirongly snggests 2 passible correlz-
oo,

CONCLUSIONS

Refasive elevation changes having a
wanahle sense of movement are closely as-
soicated with the Melones fanit zone and
other known faulls or stroctural contacis
m the northern Sierra Mevada, Wherneas
elevation changes near the eastern front of
the Sierra Mevads are probably refated to
the occurrence of frequent local earth-
quzkes, similar changes within the Sicrma
block are not clearly related 1o seismic
activity.

These movements imply strain ac-
cumizlstion and strain relestes when the
imposed siresses are not released by asese-
mic deformation and when they excesd
the siremgth of the crost, the weakest
zomes will rupture by Faolting to refieve
the accumulated strain. Thercfore, wher-
ever curreni crusial movemeni s ob-
served 10 be associated with known faults,
those faulis should be regarded as poten-
tizlly active even though seismic activity
or surficial geological evidence may be
lacking.

Whether these changes within the Si-
e Nevada have ocourred as distinet epi-
sodic strain events or whether they reflect
more gradual variations in the regional
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Figure 6. Comparative profilas indicating differances in observed
elavations resuling fraom releveling betwean Emigrant Gap and
Cigco, California, derived from leveling surveys in 1847, 1953,
and 1953, Differancas in alevaton are ralative 10 bench mark

010 &t Emigrani Gap.

strain field is uncertain, Whatever the
exact nature of the movement and whai-
ever the causative forces may be, crusizl
movements of significant magnitede may
be normal in tectomcally sctive areas and
may not necessanly preceds earthquakes.

The knowledge that aseismic crusial
movements occor in California  bears
upon current efforts to develop effective
earthquake predictions. The “anoma-
lons™ precursory crustal movements that
have been observed before some earth-
quakes may have been “normal” crustal
movements similar to those observed in
the Sierra Nevada. The mere detection of
crustal movements by vanouos geophysical
or geodetic measurements may not, there-
fore, reliably portend an impending earth-
quake but may only suffice to define areas
where more intensive geophysical surveil-
lance will be required to detect the possi.
b= onset of crostal failure which produces
the earthquake. Greater attention should
be given to understanding those geophysi-
cal “anomalies™ which do not prodoce
earthguakes and zre written off as inexpli-
cable or are sssumed to have resulied
from some instrumental malfunction.

The recently reported uplift (Palmdale
bulge) in Southern Califormia (Castle er
af, 1976; Real and Bennett, 1976), most
of which appears to have occurred during
relatively brief episodes, affords an oppor-
tunity to zssess the uliimate conssguences
of a very significant crustal upheaval To
date, this oplift has produced no unesuz]
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seismic activity other than, possibly, the
magnitude 6.4 San Fernando carthquake
of 1971 which relieved acrumulated strain
over only @ small fraction of the entire
uplift region {Thatcher, 1976). Should
the nature of the movements exhibited in
the northern Sierra Nevada be character-
stic of crostal movements in southern
‘California, the Palmdale uplifi may one
day subside as unobtrusively as it
appeared.,
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